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Abstract: This article deals with the laser cutting of wood and wood composites. The laser cutting
of wood and wood composites is widely accepted and used by the wood industry (due to its many
advantages compared to, e.g., saw cutting). The goal of this research was to optimize the cutting
parameters of spruce wood (Pices abies L.) by a low-power CO; laser. The influence of three factors was
investigated, namely, the effect of the laser power (100 and 150 W), cutting speed (3, 6, and 9 mm's_l),
and number of annual rings (3-11) on the width of the cutting kerf on the top board, on the width of
the cutting kerf on the bottom board, on the ratio of the cutting kerf width on the top and bottom
of the board, on the width of the heat-affected area on both sides of the cutting kerf (this applies to
the top and bottom of the board), and on the degree of charring. Analysis of variance (ANOVA)
and correlation and regression analysis were used for developing a linear regression model without
interactions and a quadratic regression model with quadratic interactions. Based on the developed
models, the optimization of parameter settings of the investigated process was performed in order to
achieve the final kerf quality. The improvement in the quality of the part ranged from 3% to more
than 30%. The results were compared with other research dealing with the laser cutting of wood and
wood composites.
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1. Introduction

The cutting of materials is one of the most widely used laser machining processes. The principle
consists of the movement of a focused laser beam perpendicular to the plane of the machined surface.
The absorption of high energy laser radiation causes the material to melt and subsequently evaporate,
creating the desired cut. For this purpose, a powerful CO; laser is still very frequently used, producing
a beam with a wavelength of 10.6 um [1]. In the past, CO; lasers were by far the most widely used
devices for laser cutting. In recent years, the laser with the largest market for industry use has been the
fiber laser, with a wavelength of 1064 nm. In industrialized countries, such as Japan, material cutting
operations performed by beam radiation are very widespread and have grown significantly in recent
years [2,3]. Due to their unique efficiency and accuracy, these technologies have become the center
of attraction in various fields of application [4]. The cutting process is fast, non-contact, and highly
automated and there is only thermal stress in a very limited area, allowing the cutting of a wide range
of materials. Additionally, low operating costs are achieved, despite the high initial investment and
the requirement for qualified staff [5].

In the case of wood and wood-based products, laser machining is widely accepted by the wood
industry [6-8]. The laser processing of wood was one of the earliest applications of laser use in the
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1970s [9,10]. The advantage of the laser system is its ability to cut complicated patterns. The application
of lasers in the furniture industry for automated cutting processes us also well-known [11,12]. Inaddition
to cutting, CO, lasers are also used for the irradiation or engraving of a wood surface [13-17]. The main
advantages of the laser cutting of wood in comparison with conventional cutting methods are the
highly precise cut, flexibility to start and finish cutting at any point of the board, narrow kerf width
(0.1-0.3 mm compared to saw cut of 3-6 mm), and extremely smooth surfaces [18-23]. Other advantages
of laser wood cutting are the absence of tool wear, low noise emission and vibration, low sensitivity to
very variable processing properties [23-26], reduced amount of sawdust [27-31], and low mechanical
stress in the workpiece [32,33].

Factors influencing the process of cutting wood and wood composites by a laser can be divided
into three groups [34-36], namely, the properties of the radiation beam, the properties of the laser
device and the characteristics of the cutting process, and the properties of the workpiece, specifically,
the effects of the beam power, mode, and polarization as aspects of optics; the location of the focal
point; the feed speed; the gas-jet assist system and workpiece thickness; the density; and the moisture
content [37-44].

In the case of wood composites, Lum et al. [45] investigated the parameters of the process of MDF
board cutting with a beam of radiation generated by a CO, laser with a power of 520-530 W in pulse
and continuous mode. The optimal setting of the parameters for the MDF board cutting was achieved
by the experimental change of the cutting speed, the composition of the auxiliary gas and its pressure,
and the change of the position of the radiation beam focusing in the material. The results showed
that narrow kerf widths are achievable for MDF laser-cut boards, particularly for pulse mode cutting.
Striation patterning, although masked by external charring, is evident, but this is of little significance to
the overall quality of cut, as evidenced by the low surface roughness values obtained. Burnout was also
minimal, even for angular profile cuts of small internal angles. These results were also in agreement
with Powell [46]. Eltawahni et al. [47] investigated a means for selecting the process parameters for the
laser cutting of MDF based on the design of experiments. They defined a methodology according to
which we can partially evaluate the efficiency and quality of radiation beam cutting by the proportion
of the cutting joint width on the cut upper workpiece surface to the cutting joint width on the cut
workpiece bottom (the so-called ratio). The focal point position and laser power are the principal
factors affecting the ratio. In the case of the upper board’s surface kerf, the focal point position has the
main role, and in the case of the lower kerf, the laser power and cutting speed have the main effect on
the lower kerf width. The roughness of the cut section decreases as the focal point position and laser
power increase. The roughness increases as the cutting speed and air pressure increase. Smoother cut
sections could be processed, but with an increase in the processing operating cost. Barnekov et al. [48]
investigated the effect of different focal point positions on the cut surface quality. They found that a
smooth surface of the workpiece middle can be achieved with less charring with the focal point at
or slightly above the middle. Most of these results are in harmony with previous published research
in the case of wood and wood composites [49-51]. The focal point position was also investigated by
Barnekov et al. [40]. In their research, they achieved the best quality of particleboard laser cutting
when the beam was focused on the surface of the composite material.

