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This study was conducted to determine the effects of CO₂ laser scanning 
speed, laser processing power, and fiber direction on color change and 
surface roughness in Scots pine (Pinus sylvestris L.) and Eastern beech 
(Fagus orientalis Lipsky) wood. To this end, laser processing was 
performed at four scanning speeds (200, 300, 400, and 500 mm/s) and 
five power levels (12%, 13%, 14%, 15%, and 16%) in both parallel and 
perpendicular directions to the grain. The surface roughness and total 
color changes observed in the samples were determined in accordance 
with TS EN ISO 21920-2 and ASTM D2244-25 standards. As a result, 
while Scots pine samples exhibited higher roughness values than Eastern 
beech, the total color change was higher in Eastern beech samples. A low 
scanning speed and high laser power increased both roughness and color 
change. Processing parallel to the grain increased roughness, while 
processing perpendicular to the grain resulted in a higher color change. 
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INTRODUCTION 
 

Wood is widely used as an important engineering material in furniture, decorative 

products, interior fittings, and industrial design applications because of its renewability, 

workability, aesthetic appeal, and versatility. However, the anisotropic structure of wood 

is one of the key factors that make it difficult to control the surface quality achieved during 

processing. Depending on the wood species, varying anatomical characteristics – such as 

density, annual ring structure, the ratio of springwood to summerwood, cell wall thickness, 

and fiber direction – directly affect machining quality and the post-machining surface 

treatments such as staining, paint/varnish applications, etc. (Rezaei et al. 2022; Açık and 

Tutuş 2023). Therefore, the results obtained from laser processing on wood surfaces must 

be evaluated not only in terms of technological parameters but also in conjunction with the 

wood’s species-specific characteristics, anatomical structure, moisture content, and surface 

structure. Indeed, it has been reported that CO₂ laser cutting/processing performance in 

different wood species is related to wood type, cutting direction, density, and anatomical 

structure; furthermore, in species with distinct annual ring patterns, such as pine, 

differences between spring and summer wood can more significantly affect surface 

morphology (Guo et al. 2021; Ružiak et al. 2025). 
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Laser processing offers advantages over traditional machining methods, including 

non-contact operation, high precision, low tool wear, the ability to process complex 

patterns, compatibility with automation, and low mechanical stress. Due to these 

characteristics, laser technology is increasingly being used for cutting, engraving, marking, 

and surface modification of wood and wood-based materials. One of the main reasons for 

the widespread use of CO₂ lasers in wood processing is that the 10.6 µm wavelength is 

highly absorbed by lignocellulosic surfaces, thereby enabling controlled energy transfer 

during cutting, engraving, and surface modification processes (Martínez-Conde et al. 2017; 

Ding et al. 2026).  

In CO₂ laser systems, absorption of beam energy by the wood surface causes a rapid 

increase in surface temperature; as a result, vaporization, partial carbonization, chemical 

decomposition, and changes in surface morphology occur. This process manifests as a 

darkening of the surface color, an increase in the total color difference, and changes in 

surface roughness (Li et al. 2020; Kubovský et al. 2020; Li et al. 2021; Hasan et al. 2021; 

Li et al. 2022; Kúdela et al. 2023; Açık and Tutuş 2024). However, the heat-affected zone 

from the laser process, along with effects such as carbonization, microcracks, and irregular 

surface burning, can make it difficult to control surface quality. Therefore, laser parameters 

must be carefully selected based on the material type and the desired surface properties 

(Corleto et al. 2025; Ding et al. 2026).  

Among the most critical process parameters in laser surface modification are laser 

power and scanning speed. In general, an increase in laser power can lead to a more 

pronounced color change and greater surface degradation by increasing the amount of 

energy transferred to the wood surface. Conversely, an increase in scanning speed can limit 

the thermal effect and the resulting surface changes because it reduces the duration the 

beam remains on the surface. In addition, parameters such as focal position, raster density, 

scanning interval, and line density also alter the energy density transferred to the surface 

and can affect both color change and surface roughness. The color change observed on 

laser-treated wood surfaces is generally considered the visible result of chemical 

transformations induced by thermal degradation. The basic components of wood – 

cellulose, hemicellulose, and lignin – undergo structural changes due to the localized 

thermal effect created by the laser beam.  

In particular, the transformation of chromophore groups in lignin and hemicellulose 

structures results in a darkening of the surface color and an increase in the total color 

difference. Similar trends in many studies have been explained as being the effects of laser 

power and scanning speed on color change. In general, increasing laser power increases 

the energy transferred per unit area, resulting in a more pronounced darkening of the wood 

surface. In contrast, an increase in scanning speed reduces the duration of the beam’s 

contact with the surface, thereby decreasing the intensity of the thermal effect and 

potentially limiting the color change (Gurău et al. 2017; Gurău and Petru 2018; Li et al. 

2020; Li et al. 2021; Kúdela et al. 2022; Açık and Tutuş 2024; Gochev and Vitchev 2024; 

Savchenko and Kibirkštis 2025). Studies conducted on plywood and various other wood 

species also demonstrate that CO₂ laser engraving modes can produce controlled tonal 

variations in surface color, and that these color changes may be related to laser power, 

speed, focal position, and energy density (Gochev and Vitchev 2022; Chernykh et al. 

