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ABSTRACT

Due to the advantages of short treatment period, no wastewater and oil produced, the CO2 laser is applied 
as an environment friendly thermal treatment for wood materials to improve the wood properties, such as ap-
pearance, color and wettability, among others. However, the morphological features of treated wood surface 
are also changed, which have negative effects on wooden product properties. To reveal the change tendency 
of surface roughness during laser irradiation, the common indexes of average roughness (Ra) and mean peak-
to-valley height (Rz) were chosen to evaluate the surface roughness. The response surface methodology was 
selected to arrange the experiments and analyze the influences of laser parameters on surface roughness. The 
results showed that the poplar wood got rougher with the increased laser power, but the surface roughness de-
creased with increased feed speed and path spacing, due to the total heat absorption varied under different com-
bination of laser parameters. The ANOVA results showed that the selected quadratic models for Ra    , Rz , Ra

and Rz  were significant due to the values of probability value (“Prob>F”) less than 0,05. In this case, all the 
input laser parameters were also the significant model terms for variation of surface roughness. The values of  
correlation coefficient were very close to 1, which meant the selected quadratic models could give accurate 
prediction of surface roughness for laser treated wood. Therefore, it is of great significance to predict the 
surface roughness of the modified wood surface scientifically and to guide the selection of reasonable modifi-
cation process parameters.
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INTRODUCTION

Poplar trees are a fast-growing species in China, which are widely applied to manufacture the furniture, 
flooring and wood-based panel (Shi et al. 2021, Wu et al. 2021, Zhang et al. 2021). However, the poplar wood 
is characterized by fast growth, low density, large voids, low density and dull texture, and also has the defects 
of warping, shrinkage and cracking in production and processing, thus affecting its application scope and 
economic value (Zhan et al. 2019). At present, the impregnated and non-impregnated modifications are two  
common techniques to improve the quality of poplar wooden products (Chen and Cheng 2014). The non-im-
pregnation modification normally includes compound modification with other materials, thermal treatment, 
plasma processing, etc. (Gao et al. 2021, Yang et al. 2021). Among them, the thermal treatment does not re-
quire any chemicals addition to change the wood properties (Ulker and Hiziroglu 2017), which may be an im-
portant reason why it is of interest to many parts of the world (Cao et al. 2020). Therefore, revealing the quality 
change rules during thermal treatment is indispensable and important for guiding the production practice. 
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During thermal treatment, the surface quality, chemical components and micro-structure of wood will be 
changed, which affect the properties of surface wettability, roughness, dimension stability, and so on (Candan 
et al. 2010, Fang et al. 2017, Ma et al. 2010, Shukla 2019). The cell wall will be crushed by thermal treatment, 
which affects the surface roughness of thermal treated wood (Kaygin et al. 2014). Surface roughness as an 
important index, has directly effect on the coating, bonding and tactile properties of wooden products (Dilik 
and Hiziroglu 2012, Li et al. 2017, Liu et al. 2020, Xiong et al. 2020). Therefore, it is necessary to determine 
the surface roughness of thermal treated wood since they are widely applied for manufacturing furniture, 
wallboard, flooring, etc. After thermal treatment with temperature of 180 °C for 1-4 hours, the surface rough-
ness of Pinus massoniana and poplar wood increased after 1 hour of thermal processing, but it decreased as 
the processing time continually increased. For Jack pine wood, the variation trend of surface roughness was 
opposite to that of the first two wood species (Chen 2018). During thermal processing of the eastern red cedar 
wood samples, the surface became slightly rougher after exposed to steam. With 1-hour steaming treatment, 
the average value of Ra reached to 7,06 μm, which was 52 % higher than that of the untreated samples.  
However, the roughness did not show any changes with increasing the period of treatment to 3 hours (Kaygin 
et al. 2014). Kúdela et al. (2020) investigated the effects of hot-press on surface roughness of eucalyptus wood. 
Thermally modified eucalyptus wood surface became rougher with the increasing of temperature, but the  
pressure had opposite effect on surface roughness. However, the surface roughness of hot-press processed 
Douglas fir veneer decreased with the press temperature increased from 180 ℃ to 210 ℃ (Candan et al. 2010). 
Candan et al. (2012) also studied the influences of thermal modification on surface roughness of Berlinia 
wood. The Berlinia wood surface became smoother when treated with temperature of 150 ℃ and 170 ℃, but 
became rougher when the temperature increased to 190 ℃. In conclusion, the surface roughness varied during 
different modification processing. 