In the case of wood, Tayal et al. investigated the significance of the focus position of the CO; laser
optical system when hardwood cutting [52]. They concluded that the focal point should be at a location
Z/2 below the surface to achieve a maximum average laser power density, where Z is the focal length
(depth of focus). They verified these results by experimental observations. Nukman et al. [53] used a
CO;, laser to cut a wide range of Malaysian wood and plywood. The processing variables taken into
account were the laser power, focal point position, nozzle size, assist gas pressure, types of assist gas,
cutting speed, and delay time. The wood properties observed were the thickness, density, and moisture
content of wood. The analyses considered the geometric and dimensional accuracy (straight sideline
length, diameter of the circle, kerf width, and percent over cut), material removal rate, and severity of
burning. A guideline for cutting a wide range of Malaysian wood has been outlined. The influence of
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the laser power, cutting speed, and shield gas on the cut quality in the case of hard and soft timber was
confirmed by Khan et al. [6]. McMillin [54] dealt with the moisture content and its influence on the
process of pine wood cutting by a beam of radiation generated by a CO, laser in his work. He found
that the cutting speed of wetter wood is slower compared to drier wood. The reason for this is that
the moisture content in wood increases the thermal conductivity, which results in energy loss in the
heating zone. Grad and Mozina [41] showed that the CO, laser beam is almost completely absorbed
by wood. This result has been confirmed by Hattori [42], who claimed that a CO, laser is most suitable
for wood processing due to the wavelength used. The authors of the research [55,56] proved that a cut
section quality with less roughness results from an increasing beam power.

The optimal conditions for laser cutting were determined by several authors using theoretical
models. Zhou and Mahdavian [57] explored the possibilities of cutting wood and particleboards
with various levels of laser power and different workpiece cutting speeds. They introduced a
theoretical model that estimates the depth of the cut in terms of the material properties and cutting
speed. The experimental cutting results were compared with theoretical predictions. Two correction
parameters were introduced in the analysis to improve the theoretical model. Numerous other
theoretical models for laser machining have been developed by other researchers, among them,
Moradi et al. [58], Choudhury et al. [59], Yang et al. [60], Elsheikh et al. [61], Alizadeh and Omrani,
and others [62-64]. Various modes of heat transfer, phase changes, workpiece motions, and material
properties have been taken into account in these analysis.

There are also several simulations and mathematical and statistical models, in addition to
theoretical models. Statistical and experimental analyses of the multiple-pass laser cutting of wet and
dry pine wood were presented by Castaneda et al. [65]. The parameters investigated were the laser
power, traverse speed, focal plane position, gas pressure, number of passes, direction of cut (normal
or parallel to the wood’s tracheids), and moisture content. The experimental results were compared
against process responses defining the efficiency (i.e., kerf depth and energy consumption) and quality
of the cut section (i.e., kerf width, heat-affected zone, edge surface roughness, and perpendicularity).
An energy balance-based simple analytical model was developed and validated with experimental
results by Prakash Kumar [66]. The optimal properties of the cutting process can also be determined
by suitable simulation methods. Jianying and Yun [67] developed a simulation technique with ANSYS
software using the finite element method in order to propose the optimal parameters of the wood
beam cutting process. Polak et al. [68] used ANSYS and the numerical finite element method to
model the radiation beam cutting and drilling process. Yang et al. [69,70] analyzed the influence
of the ablative mechanism of wood processed with a nanosecond laser on the cutting quality and
established a prediction model through multiple linear regression equations. Hardalov et al. [71]
used the finite element method in their work to quantify the temperature gradient on the surface
of ceramic material in the process of irradiation with pulsed and continuous beams using FEMLAB
software. In the research by Modest [72], a previously developed three-dimensional conduction model
for the scribing of a thick solid was extended to predict the transient temperature distribution inside
a finite thickness slab that was irradiated by a moving laser source. The governing equations were
solved for both constant and variable thermophysical properties using a finite-difference method on
a boundary-fitted coordinate system. An evaluation of the radiation beam cutting quality was also
addressed by Rogerro et al. [73], whose method is a combination of neural networks and traditional
algorithmic techniques. Bianco et al. [74] used COMSOL Multiphysics 3.2 software to solve a transient
two- and three-dimensional temperature field irradiated by a beam of radiation. Babiak et al. [75]
dealt with the analysis of temperature profiles created by a moving Gaussian energy beam on a wood
surface. Yilbas et al. [76] analyzed both mathematical and numerical solutions of material heating by a
beam of radiation.