2024). 

Another important effect of laser processing on surface quality is the change in 

surface roughness. In laser processing, surface roughness is important not only for the 

product’s aesthetic appearance but also for subsequent processes. In painting, varnishing, 
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coating, and bonding applications, surface roughness is related to wettability, mechanical 

adhesion, and surface free energy. Excessively carbonized or irregularly degraded surfaces 

can, in some cases, negatively affect coating quality and adhesion. The Ra* and Rz* 

parameters are among the most used indicators for evaluating the morphological condition 

of processed wood surfaces. Since the early and late woods regions on the surface exhibit 

different densities, cell structures, and thermal degradation behaviors during laser 

processing, roughness values may vary depending on the wood species and fiber direction 

(Kúdela et al. 2020; Kúdela et al. 2022; Li et al. 2022; Tonietto et al. 2022; Kúdela et al. 

2023; Kúdela et al. 2024). It is emphasized that surface roughness should be considered 

not only in terms of average deviation values but also in conjunction with peak-to-valley 

differences and the distribution of surface irregularities. Therefore, the joint evaluation of 

the Ra* and Rz* parameters is important for explaining both the general roughness trend 

and more pronounced profile irregularities on laser-processed wood surfaces (Tonietto et 

al. 2022; Adamčík et al. 2023). 

Fiber direction is one of the primary variables that determines surface quality 

during laser processing. At the same time, fiber direction is an important variable that 

affects the structure of the heat-affected zone formed after laser processing. Due to the 

anisotropic structure of wood, the direction of the laser beam – whether parallel or 

perpendicular to the grain – can have different effects on energy absorption, cell wall 

degradation, carbonization, and surface geometry (Rezaei et al. 2022; Adamčík et al. 2023; 

Adamčík et al. 2025; Corleto et al. 2025). Fiber direction is considered not only as a 

variable limited to parallel and perpendicular directions but also as a fundamental 

anatomical factor that alters surface quality along different fiber angles (Gurău et al. 2021; 

Gurău et al. 2022; Gurău et al. 2024). 

A significant portion of the literature on CO₂ laser wood processing focuses on a 

single wood species, a limited set of processing parameters, or a specific surface property. 

In contrast, the combined evaluation of laser power, processing speed, fiber orientation, 

and wood species is important for a more comprehensive explanation of both surface 

quality and processing results. Indeed, Doğan et al. (2024) reported that laser power and 

processing speed must be jointly optimized in thermally modified beech veneers to achieve 

optimal surface quality and processing efficiency; Ružiak et al. (2025), on the other hand, 

noted that jointly modeling laser power, cutting speed, and anatomical cutting direction 

across different wood species is effective in predicting processing quality. However, the 

effects of interactions among laser power, scanning speed, and fiber orientation across 

different wood species on both color change and surface roughness have not been 

adequately addressed within a single experimental design. By comparing wood species 

with varying anatomical characteristics under identical laser processing conditions and 

jointly evaluating Ra*, Rz*, and ΔE*, this study contributes to a more comprehensive 

understanding of the relationship between processing parameters and material properties 

in CO₂ laser wood processing. 

The purpose of this study was to determine the effects of laser scanning speed, 

processing power, and fiber direction on the total color change and surface roughness of 

pine and beech wood surfaces. To this end, laser treatments were performed at scanning 

speeds of 200, 300, 400, and 500 mm/s and processing power levels of 12%, 13%, 14%, 

15%, and 16%, both parallel and perpendicular to the grain. The total color change on the 

post-processing surfaces was evaluated using the ΔE* value, while surface roughness was 

assessed using the Ra* and Rz* parameters. The goal was thus to reveal the comparative 
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effects of the variables - wood species, laser scanning speed, processing power, and grain 

direction - on the surface quality of the wood material. 

 

 

EXPERIMENTAL 
 

Materials 
In this study, Scots pine (Pinus sylvestris L.) and Eastern beech (Fagus orientalis 

Lipsky) wood were selected as test materials because of their widespread use. The wood 

samples were obtained from the market as lumber. The lumber used in the study was 

randomly selected in accordance with ASTM D7787/D7787M-13 (2022) standards from 

mixed heartwood and sapwood sections; the samples used were from straight-grained, 

knot-free, crack-free, and free of color and density variations, with annual rings randomly 

distributed across the surfaces. The samples were cut into 350 × 100 × 15 mm blanks, with 

the grain direction parallel to the length axis. The samples were then conditioned in a 

climate chamber (TS 642 ISO 554, 1997) at a temperature of 20±2 oC and relative humidity 

of 65±5% until their weight stabilized (TS ISO 13061-1, 2021). After conditioning, the 

specimens were cut to net dimensions of 330 × 85 × 10 mm. They were then sanded with 

80-, 100-, and 220-grit sandpaper. Eight specimens of each wood species were prepared in 

the specified dimensions (Fig. 1). 

