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ABSTRACT

High-quality wood products and valuable wood crafts receive everyone’s favor with the rapid development of the
economy. In order to improve the cutting surface quality of wood forming parts, the cutting experiment of renew-
able Fraxinus mandshurica was conducted by waterjet-assisted CO2 laser (WACL) technology. A quadratic math-
ematical model for describing the relationship between surface roughness changes and cutting parameters was
established. The effects of cutting speed, flow pressure and laser power on the kerf surface roughness of Fraxinus
mandshurica when cutting transversally were discussed by response surface method. The experimental results
showed that kerf surface roughness decreased under a lower laser power, higher cutting speed and higher flow
pressure. When the cutting speed was 30 mm/s, flow pressure was 1.58 MPa and laser power was 45 W, the actual
surface roughness of the optimized Fraxinus mandshurica was 2.41 μm, and it was in accord with the theoretically
predicted surface roughness value of 2.54 μm, so the model fitted the actual situation well. Through the analysis of
3D profile morphology and micromorphology, it was concluded that the optimized kerf surface of Fraxinus man-
dshurica was smoother, the cell wall was not destroyed and the tracheid was clear. It provides the theoretical basis
for wood micromachining.

KEYWORDS

Green processing; waterjet-assisted CO2 laser machining; transverse cutting; response surface method; surface
roughness

1 Introduction

Laser processing is of advantages such as rapid processing speed, less waste, high precision, and desired
surface quality [1–4]. Therefore, it is widely used for cutting, engraving, drilling, and surface treatment [5–8].
Environmentally friendly wood has a wide application in fields of furniture, crafts, construction and so on [9–
12]. Especially, high-quality wood products and valuable wood crafts receive everyone’s favor [13]. Due to
the extreme shortage of wood, it is necessary to improve the high precision and utilization rate of wood
resources [14,15]. Thus, laser processing is used to machine wood [16–18].

Fukuta et al. studied drilling holes in wood with lasers of different wavelengths and clarified the process
mechanism. The heat-affected zone surrounding the holes was not recognized when the hole diameter on the
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surface was about 20 µm [19]. Yusoff et al. studied the influence of different parameters on the processing
index by cutting different kinds of wood using the CO2 laser and obtained the optimal process parameters
[20]. Eltawahni et al. demonstrated the effect of laser power, focus location and speed on cutting width
surface roughness of MDF by CO2 laser [21]. Barcikowski et al. discussed the relationship between the
heat-affected zone and process parameters of wood and wood composites using the laser process [22].
However, due to the low ignition point of wood and the high temperature of laser focusing, a part of the
laser energy density is always lower than the temperature of wood gasification, resulting in the burning
marks and carbon residues on the surface of wood by laser machining, which seriously affects the surface
quality of valuable wood products [23]. Therefore, a new laser machining method is in urgent need to
perfect the surface quality of wood machining.

Yang et al. raised the waterjet-assisted YAG laser machining of wood, the results showed that with the
waterjet-assisted system, the minimum value of the cutting width was 0.18 mm when the cutting speed was
50 mm/s and the laser power was 6W, and good surface quality was obtained [24]. Moreover, the mechanism
of waterjet-assisted YAG laser machining of wood was clarified to obtain the needed machining surface [25].
However, through an in-depth study, Jiang et al. found that wood had a better absorptivity of CO2 laser
waves, as well as this type of laser had a lower price. In order to study the influence of process
parameters on the surface quality, Korean pine was used as the material, and the waterjet-assisted CO2

laser (WACL) technology was used to cut the Korean pine by five factors and four levels of the
orthogonal test design method. The effects of laser power, cutting speed, water pressure, defocusing
amount and jet angle on the kerf width of Korean pine molded parts were discussed by range analysis
method, and the optimal process parameters were determined [26]. Surface roughness is also an important
index to measure machining surface quality [27].

Many recent works revealed the influence of parameters on surface quality during laser processing
[28,29]. However, these variation laws of laser processing may not be suitable for WACL machining
Fraxinus mandshurica. Especially, when processing special-textured wooden crafts, it is necessary to
study cutting transversally. The purpose of this research is to investigate the surface quality of Fraxinus
mandshurica by WACL when cutting transversally. The Box-Behnken design (BBD) was used to
examine the influence of interactive effects of cutting speed, flow pressure and laser power on the surface
roughness Ra of machined parts. Additionally, the predicted models were established, and then optimal
process parameters were obtained. Following that, the kerf surface microstructure and 3D profile
morphology of Fraxinus mandshurica were analyzed. A flow chart of the work stages is shown in Fig. 1.