The aim of this research was to find the optimal combination of parameters of the cutting process
of an 8 mm thick spruce board with a moisture content of 12% by a CO, laser. The required cut
quality was determined by the minimum width of the heat-affected zone, the minimum value of the
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degree of charring, and the ratio of the cutting joint width on the upper and bottom board’s surface.
The parameters were the laser power, cutting speed, and number of annual rings intersecting the area
of the cutting kerf.

2. Materials and Methods

The experiments were carried out on Norway spruce (Picea abies (L.) H.Karst). Wood was harvested
from the Polana region in Slovakia. Cutting kerf was created by the cutting of tangential spruce lumber
with dimensions of 8 mm x 100 mm x 1000 mm (tangential x radial x longitudinal), with a relative
moisture content w = 12 + 1% and average density p = 428.4 + 27.9 kg'm~3. The moisture content
of the samples was determined according to ISO 13061-1 [77]. The wood density was determined
according to ISO 13061-2 [78]. The CO; laser LCS 400-1/W (TST Strojarne Piesok, Piesok, Slovakia) was
used for cutting with a wavelength of 10.6 um operated at a continuous mode output power of 100
and 150 W. Three speeds of cutting were used, with values 3, 6, and 9 mm-s~!. A power of 150 W and
speed of cutting of 9 mm-s~! were used as a reference, since this combination is used in practice due
to the speed of production. The focal length was 127 mm (5”), beam diameter was 10 mm, and spot
diameter was 0.3 mm. The focal point position of the laser beam was set to 1/2 of the sample thickness
(measured from the upper surface of the board). The process gas was supplied via a laval contour
nozzle with 0.25 MPa pressured air.

All cuts were made parallel to the wood fibers in the tangential direction (Figure 1). The quality
of the cut section of the wood was examined using Digital Microscopy (DM).
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Figure 1. Cutting scheme.

The Response Surface Method (RSM) was used to prepare the experiment. The influence of three
factors was investigated, namely, the effect of the laser power P, cutting speed V, and number of annual
rings AR (Table 1) on the width of the cutting kerf WKU (width of the cutting kerf on the upper boards
surface) and WKD (cutting kerf width on the board bottom), on their ratio WKR (ratio of the cutting
kerf width on the upper and bottom board’s surface), on the width of the heat-affected areas on the
spruce board surface WHAZx (width of the heat-affected area on both sides of the cutting kerf is equal,
and this applies to the upper board’s surface, as well as to the bottom of the board), and on the degree
of charring B.

Table 1. Experimental factors.

Factor Min. Value  Max. Value  Levels Number Factor Levels Unit Type
AR 3 11 9 3,4,56,7,8,9,10,11 - random
P 100 150 2 100, 150 \'V controlled

A% 3 9 3 3,6,9 mm-s~! controlled
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Measuring of the cutting kerf width WKU, WKD, and WHAZXx was observed by DM using the
K-means clustering segmentation method [79]. The K-means clustering algorithm is an unsupervised
algorithm and it clusters or partitions the given data into K-clusters based on the K-centroids.
The algorithm is used when we have unlabeled data (without defined categories) and the objective
is to minimize the sum of squared distances between all points and the cluster center. In our case,
three different color-coded regions were searched in image processing software, namely, the area of the
unaffected workpiece, the area of the heat-affected zone, and the area of the cutting kerf. The mean
values of the width of the cutting kerf and especially the width of the heat-affected zones were
determined from the segmented photos by applying the theorem on the mean value theorem for
integrals (Figure 2).

1 mm

Figure 2. Photo used for measuring the width of the cutting kerf and heat-affected zone (left), and
photo edited by segmentation (right) by Digital Microscopy (DM).

The measuring of the degree of charring consisted of an analysis of cutting kerf in a direction
perpendicular to the surface and a subsequent analysis of the morphology (texture) of the examined
surface. Surface charred areas are amorphous areas of cutting kerf without a visible texture with a
damaged anatomical wood structure due to the thermal degradation of wood. The bimodal histogram
was modeled as a mixture of two Gaussian density functions. The use of adaptive particle swarm
optimization for the suboptimal estimation of the means and variances of these two Gaussian density
functions, and then the computation of the optimal threshold value, was straightforward [80]. The result
of this analysis was obtained as the degree of charring in %.