 

 
Fig. 1. Experimental test samples 
 

Methods 
The laser processing was performed using the Çelikmak CO₂ laser 

cutting/engraving system (Çelikmak, Konya, Turkey). An EFR brand F4 model CO₂ laser 

tube was used in the laser processing (Beijing EFR Laser S&T Co., Ltd., Beijing, China). 
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The device has a nominal laser output power of 100 W and a peak output power of 120 W; 

the laser beam wavelength is 10.6 µm. For each wood type, laser processing was performed 

at four different scanning speeds (200, 300, 400, and 500 mm/s), at five different laser 

processing power levels (12%, 13%, 14%, 15%, and 16%) based on the nominal 100 W 

laser tube power set via the device software, and in two different fiber directions. 

Preliminary tests showed that while adequate surface modification could not be achieved 

at low laser power levels, excessive darkening and carbonization occurred at higher power 

levels. Therefore, laser power levels were set between 12% and 16% to ensure controlled 

surface modification. The laser processing patterns, target areas, and laser parameters were 

prepared using RD Works V8.01.11 software (Shenzhen RuiDa Technology Co., Ltd., 

Shenzhen, China) and transferred to the device. The focal length for laser processing was 

set to 50.8 mm and kept constant throughout all experiments. The distance between the 

laser head and the sample surface was set to 23.6 mm. The treatments were applied in a 

single pass and kept constant throughout the scanning process (76.2 raster density / 10.30 

line spacing / 5 mm resolution). For each treatment combination, four 25 × 25 mm square 

areas were treated, resulting in a total of 320 laser-treated areas (Fig. 1). Laser treatments 

were performed under identical environmental conditions, and treatment parameters were 

held constant throughout the experiment. Auxiliary air was used, and the air pressure was 

set to 3 bar.  

Surface roughness measurements of the samples were performed in accordance 

with TS EN ISO 21920-2 (2022) using an Accretech Handysurf E-35 B (Tokyo, Seimitsu) 

stylus-scanning surface roughness measuring instrument. Roughness measurements were 

taken perpendicular to the fibers. In this study, the average surface roughness (Ra*) and 

ten-point average surface roughness (Rz*) values of the samples were measured. 

Measurements were performed at room temperature, ensuring that the samples and the 

instrument were parallel to the horizontal plane, away from sources of vibration and noise, 

with a stylus diameter of 5 μm, a measurement speed of 0.5 mm/s, a scan length of 12.5 

mm, and a cut-off wavelength of λc = 2.5 mm. To ensure measurement accuracy, the 

instrument was recalibrated every 50 measurements. 

Color measurements were performed in accordance with the principles specified in 

ASTM D2244-25 (2025). Color changes were determined using a Konica Minolta CM-

2300d instrument, which measures in accordance with the CIEL*a*b* color system. The 

instrument was calibrated to the D65 light source and 10 °. According to the CIEL*a*b* 

system, the total color difference (∆E*) was determined using Eq. 1 (Karamanoğlu 2020).                                                        

222 *)(*)(*)( baLE ++=                                                                     (1) 

The total color change (∆E*) values of the samples were evaluated relative to the control 

groups. The subscript 1 in ΔL*, Δa*, and Δb* (ΔL* = L*2 – L*1, Δa* = a*2 – a*1, Δb* = 

b*2 – b*1) refers to the untreated control samples, whereas subscript 2 refers to the samples 

subjected to laser processing. 

All statistical analyses were performed in R (R Core Team 2025, version 4.5.1). A 

four-way factorial analysis of variance (ANOVA) was conducted to determine the 

individual and interactive effects of wood type (WT; two levels), laser scanning speed 

(LSS; four levels), laser processing power (LPP; five levels), and fiber direction (FD; two 

levels) on average surface roughness (Ra), ten-point average surface roughness (Rz), and 

total color change (ΔE). Each treatment combination was replicated 8 times (n = 8), 

yielding 640 observations per response variable. The full factorial model, including all two-
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way, three-way, and four-way interactions, was fitted using the “aov()” function of the base 

“stats” package. Prior to ANOVA, the normality of model residuals was examined using 

the Shapiro-Wilk test and Q-Q plots, and the homogeneity of variances was assessed using 

Levene's test. Because the design was large and fully balanced (n = 8 per cell), ANOVA 

was considered robust to moderate departures from these assumptions. For significant 

factors, Duncan’s multiple range test and letter grouping were performed with the 

“agricolae” package (duncan.test) at p < 0.05. Significance levels were expressed as p < 

0.05 (*), p < 0.01 (**), p < 0.001(***), and non-significant (ns). Significant two-way 

interactions were visualized using violin plots overlaid with box plots and individual 

observations. Pearson’s and Spearman’s correlation coefficients among Ra*, Rz*, and ΔE* 

were calculated using the base “stats” package (cor.test), both overall and within wood-

type and fiber-direction subgroups. Data handling and plotting were performed with the 

“readxl”, “dplyr”, and “ggplot2” packages. The untreated control samples were measured 

for reference purposes and were not included in the ANOVA model. 