2 Experiment

2.1 Equipment and Materials
The whole test process of WACL machining Fraxinus mandshurica is carried out in the WACL

equipment. The equipment is composed of a CO2 laser cutting device and a waterjet-assisted device. The
CO2 laser cutting device with a CO2 laser generator wavelength of 10.6 μm and the rated power of the
laser is 80 W (Baomei Technology Ltd., Jinan, China). The waterjet-assisted device is designed and
manufactured by the authors. It is mainly composed of a QL-380 pump with the highest flow pressure of
8 MPa and nozzle with a diameter of 0.5 mm and an adjustable direction angle produced by Harbin
Hongyuan Mechanical and Electrical Equipment Company (China). WACL equipment is shown in Fig. 2a.

Fraxinus mandshurica is widely applied in furniture and woodware due to its tenacity, corrosion
resistance and beautiful texture. Fraxinus mandshurica was selected for the WACL machining test and
produced in Xiaoxinganling, Heilongjiang Province. The sample size of Fraxinus mandshurica is
100 mm × 60 mm × 2 mm (length × width × thickness), the air dry density is 0.78 g/cm3, and the
moisture content is 12.42%. Fraxinus mandshurica specimens and their cutting methods (transverse
cutting) are in Fig. 2b.
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In the process of WACL machining Fraxinus mandshurica, when the temperature reaches the
decomposition temperature of the wood, the wood begins to decompose and even carbonize, making the
processing area of the wood to be processed produce water vapor, waste gas, carbon residue and other
residues. At the same time, the waterjet can reduce the heat-affected zone and take away residuals, thus
improving the surface quality of wood.

Figure 1: A flow chart of the work stages

Figure 2: Equipment and processing ways (a) WACL equipment (b) Cutting direction of Fraxinus
mandshurica
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The surface roughness of the cross-section of WACL machining Fraxinus mandshurica was measured
by Axio Scope. A1 laser microscopic system produced by Zeiss Company (Germany). Each Ra measurement
was repeated three times along three different directions to achieve validity and accuracy. The average of the
three replications was taken as the surface roughness value.

2.2 Experimental Design Scheme
Response surface method (RSM) is a nonlinear regression analysis method, which combines statistical

principles and experimental design methods. It can model and analyze multiple input values, so as to clarify
the relationship between input values and response values. The response surface method can synthesize the
experimental data into linear or quadratic polynomial models to find suitable process parameters, which is
convenient to solve the problem of multiple independent variables. This method can build successive
variable surface models, which can assess the factors affecting the response value and their interaction, so
as to determine the optimal range of factors, and then complete the optimization of parameters. Moreover,
the required number of test groups is small, which can save the cost of the test, so the response surface
method has been widely used.

2.3 Box-Behnken Design
The Box-Behnken design (BBD) is relatively economical, because the parameter values assortments

contain combinations in moderate conditions in contrast with the full-factorial design (FFD) that includes
all combinations [30]. Therefore, the Box-Behnken design scheme was selected in this paper to optimize
the process parameters. Through single-factor test results, three key factors were determined by
considering the influence of various factors on the kerf surface roughness of Fraxinus mandshurica when
cutting transversely during WACL machining. Box-Behnken experimental design method (BBD) was
used to analyze cutting speed (X1), laser power (X2) and flow pressure (X3) as independent variables and
kerf surface roughness of Fraxinus mandshurica as dependent variable (Y). The experimental scheme was
performed using Design-Expert software (V8.0.6). The defocusing distance is −0.5 mm and the flow
angle is 60°. The Box-Behnken factors and levels of the WACL machining test are in Table 1.

After using the BBD design scheme of the response surface method to complete the experiment, the
relation equation between the response value and the independent variable was fitted by the least square
method for regression analysis:

Y ¼ b0 þ
X3

i¼1

biXi þ
X3

i¼1

biiX
2
i þ

X2

i¼1

X3

j¼iþ1

bijXiXj (1)

where Y stands for response value; Xi, Xj stand for independent variables; β0 stands for a constant term; βi, βii
are coefficients of the first and second terms; βij stands for interaction term coefficient.

Table 1: Experimental design factors and levels

Level Factors

Cutting speed (mm/s) X1 Laser power (W) X2 Flow pressure (MPa) X3

−1 24 45 1.0

0 27 50 1.3

1 30 55 1.6
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3 Results and Discussion

3.1 Establishment of Regression Model
The surface roughness Ra of Fraxinus mandshurica when cutting transversely was used as the

evaluation index, and the response surface analysis of 17 test points with three factors and three levels in
Box-Behnken experimental design was used to optimize the waterjet-assisted laser processing technology
with 12 test points and 5 zero points. Response surface experimental design and results was demonstrated
in Table 2.