The Shapiro-Wilk test was used to test the normality of measured data, followed by Box-Cox
nonlinear normalizing transformation. For greater data clarity of the response, variables were
transformed into variables that also passed the normality test. Analysis of variance (ANOVA) and
correlation and regression analysis were used for developing a linear regression model without
interactions and a quadratic regression model with quadratic interactions. Based on the developed
models, the optimization of parameter settings of the investigated process was performed in order to
achieve the required response.

3. Results and Discussion

The total number of measurements was 108 in one block, with 864 measured or calculated data.
Due to the random factor AR, nine measurements were performed at each monitored cutting speed.
The WKR ratio was calculated and the degree of charring was subsequently determined from the
measured data. The data were then tested by the Shapiro-Wilk test of good agreement of the measured
data, with the normal distribution at a significance level of 0.05. Due to the fact that the measured
data did not meet the assumption of a normal distribution, a normal distribution was achieved by a
nonlinear Box-Cox transformation (Table 2).
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Table 2. Box-Cox transformation.

Reaction Box-Cox Transformation
WKU* 1+ (WKU™05%9 _ 1)/(—0.569-0.84722671-569)
WHAZU* 1+ (WHAZU34 _ 1)/(0.134-0.17218570-866)
WKD* 1 + (WKD®2%6 — 1)/(0.206-0.46008570794)
WHAZD* 1+ (WHAZD06% _ 1)/(—0.605-0.169228~1:605)
WKR* 1 + (WKR372 — 1)/(0.372-0.543049~0-628)
B* 1 + (B> — 1)/(2.049-46.42581-049)

The results of the measured data after the transformation enabled the use of parametric
mathematical-statistical methods of experimental evaluation (in the next parts asterisk symbol *
is used for transformed values). Descriptive statistics were subsequently produced for all monitored
transformed responses (Table 3).

Table 3. Descriptive statistics for transformed values of all parameters.

WKU* WHAZU* WKD* WHAZD* WKR* B*
Average 0.8566 0.1741 0.5524 0.2192 0.6337 0.4688
Standard deviation 0.1761 0.0657 0.2093 0.1471 0.1709 0.0079
Variation coefficient 20.55% 37.75% 37.88% 67.14% 26.97% 16.74%
Displacement coefficient —-0.42 2.344 1.964 4.685 1.452 -1.328
Peak coefficient -1.256 —0.1885 -0.5222 2.288 -1.079 —-0.657
95% confidence interval for the  <0.8085; <0.1561; <0.4953; <0.1179; <0.5870; <0.4474;
average 0.9046> 0.1920> 0.6095> 0.2593> 0.6803> 0.4902>
95% confidence interval for the <0.148; <0.0553; <0.1759; <0.1237; <0.1437; <0.0660;
standard deviation 0.2174> 0.0811> 0.2583> 0.1816> 0.2110> 0.0969>

It follows from the descriptive statistics tables for each monitored transformed response that the
cutting kerf width at the board top is larger than the cutting kerf width at the board bottom. The term
“upper board’s surface” refers to the side where the primary radiation beam interacts with the material.
The values of the variation coefficients are smaller on the upper board’s surface compared to the values
of the variation coefficients of the observed responses on the board bottom. This is related to the
properties of the wood from the point of view of heat transfer, as well as to the power of the radiation
beam required for thermal decomposition of the wood in the cutting process. Larger values of variation
coefficients also point to defects in the form of burns on the surface of the board bottom, which are
caused by the sudden blowing of burns from the space of the cutting kerf with auxiliary gas (air).

3.1. Analysis of Variance and Regression Analysis

A three-factor experimental model without interactions was used to primarily determine the
influence of the investigated factors AR, P, and V for responses WKU*, WHAZU*, WKD*, WHAZD*,
WKR*, and B*, with an evaluation of the variability degree of the investigated response (Table 4).
Additional information on the influence of interactions between factors was analyzed by a second-degree
polynomial model with first-order interactions (Table 5). The coefficients of the factors of the examined
responses are marked in gray, which are significant in terms of impact at the significance level of 0.05.
The force measures of the models are also marked in gray, which can be considered as sufficiently
explanatory of the spruce board cutting process. The coefficients of the regression function were
determined by the least squares method. The significance of the investigated factors was evaluated by
analysis of variance (F test, p test, R?, standard deviation, PACH analysis, and percentage error of the
model were performed in all cases), graphically by a Pareto diagram, and by a graphical analysis of
their influence (Figure 3).
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Table 4. Summary of linear models without interactions (e.g., WKU* = 0.9691 + 0.0031-AR + 0.1762-P —
0.0586-V). Background color was used for statistically significant values for 99% confidence interval.