 
 
RESULTS AND DISCUSSION 
 

In this study, the changes induced by CO₂ laser processing parameters on the 

surfaces of pine and beech wood were evaluated in terms of average surface roughness 

(Ra*), ten-point average surface roughness (Rz*), and total color change (ΔE*). The results 

of the analysis of variance showed that the main factors – wood type (WT), laser scanning 

speed (LSS), laser processing power (LPP), and fiber direction (FD) – had a statistically 

highly significant effect on all three response variables (p < 0.001) (Table 2). These results 

indicate that surface quality after CO₂ laser treatment was governed by the combined 

effects of processing parameters and the wood’s heterogeneous, anisotropic structure. The 

anatomical properties of wood can influence the surface properties resulting from laser 

processing. However, differences in heartwood/sapwood, radial/tangential surfaces, and 

earlywood/latewood were not evaluated as independent variables in this study. Therefore, 

the obtained Ra*, Rz*, and ΔE* results were evaluated only within the scope of the wood 

type, laser scanning speed, laser processing power, and fiber direction examined in the 

study. The literature also emphasizes that surface quality during laser wood processing is 

shaped by the combined effects of factors such as laser power, scanning/cutting speed, 

focal position, raster density, fiber direction, moisture content, and wood type (Martínez-

Conde et al. 2017; Kubovský et al. 2020; Ružiak et al. 2025; Ilçe and Çiftçi 2025; Ding et 

al. 2026). 

According to the ANOVA results, Ra* emerged as the parameter most sensitive to 

the factors examined and to their interactions. For Ra*, all main factors - WT, LSS, LPP, 

and FD - were significant at p < 0.001. In addition, the two-way, three-way, and four-way 

interactions of all factors were found to be significant. In contrast, while all main effects 

were significant for Rz* values, the other interactions were found to be more limited. For 

ΔE*, all main factors are also significant. However, the three-way and four-way 

interactions involving WT × LPP were not significant. This structure indicates that in laser 

processing, Ra* responds to general microtopographic changes on the surface, Rz* responds 

primarily to peak-to-valley irregularities, and ΔE* responds more regularly to energy input 

and chemical/colorimetric transformations on the surface. 
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Table 2. Effect of Wood Type, Laser Scanning Speed, Laser Processing Power, 
and Fiber Direction on Average Surface Roughness, 10-Point Average Surface 
Roughness, and Total Color Change 

Source of Variance df Ra* Rz* ∆E* 

Wood Type (WT)     

Scots pine  14.33 a 75.86 a 11.17 b 

Eastern beech  7.17 b 47.42 b 16.02 a 

Laser Scanning Speed (LSS-mm/s)     

200  17.58 a 88.40 a 19.25 a 

300  10.30 b 62.64 b 14.19 b 

400  8.07 c 48.24 c 11.22 c 

500  7.04 d 47.28 c 9.73 d 

Laser Processing Power (LPP-%)     

12  6.69 e 42.98 c 11.63 c 

13  9.23 d 54.19 b 13.14 b 

14  10.88 c 61.39 b 13.64 b 

15  12.81 b 73.64 a 14.44 a 

16  14.14 a 75.99 a 15.13 a 

Fiber Direction (FD)     

PAF (parallel to the fibers)  12.59 a 72.15 a 12.63 b 

PEF (perpendicular to the fibers)  8.91 b 51.12 b 14.56 a 

Mean  10.75 61.64 13.60 

Control     

Scots pine  1.54 13.27 85.85 

Eastern beech  1.42 13.02 70.21 

ANOVA  p > F   

WT 1 *** *** *** 

LSS 3 *** *** *** 

LPP 4 *** *** *** 

FD 1 *** *** *** 

WT x LSS 3 *** *** *** 

WT x LPP 4 *** * ns 

LSS × LPP 12 *** ns *** 

WT × FD 1 *** ns ** 

LSS × FD 3 *** *** * 

LPP × FD 4 *** ** *** 

WT × LSS × LPP 12 *** ns ns 

WT × LSS × FD 3 *** ** ns 

WT × LPP × FD 4 *** ns ns 

LSS × LPP × FD 12 *** ns ns 

WT × LSS × LPP × FD 12 *** ns ns 

Residuals 560    

Means followed by different letters within each factor are significantly different (Duncan's test, p < 
0.05). *, **, *** significant at p < 0.05, 0.01, 0.001; ns = not significant. Each treatment combination 
and each control group represents n=8 replicates. 
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The value of Ra* showed significant differences after CO₂ laser processing, 

depending on the wood type, scanning speed, processing power, and fiber direction. 

According to Duncan's test results, the average Ra* value was 14.3 µm for pine and 7.17 

µm for beech, indicating greater microtopographic roughness on pine surfaces. This 

difference was also evident in Fig. 2A, particularly at 200 mm/s, where pine exhibited a 

broader distribution and higher outlier values, suggesting stronger ablation and more 

heterogeneous surface degradation under low-speed conditions. 

The high Ra* values observed in pine samples can be attributed to the annual ring 

structure of pine wood and the difference in density between early and late wood. Guo et 

al. (2021) reported that structural and density differences in the early and late wood regions 

during CO₂ laser cutting of pine wood create irregular morphology on the cross-sectional 

surface and that the laser effect does not progress homogeneously due to these anatomical 

differences. Similarly, Gurău et al. (2024) emphasized that species differences and the 

ablative behavior of early and late wood determine surface undulation and roughness on 

laser-cut wood surfaces. In this context, the higher Ra* values obtained in pine samples can 

be explained by the non-uniform absorption of laser energy along the annual ring. 