The experimental data in the equation was analyzed by multiple regression, and the prediction response
of surface roughness of Fraxinus mandshurica when cutting transversally can be calculated by second order
polynomial equation:

Ra ¼� 32:5906þ 0:3028X1 þ 1:576X2 � 11:7506X3 � 0:011X1X2 � 0:25X1X3

þ 0:16X2X3 þ 7:556X1
2 � 0:0135X 2

2 þ 3:811X 2
3

where Y stands for response value; X1 represents cutting speed; X2 is laser power; X3 represents flow pressure.

3.2 Model Verification
In order to evaluate the reliability of the mathematical model and the test results, variance analysis and

explicitness test are needed for the results of the WACL test of Fraxinus mandshurica when cutting

Table 2: Experimental design and results

Standard
order

Factors Response value

Cutting speed
(mm/s)

Laser power
(W)

Flow pressure
(MPa)

Surface roughness Ra (μm) by cutting
transversally

1 30 50 1.6 3.62

2 27 50 1.3 4.18

3 27 50 1.3 4.13

4 24 45 1.3 3.23

5 27 50 1.3 4.12

6 27 45 1.0 3.84

7 27 50 1.3 4.11

8 30 55 1.3 3.91

9 24 50 1.6 5.12

10 27 55 1.6 4.92

11 24 55 1.3 5.16

12 27 55 1.0 4.54

13 27 50 1.3 4.15

14 27 45 1.6 3.00

15 24 50 1.0 5.08

16 30 45 1.3 2.90

17 30 50 1.0 4.42
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transversally, as shown in Table 3. It can be seen from Table 3 that three factors have a great impact on the
surface roughness of Fraxinus mandshurica when cutting transversally, and the interaction between the
factors is obvious. The regression of the model is significant (p < 0.0001). The determination coefficient
of the model is 0.9976, and the adjustment determination coefficient is 0.9946, indicating that this model
can explain 97.05% of the change in the response value. The lack of fit p = 0.1076 > 0.05; it is not
obvious, indicating that the unknown factors have little interference with the results. Hence, the fitting
degree of the model is high, and the error of the test is small. Therefore, it is feasible to use this model to
analyze and predict the surface roughness of Fraxinus mandshurica.

3.3 Model Diagnosis
The coefficients of the multiple regression model are determined based on the analysis of the

experimental data, and the multiple regression model is established at the same time. It is necessary to
determine the coefficients of the multiple regression model. The adequacy of the multiple regression
model is also studied according to the comparison between the predicted and experimental values. The
research results are shown in Fig. 3. It can be seen from the figure that most test values are distributed
above the predicted values, but only a few test values are distributed on both sides, demonstrating that
the predicted values and the test values are relatively consistent.

3.4 Influence of Machining Parameters Interaction on Kerf Surface Roughness of Fraxinus
mandshurica
The disturbance figure of kerf surface roughness of Fraxinus mandshurica during WACL machining is

shown in Fig. 4a. It is obvious that the cutting speed, water pressure and laser power have a significant impact
on the kerf surface roughness of the Fraxinus mandshurica, and the effect of the laser power and cutting
speed on the kerf surface roughness of the Fraxinus mandshurica is higher than that of the water

Table 3: Variance analysis of regression model for cutting Fraxinus mandshurica

Variation source Sum of squares Degrees of freedom Mean square F value p value

Models 7.54 9 0.84 325.58 <0.0001

x1 1.94 1 1.94 753.78 <0.0001

x2 3.86 1 3.86 1501.08 <0.0001

x3 0.25 1 0.25 97.91 <0.0001

x1x2 0.11 1 0.11 42.30 0.0003

x1x3 0.20 1 0.20 78.66 <0.0001

x2x3 0.23 1 0.23 89.50 <0.0001

x1
2 0.019 1 0.019 7.56 0.0285

x2
2 0.48 1 0.48 185.75 <0.0001

x3
2 0.50 1 0.50 192.43 <0.0001

Residual 0.018 7 2.574 × 10−3

Lack of fit 0.013 3 4.500 × 10−3 3.98 0.1076

Error 4.520 × 10−3 4 1.130 × 10−3

Total 7.56 16
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pressure. The kerf surface roughness increases under higher laser power, mainly because increasing laser
power produces more heat accumulating on the kerf surface.