Response WKU* WHAZU* WKD* WHAZD* WKR* B*
Factor Coeff. Coeff. Coeff. Coeff. Coeff. Coeff.
AR 0.0031 0.0021 —-0.0112 0.0003 -0.0177 0.00487
P 0.1762 0.0451 0.3501 0.2583 0.2847 —0.05437
A\ —0.0586 0.0168 —0.061 —0.0110 —-0.0304 —0.00415
Constant 0.9691 0.5613 0.6486 0.5189 0.5699 0.22126
R? 71.76% 49.14% 84.65% 46.51% 46.74% 2.73%

Table 5. Summary of linear models with interactions (e.g., WKU*= 1.96353 + 0.00695-VZ + 0.08847-P*V
+ 0.00032:AR*V — 0.00745-AR*P + 0.00526-AR? — 0.25323-V — 0.29207-P — 0.05862-AR). Background
color was used for statistically significant values for 99% confidence interval.

Response WKU* WHAZU* WKD* WHAZD* WKR* B*
Factor Coeff. Coeff. Coeff. Coeff. Coeff. Coeff.
AR —0.05862 0.02398 0.06392 0.01209 0.10382 —0.03579
P —-0.29207 0.19104 0.81739 0.00574 1.17681 —0.51849
v —-0.25323 0.08067 0.03693 —0.05375 0.23656 —-0.15057
AR? 0.00526 —0.00142 0.00034 —0.00349 —0.00263 0.00107
AR*P —0.00745 0.00257 —0.05651 0.02135 —0.05468 0.01333
AR*V 0.00032 —0.00108 —0.00208 0.00121 —0.00352 0.00172
PV 0.08847 —-0.02749 —-0.02015 0.01778 —0.09821 0.06385
V2 0.00695 —-0.00193 —0.00489 0.00099 —0.09964 0.00467
Constant 1.96353 0.23073 -0.13999 —-0.78817 -1.01551 1.04444
R? 85.88% 56.49% 87.93% 50.50% 62.53% 29.40%
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Figure 3. Influence of the main factors: First line (left) WKU* and (right) WHAZU?*; second line (left)
WKD* and (right) WHAZD?*; and last line (left) WKR* and (right) B*.

It follows from the table of results on the analysis of variance for WKU* for the transformed values
of the cutting kerf width (Table 4) that the influence of the cutting speed factor V and the laser power P is
statistically significant. The influence of the AR factor was not confirmed by the mathematical-statistical
analysis, which is related to the wood density. The reason for this may be the fact that the thermal
conductivity of wood only plays a major role in heat transfer in the phase of penetration of the energy
beam into the material, while on the surface, respectively in the phase of energy contact with the board
surface, the surface properties of wood are more pronounced, e.g., color, roughness, reflectivity, and the
properties of the laboratory environment. The cutting speed has the greatest influence on the value of
the width size of the cutting kerf on the upper board’s surface. However, this effect is disproportionate,
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and the width of the cutting kerf WKU* decreases with an increasing cutting speed. We can explain
this phenomenon by the decreasing amount of energy interacting with the board material per unit time.
For this reason, it is necessary to include the interactions between the investigated factors in the model,
which correlates with the results of Hernandez [65] in the case of Scots pine, with Ready [81] in the case
of Silver fir, and with Liu et al. [82] in case of cherry wood. On the contrary, the width of the cutting
kerf increases with an increasing laser power, which was confirmed in the work of Nukman et al. [53]
in their research on selected Malaysian wood cutting. If we consider the factor AR, then its effect on
WKU?, although negligible, is directly proportional. In the case of the interaction model of factors for
WKU*, in addition of the factors P and V, the interactions P*V and V? are also statistically significant.
This confirmed the assumption of the mutually important influence of V and P on the cutting kerf
width, so these factors significantly affect the amount of absorbed and reflected energy in the board
structure, as pointed out by Hernandez in his work [65] on pine wood cutting, as well as Barnekov [48].
A statistically significant factor AR in the form of the self-interaction AR? already appeared in the
interactions model. This is indicated by the fact that the wood density affects the properties of the
cutting kerf, which is also stated in the work of Asibu [83].