As for the Rz* values, the average Rz* value for pine samples was determined to be 

75.9 µm, while that for beech samples was 47.4 µm. The Rz* panel of the WT × LSS graph 

(Fig. 2B) shows that pine samples exhibit a wider distribution and higher extreme values, 

particularly at speeds of 200 mm/s and 400 mm/s. This pattern indicates that laser-induced 

surface irregularities in pine wood are higher not only in terms of average roughness but 

also in terms of peak-to-valley profile differences. Guo et al. (2021) noted that during CO₂ 

laser cutting of pine wood, a V-shaped kerf structure, carbonization, scoring, and irregular 

surface morphologies can be observed, and that differences between early and late wood 

create irregularities on the cut surface. 

The total color change (ΔE*) exhibited behavior distinct from that of the surface 

roughness parameters. While Ra* and Rz* values were higher in the pine samples, ΔE* 

values were higher in the beech samples. According to the results of Duncan’s test, the 

mean ΔE* value was 16.0 for beech and 11.2 for pine. This indicates that changes in surface 

morphology and color do not necessarily progress in the same direction as a result of the 

laser treatment. In other words, while pine surfaces exhibited higher roughness, beech 

surfaces showed a more pronounced colorimetric change. In the ΔE* panel of the WT × 

LSS graph (Fig. 2C), beech samples exhibit higher ΔE* values, particularly at speeds of 

200 and 300 mm/s, while pine samples generally exhibit lower ΔE* values. The 

pronounced color change in beech wood may be related to laser-induced thermal and 

chemical transformations. Kúdela et al. (2024) reported that following CO₂ laser 

processing of beech wood, the L* value decreased significantly, while ΔE* values 

increased, and that this color change was related to the thermal decomposition of carbonyl 

groups in the lignin and hemicellulose structures. Gurău et al. (2017) demonstrated that the 

total color difference in beech wood increased as the scanning speed decreased and the 

laser power increased, and that strong correlations could be established between ΔE* and 

surface roughness. The higher ΔE* values obtained in beech samples in this study indicate 

that the beech surface exhibits a more pronounced colorimetric response under the CO₂ 

laser beam. 
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Fig. 2. Parameters interactions of WT × LSS: Ra* (A), Rz* (B), and ΔE* (C) 

 

The laser scanning speed has been shown to have a significant reducing effect on 

Ra*. The average Ra* value decreased from 17.6 µm at 200 mm/s to 10.3 µm at 300 mm/s, 

8.07 µm at 400 mm/s, and 7.04 µm at 500 mm/s. According to Duncan’s test, all speed 

levels differed significantly from one another. The Ra* panel of the LSS × FD graph (Fig. 

3A) visually supports this trend. The highest Ra* values were observed at 200 mm/s in both 

fiber directions, and the roughness values decreased gradually with increasing speed. This 

can be explained by the laser beam remaining in contact with the surface for longer at low 

scanning speeds, thereby increasing the thermal energy transferred to the surface. Gurău et 

al. (2017) investigated the effects of CO₂ laser power and scanning speed on surface 

roughness and color change in beech wood. They reported that roughness increased with 

laser power and decreased with scanning speed. Gurău and Petru (2018) similarly 

demonstrated that Ra* and other roughness parameters in maple wood are sensitive to 

increases in laser power and decrease with increases in scanning speed. Li et al. (2022) 

noted that Ra* and Rz* values in poplar wood became higher with increasing laser power 

but decreased with increasing feed rate and pass spacing. Therefore, the low-speed-high 

Ra* relationship observed in this study can be interpreted as a general surface degradation 

behavior resulting from the increased energy density transferred to the surface during CO₂ 

laser processing. 

The effect of laser scanning speed on Rz* showed a decreasing trend parallel to that 

of Ra*. The highest Rz* was obtained at 200 mm/s, at 88.40 µm. This value decreased to 

62.64 µm at 300 mm/s, to 48.24 µm at 400 mm/s, and to 47.28 µm at 500 mm/s. However, 

according to Duncan’s test results, 400 and 500 mm/s fell into the same statistical group.  

This result indicates that the effect of increasing speed on Rz* is particularly pronounced 

in the 200 to 400 mm/s range; beyond 400 mm/s, there is only a limited improvement in 

the peak-to-valley differences of the surface profile. In the Rz* panel of the LSS × FD graph 

(Fig. 3B), higher Rz* values are observed in both fiber directions at 200 mm/s, and these 

values decrease as speed increases. Li et al. (2022) reported that in poplar wood, Ra* and 

Rz* values increased with laser power but decreased with feed rate. Adamčík et al. (2023) 

reported that surface roughness after CO₂ laser treatment of beech, oak, and spruce wood 

varied with laser power and feed rate. Adamčík et al. (2025), on the other hand, 

demonstrated that Ra* and Rz* values in beech wood are sensitive to CO₂ laser power-speed 

combinations and that a smoother surface can be achieved with appropriate parameter 

selection. 
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The effect of the scanning speed on ΔE* was quite pronounced. The highest ΔE* 

value of 19.2 was obtained at 200 mm/s. As the scanning speed was increased to 300, 400, 

and 500 mm/s, the ΔE* values decreased to 14.19, 11.22, and 9.73, respectively. According 

to Duncan’s test results, all speed levels differed significantly from one another. The ΔE* 

panel of the LSS × FD graph (Fig. 3C) shows that the color change decreased with 

increasing speed in both fiber directions. This can be explained by the fact that at low 

speeds, the laser beam remains on the surface longer, resulting in greater energy input, 

which in turn increases the color change. Li et al. (2020) reported that laser power increases 

ΔL* and ΔE* in moso bamboo, whereas feed rate and scan width reduce them. Li et al. 