Laser with the advantages of high-energy density, high efficiency and flexible moving path, is widely  
applied for wood cutting, thermal modification, etc. (Guo et al. 2021, Li et al. 2021a). During laser modi-
fication, the color, surface morphology of wood will be changed, which have strong effects on the wooden 
material subsequent processing performance. Kúdela et al. (2020) investigated the surface properties of CO2 
laser engraved beech wood. Results showed that the surface roughness increased significantly at 8 % laser 
power (12 W), and the values of Ra, Rq, Rz, and Rt increased with the increasing of raster density. When laser 
irradiates wood surface, the concentrated laser energy is converted to heat to act on the different constituents 
of wood, which will induce these constituents to be vaporized, carbonized, or melted. The structure of wood 
surface will be destroyed and changed. At the same time, the properties of modified wood surface are also 
significantly affected by different laser parameter combination (Kubovský and Kacik 2013, Kúdela et al. 2020, 
Li et al. 2021b).

Recently, lasers are gradually coming into the field of study and are being used for wood surface modifica-
tion. The effects of laser parameters on the wood surface properties (such as color, wettability, etc.) have been 
studied and revealed (Kačík and Kubovský 2011, Kúdela et al. 2020, Li et al. 2019). However, there is limited 
or no information on quantitative description of the relationship between laser parameters and laser modified 
wood surface roughness. Therefore, measuring the surface roughness of CO2 laser treated wood and modeling 
the relationship between the laser parameters and surface roughness are indispensable. The laser power, feed 
speed and path spacing (the width of two adjacent feed paths) were selected as input parameters. The average 
roughness (Ra) and mean peak-to-valley height (Rz) were set as output parameters to describe the surface 
roughness. Response surface methodology (RSM), which is a statistical test method for optimizing stochastic 
processes, was applied for modeling the relationship between laser parameters and the values of surface rough-
ness. This work will reveal the change rules of poplar wood surface roughness in the CO2 laser modification 
processing and provide guidance to select reasonable modification parameters.

MATERIALS AND METHODS

Materials

Poplar (Populus euramevicana CV.) wood samples with free defects were cut from 5 different poplar trees 
with the age of 8-10 years-old. The tangential section of poplar wood was sanded by sandpaper with grit size 
no. 240 to get a smooth surface and then applied for laser irradiation. The size of samples is 10×100×150 mm3 
(Radial× Tangential× Longitudinal). Before laser treatment, all the samples were put into climate chamber 
with temperature of 20 ºC±1℃ and relative humidity of 65 %±2 % to equilibrate water content of 10 %±1 %.



Maderas. Ciencia y tecnología 2022 (24): 42, 1-12

       

Prediction of surface roughness of CO2..: Li et al.

3

Experimental setup and methods

The experimental setup is a CO2 laser engraving machine with the maximum power output of 100W, 
which supplied by Shandong Minglong Electronic Technology Co. LTD (China). The laser nozzle moved 
along the fiber direction with advance and return movement. The width of two adjacent feed paths was named 
as path spacing. Each experiment was repeated five times. The experimental setup and detailed motion path 
were shown in Figure 1.

Figure 1: Experimental setup and detailed motion path.

The surface roughness was measured by surface roughness measuring instrument JB-4C (Shanghai  
Taiming Optical Instrument Co. LTD, China). The roughness in both the directions of parallel and  
perpendicular to the wood grain were tested. The indexes of Ra and Rz were selected to evaluate the samples’ 
roughness. In each sample, the sampling length is 20 mm, and the test in both directions of sample was randomly  
repeated five times. Parallel and perpendicular to wood grain, the average roughness is marked as Ra and Ra ,  
respectively. The index Rz is also marked according to this method. 