It follows from the results of the analysis of variance for the transformed values of WHAZU*
that the influence of the cutting speed factor V and the laser power factor P is statistically significant.
The influence of the factor AR, which is related to the wood density, was not confirmed by the
mathematical-statistical analysis. The significant influence of the speed factor V points to the fact that
the cutting speed significantly affects the energy distribution in the cutting process by the radiation
beam on the workpiece surface at the point of energy interaction with the material. This is consistent
with Hernandez’s results [65]. This follows from a detailed analysis showing that the cutting speed
V and laser power P have the greatest influence on the width value of the heat-affected area on the
upper board’s surface in comparison with the other investigated factors. In the case of the cutting
speed V, the effect is directly proportional, and the width of the heat-affected area WHAZU* increases
with an increasing cutting speed. The result obtained is in contrast to the findings published in the
work of Asibu [83], Barcikowsky [7], and Lum [45]. The reason for this is that these authors examined
the heat-affected area below the surface of cut wood, while the subject of our research was the size
of the heat-affected area on the board surface. This reduces the amount of energy in the process of
decomposing the material below its surface by increasing the cutting speed, as well as increasing
the amount of energy on the board surface. Therefore, it is clear that it increases the area affected
by heat due to energy excess on the board surface, which is consistent with the results of Arai and
Hayashi, [84,85]. The width of the heat-affected zone increases as the power of the laser P increases,
as Barcikowski [7] also pointed out. If we also take into account the factor AR, then its effect on
WHAZU*, although also negligible, is directly proportional. All model quality indicators improved
after the inclusion of interactions in the model WHAZU*, but not so significantly that we can consider
this model as credible. However, we can use it to explain the influence of the investigated factors and
their interactions on the investigated response, in this case, WHAZU*. The mutual interaction between
the laser power P and the cutting speed V determines the degree and form of energy distribution, as in
the case of the WKU* or WHAZU?; this causes the wood chemical decomposition and thus determines
the width of the heat-affected area. The cutting speed also affects the properties at the same time,
and in particular, the distribution of the flowing auxiliary gas on the board surface.

It follows from the results of the analysis of variance for the transformed values of the cutting
kerf width on the board bottom of the WKD* that the influence of the cutting speed factor V, the laser
power P, and the factor AR is statistically significant. These results are in harmony with Ready [79].
The reason for this is again that the wood thermal conductivity plays an important role in heat transfer
in the phase of penetration of the energy beam into the material, while on the surface, respectively
in the phase of energy contact with the board surface, the surface properties of wood are manifested
analogously, as in the case of WKU* and WHAZU*. It is clear that the cutting speed V increase,
as well as the density increase, and respectively the number of annual rings AR, results in a reduction
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in the cutting kerf width on the board bottom. The results correspond to the results of Mahdavian
and Zhou [57] or Lum and Black [45,49] in a cutting depth analysis. On the contrary, an increase in
the power P of the laser results in an increase in the value of the cutting kerf width WKD* on the
board bottom, which is in accordance with the published results, e.g., Eltawahni et al. [47]. It was
found, by comparing the effect of the factors for both widths WKU* and WKD*, that the power factor
P and the speed factor V act in the same direction on the width values of the WKU* and WKD*.
However, the factor AR, respectively the wood density, acts to increase the cutting kerf width on the
board surface, in contrast to the effect on the board bottom, where it reduces this width by its influence.
The extent value of the variance explanation only improved insignificantly in the case of the interaction
model for WKD*, so the model without interactions sufficiently and simply describes the influence of
the factors P, V, and AR on WKD*.

The effect of the factor AR could not be confirmed by the results of the variance analysis for
WHAZD*; however, a significant effect was confirmed by the cutting speed factors V and laser power P.
It is clear that the value of WHAZD?* increases with an increasing laser power P and, conversely,
the value of the width of the heat-affected zone on the surface of the board bottom decreases with an
increasing speed V. It follows from the results of a detailed analysis that a significant improvement in
all properties of the model will not be achieved, even when considering the interactions between the
investigated factors. Considering this, it is necessary to include other factors in the analysis in the case
of continuing research, e.g., the auxiliary gas flow rate.

It follows from the results of the variance analysis for the transformed values of the width ratio of
the cutting kerf WKR* that the influence of the cutting speed factor V, the laser power P, and also the
factor AR is statistically significant. Analogous to WKD¥, the wood thermal conductivity plays an
important role in the material, while the wood surface properties are reflected on the surface. A speed
increase, as well as density increase, causes the WKR* value to decrease, while a power increase
causes the WKR* value to increase. The results are in line with the results obtained for the analysis of
WKU* and WKD*, as well as the works dealing with the joint assessment of the cutting kerf width
on the upper and bottom board’s surface in the case of other softwoods, e.g., those by Ready [81]
and Eltawahni et al. [47]. It improved all the indicators in the model in the case of the model with
interactions for WKR* and this was mainly due to the mutual interaction between power P and speed V,
while the factor of power P and speed V had the most significant effect on WKR*.