(2021) noted that laser power, feed rate, and focus position significantly affect the area of 

color change in poplar wood. Açık and Tutuş (2024) demonstrated that laser engraving 

power increases the total color change in different wood types, while laser engraving speed 

has a reducing effect. Gurău et al. (2017) also found that ΔE* in beech increases 

particularly at low scanning speeds and decreases sharply as the speed increases. 

 

 
Fig. 3. Parameters interactions of LSS × FD: Ra* (A), Rz* (B), and ΔE* (C)   

 

Laser processing power also significantly increased the Ra* values. The Ra value, 

which was 6.69 µm at 12% power, increased with increasing power to 9.23 µm at 13%, 

10.88 µm at 14%, 12.81 µm at 15%, and 14.14 µm at 16%. According to Duncan’s test, all 

power levels are statistically different from one another in terms of Ra*. In the Ra* panel 

of the LPP × FD graph (Fig. 4A), Ra* values became higher in both fiber directions with 

increasing power, with a more pronounced change in the PAF direction. This result 

indicates that as laser power increases, the amount of energy transferred to the surface rises, 

leading to greater cell wall degradation, carbonization, and surface irregularity. Kúdela et 

al. (2022) reported that CO₂ laser irradiation parameters affect surface roughness in oak 

wood, and that mass loss and roughness increase as the total irradiation dose transferred to 

the surface increases. Kúdela et al. (2023) noted that as the irradiation dose increased in 

spruce wood, Ra* and Rz* values also increased, and that this was related to irregular mass 

loss resulting from density differences in spring-summer wood. Gochev and Vitchev 

(2024), on the other hand, demonstrated that the laser focus position and power density 

significantly affected the Ra* and Rz* values in plywood, and that laser-treated surfaces 

were rougher than untreated surfaces. These studies support the finding that Ra* values 

increase with higher power. 
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Fig. 4. Parameters interactions of LPP × FD: Ra* (A), Rz* (B), and ΔE* (C)  

 

In terms of fiber direction, the average Ra* value was found to be 12.6 µm in the 

PAF direction and 8.9 µm in the PEF direction. This difference is statistically significant. 

When the LSS × FD (Fig. 3A) and LPP × FD (Fig. 4A) graphs are evaluated together, the 

difference in fiber direction became particularly more pronounced under low scanning 

speed and high-power conditions. In the Ra* panel of the LSS × FD graph, it is evident that 

at 200 mm/s, the values in the PAF direction were higher and more widely distributed 

compared to those in the PEF direction. Similarly, in the LPP × FD graph, the PAF 

direction reached higher Ra* values at 15% and 16% power levels. This finding 

demonstrates that fiber direction is a determining factor in the surface distribution of laser 

energy and the degradation pattern in wood tissue. 

Açık and Tutuş (2023) noted that density, anatomical structure, and cutting 

direction are decisive factors in the CNC laser machining performance of different wood 

types. Gurău et al. (2021) demonstrated that in laser and CNC machining of spruce wood 

at different fiber angles, the cutting angle is a key factor affecting surface quality. That 

surface quality was negatively affected at specific angles such as 15° and 60°. Gurău et al. 

(2022) reported that the fiber angle in maple affects the surface morphology of laser-

processed surfaces, noting that the laser can produce a melting/smoothing effect, 

particularly in summerwood regions. Gurău et al. (2024), on the other hand, noted that the 

CO₂ laser reveals different anatomical details depending on the grain direction in beech 

and maple and that deeper ablation can occur in springwood regions. Accordingly, the 

higher Ra* values obtained in the PAF direction indicate that a more pronounced and 

irregular microtopographic structure forms on the surface, depending on the fiber direction. 

The increase in laser processing power also increased the Rz* values. While Rz* 

was 43.0 µm at 12% power, it was 54.2 and 61.4 µm at 13% and 14% power, respectively. 

At 15% and 16% power levels, Rz* rose to 73.6 and 76.0 µm, respectively. According to 

the Duncan's test, the 13% to14% range fell into the same group, while the 15% to 16% 

range fell into a higher group. The Rz* panel of the LPP × FD graph (Fig. 4B) shows that 

higher Rz* values form in the PAF direction, particularly at high power levels. This result 

indicates that an increase in laser power accentuates deep peak-to-valley irregularities on 

the surface, but that Rz* can exhibit a similar morphological response within certain power 

ranges. Kúdela et al. (2020) noted that laser power and raster density affect roughness and 

waviness parameters in beech wood, and that surface roughness increases under high-

power and high-raster-density conditions. Kúdela et al. (2023) reported that Ra* and Rz* 
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values in spruce wood increase with irradiation dose and mass loss, and that the increase 

can be much more pronounced, particularly in measurements perpendicular to the grain. 