Experimental design

To evaluate the influences of laser parameters on the values of Ra and Rz, and to describe the relationship 
between input parameters and response indexes, the RSM was chosen. Box-Behnken design (BBD) of RSM 
was selected as a statistical tool for arranging the experiments and analyzing the influences (Hazir and Koc 
2019, Zhu et al. 2020a, Zhu et al. 2020b). The laser power, feed speed and path spacing were considered as 
dependent variables. Their levels were determined by previous studies (Table 1), which could achieve better 
visual characteristic and maintain no obvious weakening of finishing performance for modified wood surface 
(Li et al. 2019, Li et al. 2018).

The model between laser parameters and response indexes (Ra and Rz) is created by the quadratic model 
which is shown as following Equation 1: 

2
0 1 , 1

k k k
i i ij i j ii ii i j i

Y b b X b X X b X
= =

= + + +∑ ∑ ∑      (1)

Where, Y represents predicted responses (Ra and Rz), b0 is the constant coefficient of the regression equa-
tion. The coefficients, bi and bii are the linear and quadratic terms, respectively, bij is the interacting term. The 
experimental plan is developed to assess the influences of laser power, feed speed, and path spacing on Ra and 
Rz (Yuan et al. 2020).
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Table 1: Dependent variables and their levels.

RESULTS AND DISCUSSION

The values of Ra and Rz in both directions of parallel and perpendicular to the wood grain were collected 
and listed in Table 2. 

Table 2: The results of surface roughness and the design matrix.

Analysis of variance

Analysis of variance (ANOVA) was chosen to identify the significance and adequacy of BBD model and 
investigate the influences of dependent variables on independent variables. In Table 3, Table 4, Table 5 and 
Table 6, it is clearly that the selected quadratic models for Ra , Rz , Ra ,and Rz  are significant due to the 
values of “probability value” less than 0,05.
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Table 3: Results of ANOVA for Ra .

P-value > 0,05 denotes not significant.

In this case, all the input laser parameters are also the significant model terms for variation of surface 
roughness. 

These results revealed that the laser power, feed speed and path spacing have significant effects on the 
variation of Ra and Rz. The reasonable combination of laser parameters is necessary to achieve a good surface 
quality. 

Table 4: Results of ANOVA for Rz .

P-value > 0,05 denotes not significant.

Table 5: Results of ANOVA for Ra .

P-value > 0,05 denotes not significant.
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Table 6: Results of ANOVA for Rz .

P-value > 0,05 denotes not significant.

Regression Equations for different index of surface roughness

The software of Design Expert (Stat-Ease 2011) was applied to create models for surface roughness. Due 
to the higher values of correlation coefficient (R2), the quadratic models were selected to establish the relation-
ship between the input laser parameters and surface roughness. From Table 7, it is obvious that the values of R2 

for these four models are all close to 1, which means that the quadratic models are suitable for predicting the 
poplar wood surface roughness during CO2 laser irradiation. The graph of correlation between predicted value 
and actual value also could certificate this result (as shown in Figure 2). The detailed models for Ra , Rz , 
Ra  and Rz  are shown in Equation 2, Equation 3, Equation 4 and Equation 5. 

2 2 2

11,07 3,75 A 0,65 B 1,80 C 0,36

A B 0,45 A C 0,040 B C 1,52 0,11 0,59

Ra

A B C

= + × − × − × − ×

× + × × + × × + × − × + ×
  (2)

2 2 2

62,42 9,34 A 2,72 B 16,12 C 6,36

A B 5,44 A C 4,47 B C 2,08 6,16 6,65

Ra

A B C

= + × − × − × + ×

× − × × − × × + × + × + ×


(3)

2 2 2

16,62 3,97 A 0,68 B 1,77 C 0,88
A B 0,57 A C 0,030 B C 1,05 1,66 1,54
Ra

A B C
⊥ = + × − × − × − ×

× + × × − × × − × − × − × (4)

2 2 2

74,97 11,20 A 2,39 B 13,05 C 0,22 A B 6,10
A C 0,35 B C 0,26 6,94 1,95

Rz
A B C

⊥ = + × − × − × − × × −

× × − × × − × + × + ×
         (5)

Table 7: Summary results of ANOVA for the selected models.
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Figure 2: The graph of correlation between predicted value and actual value.