Analysis of variance did not confirm a statistically significant effect of the investigated factors
AR, P, and V in the case of B*. Nevertheless, it is clear from a physical point of view that the power
factor P, together with the cutting speed V, i.e., feed of the energy source, determines the amount of
energy absorbed by the wood, and thus the amount of energy needed to create the burns. Peters and
Banas [86] and Barnekov et al. [48] also reached analogous conclusions. This is due to a decrease in the
reaction time of the radiation beam interaction on the workpiece material. It evaporates the material at
the upper board’s surface just below the surface due to the uneven distribution of energy supplied
to the board material. Below the area, where the material evaporates, is the area where there is less
energy, and thus the wood is decomposed by burning. The interactions between the laser power P and
the cutting speed V are statistically significant, highlighted by the interaction V*V in the case of the
interaction model.

3.2. Optimal Parameter Settings of the Investigated Process

It is desirable to minimize the subsequent post processing due to minimizing the cost of the
cutting process by the energy beam. It is possible to achieve cost minimization by optimally setting the
parameters of the investigated process, in order to achieve the required values of process responses
based on a mathematical-statistical model. The goal is to reach a minimum value in the case of WKU¥,
WHAZU*, WKD*, WHAZD?*, and B*, and in the case of WKR?¥, the goal is to achieve the value 1 and at
the same time to find the optimal values of the factors P, V, and AR. There are six polynomial functions
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based on Table 5, five of which need to be minimized and one of which needs to be normalized, i.e.,
needs to be equal to one:

WKU* = 1.96353 + 0.00695-V? + 0.08847-P*V + 0.00032-AR*V — 0.00745-AR*P + 0.00526-AR?
—0.25323-V - 0.29207-P — 0.05862-AR = min,

WHAZU* = 0.23073 — 0.00193-V? — 0.02749-P*V — 0.00108-AR*V + 0.00257-AR*P — 0.00142-AR?
+ 0.08067-V + 0.19104-P + 0.02398-AR = min,

WKD* = —0.13999 — 0.00489-V? — 0.02015-P*V — 0.00208-AR*V — 0.05651-AR*P + 0.00034-AR?
+ 0.03693-V + 0.81739-P + 0.06392-AR = min,

WHAZD* = -0.78817 + 0.00099-V2 + 0.01778-P*V + 0.00121-AR*V + 0.02135-AR*P — 0.00349-AR?
—0.05375-V + 0.00574-P + 0.01209-AR = min,

B* = 1.04444 + 0.00467-V? + 0.06385-P*V + 0.00172-AR*V + 0.01333-AR*P + 0.00107-AR? — 0.15057-V
—0.51849-P - 0.03579-AR = min,

WKR* = ~1.01551 — 0.09964-V? — 0.09821-P*V — 0.00352-AR*V — 0.05468-AR*P — 0.00263-AR?
+0.23656-V + 1.17681-P + 0.10382-AR = 1.

The modeling was performed by the method of linear programming, which determined the
optimal values of the investigated factors (based on a set of solutions of a system of six linear equations
and inequations using the simplex method of solving the general problem of linear programming).

The results of joint optimization of the investigated factor settings reached values of AR = 3,
P =100 W, and v = 9 mm-s~!. The suitability of the joint optimization reached the value of 0.92. We can
conclude that we can approach the optimal parameters of the cutting process of a given board by
increasing the cutting speed at the optimal performance based on the analysis of the response area
(Figure 4 left). It is possible to achieve the same or a similar result by reducing the power of the
radiation beam at the optimum cutting speed of a given board (Figure 4 right).

P =100 W
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Figure 4. Response areas for joint optimization in the case of fixed power P = 100 W (left) and in the
case of fixed cutting speed V = 9 mm-s~! (right).

The correctness of the optimization was also confirmed by Table 6. From this table, it is clear to
see that the chosen parameters of cutting after optimization (AR = 3, P = 100 W, and v = 9 mm-s~!) are
improved over the reference parameters of cutting (AR =3,P =150 W, and v=9 mm-s‘l) by 3% to 30%.
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Table 6. A table presenting the parameters at 150 W power (reference) and 100 W power (optimal), for
a cutting speed of 9 mm-s~! and AR = 3.