Kúdela et al. (2022), on the other hand, demonstrated that the amount of laser-transferred 

energy in oak wood jointly affects surface morphology, color change, and roughness. These 

studies support the finding that Rz* increases with increasing power. 

Fiber direction had a significant effect on Rz*. The average Rz* value was 

determined to be 72.2 µm in the PAF direction and 51.1 µm in the PEF direction. This 

result indicates that the maximum irregularities in the surface profile are higher in the PAF 

direction. When the Rz* panels of the LSS × FD (Fig. 3B) and LPP × FD (Fig. 4B) graphs 

are evaluated together, it is observed that the difference in fiber direction becomes more 

pronounced at low speeds and high powers. This indicates that the fiber direction affects 

not only the average surface roughness but also the deep peak-to-valley character of the 

profile. Rezaei et al. (2022) reported that surface quality in beech wood following CO₂ 

laser cutting varied with cutting speed, gas pressure, focal position, and wood moisture 

content, and that laser-cut surfaces exhibited different morphological characteristics 

compared to those cut by conventional methods. Corleto et al. (2025) investigated the 

effects of the focal point, cutting speed, and gas pressure on color change and surface 

roughness in beech wood and demonstrated that the focal position is significant for surface 

quality. Gochev and Vitchev (2024), on the other hand, noted that a change in the focal 

position alters the power density of the laser beam, which can lead to an increase in Ra* 

and Rz* values. These results indicate that the differences in Rz* caused by fiber direction 

and power-speed combinations are related to the laser beam's energy density on the wood 

surface and the wood’s anatomical orientation. 

The Rz* results also indicate that, in studies on laser wood processing, not only the 

average roughness but also larger-scale irregularities in the surface profile must be 

considered. Gurău et al. (2021) recommended the combined evaluation of roughness, 

waviness, and primary profile parameters to understand wood surface quality. Tonietto et 

al. (2022) emphasized that average parameters, such as Ra*, may not fully capture the 

characteristics of the valley and contact areas on heterogeneous surfaces. In this regard, the 

combined evaluation of Ra* and Rz* is important for explaining both the average and peak-

to-valley characteristics of laser-induced surface degradation. 

Laser processing power had an increasing effect on ΔE*. The ΔE* value, which 

was 11.6 at 12% power, increased to 13.1 at 13%, 13.6 at 14%, 14.4 at 15%, and 15.1 at 

16%. According to Duncan’s groupings, 13% and 14% were in the same group, while 15% 

and 16% were in the highest group. The ΔE* panel of the LPP × FD graph (Fig. 4C) shows 

that color change increased in both fiber directions as power increased. This result is 

consistent with the fact that as laser power increases, the energy transferred to the surface 

rises, leading to stronger thermal discoloration. Gochev and Vitchev (2022) reported that 

as laser power increases in plywood, carbonization and color saturation increase, while 

lighter tones form at lower powers. Chernykh et al. (2024) noted that color changes 

resulting from laser engraving across different wood species can be correlated with energy 

density and process parameters. Kúdela et al. (2024) demonstrated that even at low laser 

power and raster density, distinct color differences can occur in beech wood, and that as 

energy input increases, the surface color shifts toward darker brown tones. Hasan et al. 

(2021) noted that as laser power increases on redwood, both engraving depth and 

carbonization increase, while laser-material interaction decreases with increasing speed. 

In terms of fiber direction, the average ΔE* was 14.6 in the PEF direction and 12.6 

in the PAF direction. Accordingly, the PEF direction was more effective at inducing color 
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change. In the ΔE* panel of the LPP × FD graph (Fig. 4C), higher ΔE* values occurred in 

the PEF direction as power was increased. In the LSS × FD graph (Fig. 3C), however, ΔE* 

values decreased in both fiber directions as the scanning speed increased; nevertheless, the 

PEF direction tended to produce greater color change at low speeds. This finding indicates 

that fiber direction affects roughness and color shift through different mechanisms. While 

mechanical/morphological irregularities increased in the PAF direction, the color shift 

became more pronounced in the PEF direction. This variation indicates that laser-wood 

interaction was related not only to surface topography but also to surface chemistry and 

light absorption. Ding et al. (2026) noted that photothermal processes in laser-wood 

interactions can lead to complex outcomes due to the wood’s chemical composition, 

anisotropy, and heterogeneity. Gurău et al. (2024) demonstrated that the anatomical details 

and chemical changes revealed by the laser can vary depending on the fiber direction in 

beech and maple. Kúdela et al. (2024) emphasized that color changes are particularly 

associated with changes in the chromophores of lignin and hemicellulose structures. 

Therefore, the higher ΔE* in the PEF direction indicates that different thermal 

discoloration and chromophore transformations may occur on the surface depending on the 

fiber direction. 