Effects of laser parameters on the surface roughness

The trend graphs of laser parameters’ influences on surface roughness were shown in Figure 3. It is easy 
to find that the selected input parameters have significant influences on the values of Ra and Rz. In both the 
direction of parallel and perpendicular to the poplar wood grain, the surface roughness has similar variation 
tendency. However, in most measurements, the corresponding roughness values measured perpendicular to the 
wood grain were higher than them in parallel direction. The probable reason may be that the high laser power 
not only enhance the roughness but also the waviness on the wood surface. Because of the cellulose is not easy 
to be removed by laser irradiation. The waviness on the surface of some samples is macroscopic as shown in 
Figure 4. A typical roughness profile was shown in Figure 5, This similar result was also achieved in the pre-
vious research (Kúdela et al. 2020).

Figure 3 revealed that the laser power had greatest influence on Ra values, followed by path spacing, and 
then feed speed. For the index of Rz, the most significant factor is path spacing, followed by laser power, and 
then feed speed. The values of Ra and Rz increased with increased laser power, but decreased with increased 
path spacing. Compared to laser power and path spacing, the feed speed had weaker effect on the surface 
roughness. The surface morphology features changed due to the wood material vaporized, even carbonized 
or burned under laser thermal and photoelectric action (Cavalcanti et al. 2009). The laser power directly 
determines the amount of heat per unit time. When the heat increases to a certain degree, some of the wood 
constituents will be vaporized (such as some part of extractives), even carbonized, or burned. These processes 
will destroy the wood surface tissue, which will make the surface rougher. They are in good agreement with 
the results of previous research (Kúdela et al. 2020). The results in previous research indicated that the surface 
roughness increased with the laser power increased to 12 W. With the path spacing increasing, the area of re-
peated heating will be reduced. In other words, the number of irradiation and the total amount of heat received 
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in a given area will decrease (Li et al. 2019). The degree of surface heat influence and damage will be reduced 
due to lower heat transport; it is benefit to get a smoother surface. For the factor of feed speed, only the lower 
feed speed has strong influence on the surface roughness. When the feed speed exceeds a certain limit, the 
impact will be reduced. In the previous research, the results indicated that the roughness decreasing was sharp 
with the feed speeds increasing from 100 mm/s to 200 mm/s, but with a tendency to stabilize from a feed speed 
of 300-500 mm/s (Gurau et al. 2017). This why only the slight influence of feed speed on surface roughness 
was observed in the present study.

The graph of interaction effects of laser parameters was shown in Figure 6. The surface plot clearly repre-
sented that the higher values of Ra and Rz were achieved by the combination of higher laser power and lower 
path spacing. Figure 6c an directly guide the selection of modification parameters to obtain certain surface 
roughness.

Figure 3: Trend graph of input factors’ influence on response factors.

Figure 4: The surface of modified samples with different treatment conditions. (a):15,00W, 350,00mm/s, 
0,10mm; (b):11,00W, 350,00mm/s, 0,30mm; (c):13,00W, 350,00mm/s, 0,20mm.
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Figure 5: (a) Typical roughness profile in parallel and (b) Perpendicular direction.

Figure 6: Estimated responses surface for Ra and Rz.

CONCLUSIONS

The surface roughness of CO2 laser treated poplar wood varied significantly. Both the values of Ra and Rz 
increased after laser irradiation, which meant the surface became rougher. The surface got rougher when the 
laser power increased and the feed speed and path spacing decreased. The laser power and path spacing had 
stronger influences than feed speed when the feed speed at the high level. Higher laser power settings cause 
excessive wood deterioration, making them unsuitable as surface treatments for wood surfaces. The quadratic 
models are competent for describing the relationship between laser parameters and surface roughness, and are 
able to accurately predict the surface roughness of CO2 laser modified poplar wood. In the next research, the 
coating performance will be done to evaluate the effects of surface roughness on coating adhesion, which may 
provide scientific evidence for the selection of parameters during laser modification for wood surface.
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