Cutting Kerf Width (mm)  Cutting Kerf Width (mm)

Parameter Goal Improvement (%)

Reference Optimal
WKU* min 0.715 0.627 12.3
WKD* min 0.591 0.416 29.6
WKR* 1 0.528 0.670 21.1
WHAZU* min 0.786 0.764 2.7
WHAZD* min 0.808 0.679 16
B* min 0.117 0.144 -

In case we need to optimize only one parameter separately, we can achieve even better results,
since, in the case of joint optimization, the values are related to each other. The obtained values
of separate optimization for all parameters are given in Table 7. In practice, in the case of laser
wood cutting, it is not always necessary to achieve the optimized quality of all parameters at the
same time. In some cases, with specific requirements for the cutting zone created in laser cutting,
optimization of the cutting zone for only one parameter is needed, e.g., the maximum surface flatness
is required for subsequent gluing (WKR = 1); in case of increased requirements for the tensile shear
strength of the glue joint, minimization of charring is required (B = min); and in the case of subsequent
edging and the requirement of one viewing area, minimization of the HAZ is required (WHAZxU
alebo WHAZxD = min). In some cases, the perfect surface is counterproductive (in the case of
adhesion of the glue, etc.). Alternatively, there is a requirement to combine the optimization of two
parameters, e.g., at subsequent edging and the requirement of two viewing surfaces (WHAZxU and
WHAZxD = min). These requirements are applied, especially in the case of wood composites (plywood,
particleboard, fiberboard, etc.), in the production of furniture elements. In practice, in most cases,
the second optimization is more important due to the above reasons.

Table 7. Results of separate optimization of the investigated factor settings.

Goal ~ CuttingKerfWidth o . pility AR PW)  V(mms)
(mm)
*
(‘é‘fvlli%) min 0.627 (0.565) 0.92 3 100 9
*
(‘C’VI;DD) min 0.327 (0.334) 0.92 11 100 9
*
(‘"/‘(III?;) 1 0.853 (0.853) 0.92 3 150 3
*
(‘C]ViAAZZ%) min 0.663 (0.113) 0.92 3 100 3
*
(‘C’V%QZZDD) min 0.679 (0.093) 0.88 3 100 9
B* (B) min 0.117 (33.245) 0.69 3 150 9

The obtained results show a high correlation with experimentally measured results, despite the
difficulties largely resulting from the anisotropy of spruce wood, and at the same time, they are
comparable with the results of authors investigating cutting by a radiation beam generated by a CO,
laser for other wood species, as well as wood composites [53,65,81-83].

4. Conclusions

The goal of our research was to find the optimal combination of parameters of the cutting process
with a beam of a CO; laser energy of a 8 mm thick spruce board with a moisture content of 12% and
thus to achieve the required quality of cutting. The targets of past research were mainly equivalent
homogeneous wood material. The target of this research was highly anisotropic material. Therefore,
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parameter AR was considered and discussed, in addition to standard parameters, such as the effect of
the cutting speed V and beam power output P, and the influence of these parameters on responses was
also analyzed too, including the cutting kerf width on the upper board’s surface WKU, cutting kerf
width on the board bottom WKD, the width of the heat-affected area on the upper board’s surface
WHAZU and the board bottom WHAZD, the ratio of the cutting kerf width on the board bottom to the
width on the upper board’s surface WKR, and the degree of char B. Using a mathematical-statistical
model, we achieved the optimal parameters (AR = 3, 100 W, and 9 mm-s™!). These parameters of
cutting are much better than the non-optimized control parameters (AR = 3, 150 W, and 9 mm-s!).
The improvement in the quality ranged from 3% to more than 30%. The results exhibit a high correlation
with experimental measurements and they are also comparable to the results of research on the cutting
of more homogeneous wood and wood composite materials cut with a CO; laser.

Research has further shown that even inhomogeneous materials such as spruce wood can be cut
with a low power laser. However, in order to make this process more predictable, further research should
focus on assessing the impact of other factors, such as the spruce moisture content and composition
and flow rate of the auxiliary gas, and extending the ranges of factors considered, especially the beam
power output and the cutting speed. We can use the method of measuring the cutting kerf width in
other areas, where we require a fast and inexpensive method to measure small lengths, which are
determined by the resolution of the scanning device. At the same time, this method is suitable for the
proposal of electronic equipment that would perform the measurements of small two-dimensional
objects. The used method of char measuring can be applied in the mass identification of errors or
characteristic properties of the surface of the scanned workpiece by division into characteristic areas.

As mentioned in the introduction, from a comprehensive point of view, the cutting process
of wood and wood-based products with a CO; laser can be evaluated as a fast, highly-automated,
and workpiece-friendly approach that is suitable for cutting homogeneous and inhomogeneous wood
and wood composite materials. Other benefits include the highly precise cut, the narrow kerf width,
the smooth surface, no tool wear, and the reduced amount of sawdust.

Innovative solutions are essential for sustaining the market position in the competitive business
environment. This clearly supports the position of the wood-working industry among the sectors
completely fulfilling the requirements of green business products and principles of sustainable
development [87-91].
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