Figure 3: Comparison chart of predicted value and true value

Figure 4: Surface roughness disturbance figure and response kerf surface figures of Fraxinus mandshurica
(a) disturbance figure (b) laser power plus cutting speed interaction (c) flow pressure plus cutting speed
interaction (d) flow pressure plus laser power interaction
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Nevertheless, the roughness value decreases under higher cutting speed plus water pressure, because the
laser of higher speed moves fast and less heat accumulates on the kerf surface. With the increase of water
flow pressure, the turbulence and interference of water are intensified, reducing the heat of the laser on
wood, so the surface roughness of Fraxinus mandshurica is reduced.

Machining parameters interaction also plays a key role in the surface roughness in Figs. 4b–4d. Fig. 4b
shows that with a low-level cutting speed, the surface roughness is increased for larger cutting speed and the
increasing rate is obvious, demonstrating the obvious effect of laser power and cutting speed interaction on
surface roughness. The increasing laser power produces an amount of heat on the cutting surface of Fraxinus
mandshurica, which leads to an increase in the surface roughness. Fig. 4c indicates the surface roughness
value decreases under a larger cutting speed plus larger water pressure, and the cutting speed produces a
more obvious effect on the kerf surface roughness than that of flow pressure. Fig. 4d shows the mutual
effect between flow pressure plus laser power on the kerf surface roughness. Lower flow pressure and
larger laser power lead to the increased surface roughness of Fraxinus mandshurica. In accordance with
the kerf surface roughness of Fraxinus mandshurica, the established regression model equation was used
to solve the equation, and the optimal process conditions of WACL machining Fraxinus mandshurica
when cutting transversally were estimated: cutting speed is 30 mm/s, flow pressure is 1.58 MPa, and laser
power is 45 W, and the predicted kerf surface roughness is 2.54 μm.

3.5 Result Verification
Response surface analysis was used to calculate the optimal theoretical process parameters for test to

validate the reliability of BBD results. The actual surface roughness of the optimized Fraxinus
mandshurica when cutting transversally is 2.41 μm, and it is in accord with the theoretically predicted
surface roughness value of 2.54 μm, so the model fits the actual situation well.

3.5.1 Analysis of 3D Profile Morphology of Kerf Surface of Fraxinus Mandshurica
Fig. 5 shows 3D profile morphologies of the best kerf surface (No. 16 in the test) (Fig. 5a) and optimized

kerf surface (Fig. 5b) of Fraxinus mandshurica when cutting transversally. The surface roughnesses Ra are
2.90 and 2.41 μm, respectively. Compared with the best surface roughness, the optimized kerf surface is
relatively uniform and the surface roughness is small, and the surface roughness value is reduced by
16.90%. Therefore, the surface roughness decreases after optimization, producing a superior surface surface.

Figure 5: 3D profile morphology of kerf surface of Fraxinus mandshurica (a) Best kerf surface (No. 16 in
the test) (b) Optimized kerf surface
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3.5.2 Micromorphology Analysis of Kerf Surface of Fraxinus Mandshurica
Fig. 6 shows micromorphologies of the best kerf surface (No. 16 in the test) (Fig. 6a) and optimized kerf

surface (Fig. 6b) of Fraxinus mandshurica when cutting transversally. Compared with Fig. 6a, in Fig. 6b the
surrounding and inner wall of the vessel holes of Fraxinus mandshurica kerf surface are clear, with almost no
residue. This is because under the optimized process parameters, the synergistic effect of each parameter
makes the solid particles generated by wood vaporization taken away. At the same time, the flow of water
takes away the residue, so the kerf surface quality is good.

4 Conclusions

In this paper, Fraxinus mandshurica was cut transversally by WACL to discuss the surface quality.
Surface roughness variation of machined parts followed the changes in cutting parameters. The
established quadratic mathematical model for describing the relationship between surface roughness
changes and cutting parameters had a good prediction effect. The model helped to select the appropriate
process parameters to get the required cutting quality. The kerf surface roughness increased with the
increase of laser power, but decreased with the increase of cutting speed and flow pressure. The optimal
process parameters are: the cutting speed of 30 mm/s, flow pressure of 1.58 MPa, and laser power of
45 W. The predicted kerf surface roughness of Fraxinus mandshurica when cutting transversally was
2.54 μm, which was essentially consistent with the actual value of 2.41 μm. The analysis of 3D profile
morphology and microstructure demonstrated that the surface quality of Fraxinus mandshurica was
improved, which provides the theoretical basis to obtain the expected surface quality for wood
micromachining.
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