Overall, different results were observed for surface roughness and color change on 

pine and beech wood samples following CO₂ laser treatment. Pine exhibited higher 

roughness values in terms of Ra* and Rz*, while beech showed a more pronounced color 

change in terms of ΔE*. A low scanning speed and high laser power increased both surface 

roughness and color change. While Ra* and Rz* values increased in the PAF direction, ΔE* 

values increased in the PEF direction. These results indicate that the selection of optimal 

parameters for CO₂ laser wood surface treatment should not be made in isolation with the 

sole aim of achieving lower roughness or greater color change, but rather by taking into 

account both the wood species type and the fiber direction. Although the laser’s non-

contact, precise nature and suitability for digital manufacturing provide significant 

advantages, effects such as carbonization, color darkening, heat-affected zones, and surface 

irregularities must be controlled (Kúdela et al. 2022; Gochev and Vitchev 2024; Ding et 

al. 2026). 

To further clarify the relationships among the measured responses, Pearson and 

Spearman correlation coefficients were calculated for Ra*, Rz*, and ΔE* (Table 3). The 

two roughness parameters were strongly and consistently correlated (Spearman's ρ = 0.96, 

p < 0.001), confirming the internal reliability of the roughness measurements. The 

pronounced difference between the Pearson (r = 0.72) and Spearman (ρ = 0.96) coefficients 

for the Ra* to Rz* pair indicates a monotonic but non-linear relationship, in which Rz* 

increases disproportionately faster than Ra* under high-energy processing conditions, most 

likely because isolated deep craters and carbonized cavities influence the peak-to-valley 

parameter (Rz*) more strongly than the arithmetic mean deviation (Ra*). In contrast, ΔE* 

exhibited only weak linear correlations with Ra* (r = 0.24, p < 0.001) and Rz* (r = 0.16, p 

< 0.001) at the overall level. This weak association indicates that surface roughness and 

color change are governed largely by distinct mechanisms during CO₂ laser processing: 

material ablation primarily determines surface morphology, whereas the thermal-chemical 

degradation of wood constituents and the associated formation of chromophores primarily 

determine color change. This interpretation is consistent with the opposite behavior of the 

fiber-direction factor, in which processing parallel to the grain increased roughness, 

whereas processing perpendicular to the grain increased color change. When the analysis 

was restricted to individual wood species, the Ra* to ΔE* correlation strengthened to a 
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moderate level (Scots pine: r = 0.57; Eastern beech: r = 0.54; both p < 0.001), indicating 

that although the two responses originate from a common energy input, they respond at 

different rates depending on the wood structure. 

 

Table 3. Pearson and Spearman Correlation Coefficients among Average 
Surface Roughness (Ra*), 10-point Average Surface Roughness (Rz*), and Total 
Color Change (ΔE*), Calculated Overall and within Wood Type and Fiber 
Direction Subgroups 

Group n Ra* to Rz* Ra* to ΔE* Rz* to ΔE* 

Pearson's r     

Overall 640 0.715*** 0.236*** 0.156*** 

Scots pine 320 0.776*** 0.567*** 0.399*** 

Eastern beech 320 0.476*** 0.540*** 0.247*** 

PEF 320 0.620*** 0.343*** 0.196*** 

PAF 320 0.731*** 0.271*** 0.225*** 

Spearman's ρ     

Overall 640 0.957*** 0.150*** 0.148*** 

Scots pine 320 0.932*** 0.519*** 0.436*** 

Eastern beech 320 0.977*** 0.524*** 0.476*** 

PEF 320 0.969*** 0.261*** 0.301*** 

PAF 320 0.950*** 0.133* 0.131* 

*, **, *** indicate significance at p < 0.05, 0.01, and 0.001, respectively. PEF: perpendicular to the 
fibers; PAF: parallel to the fibers.  

 

 
CONCLUSIONS 
 

1. Wood type, laser scanning speed, laser processing power, and fiber direction had 

statistically significant effects on Ra*, Rz*, and ΔE*. This result demonstrates that 

surface quality on laser-processed wood is determined not only by technological 

parameters but also by the wood's anatomical properties.  
 

2. Pine samples exhibited higher surface roughness values compared to beech samples. 

The average Ra* value was 14.3 µm for pine and 7.17 µm for beech; the average Rz* 

value was 75.9 µm for pine and 47.4 µm for beech. In contrast, the total color difference 

was found to be higher in the beech samples than in the pine samples. The ΔE* value 

was 16.02 for beech and 11.17 for pine. This indicates that responses to roughness and 

color differences differed between the two wood types.  
 

3. Increasing the laser scanning speed reduced the surface roughness and total color change 

values. The highest Ra*, Rz*, and ΔE* values were obtained at a scanning speed of 200 

mm/s; at higher scanning speeds, the surfaces exhibited lower roughness and more 

limited color change. 
 

4. Increasing the laser processing power increased surface roughness and total color 

change. Overall, the highest Ra*, Rz*, and ΔE* values were obtained at laser power 

levels of 15% and 16%. 
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5. The fiber direction affected the examined surface properties in different ways. 

Processing parallel to the fibers resulted in higher Ra* and Rz* values, while processing 

perpendicular to the fibers yielded higher ΔE* values. These findings indicate that, to 

achieve low surface roughness and controlled color change during CO₂ laser surface 

treatment of pine and beech wood, the wood type, scanning speed, laser power, and fiber 

direction must be evaluated together. 
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