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Water-jet assisted nanosecond laser process was used to avoid the 
process defects of traditional nanosecond laser on wood. Korean pine was 
used as the experimental material. A factorial design of experiment was 
performed. The influence of cutting speed and laser power on the kerf 
width was compared with and without the water-jet assisted system. The 
surface morphology of processed wood kerf was observed via scanning 
electron microscopy (SEM). The results showed that kerf width increased 
with increased laser power and decreased with increased cutting speed. 
When the cutting speed was 50 mm/s and the laser power was 6 W, the 
minimum value of the kerf width was 0.26 mm with the water-jet assisted 
system involved, and the surface quality was excellent. The experimental 
results were processed by analysis of variance and multi-linear regression 
analysis. Moreover, prediction model of process parameters and kerf width 
was established, and the prediction model had better prediction accuracy, 
providing certain theoretical basis for predicting kerf width of wood 
processed by water-jet assisted nanosecond laser. 
 

Keywords: Nanosecond laser; Water-jet assisted system; Korean pine; Factorial design of experiment; 

Microscopic morphology 

 

Contact information:  a: Forestry and Woodworking Machinery Engineering Technology Center, 

Northeast Forestry University, Harbin 150040, China; b: Northeast Forestry University, College of 

Mechanical and Electrical Engineering, Harbin, 150040, China;  

* Corresponding authors: ycmnefu@126.com; nefujdljq@163.com 

 

 

INTRODUCTION 
 

Laser technology is a non-traditional approach for wood processing. Its advantages 

over traditional processes include non-contact and high efficiency (Guan et al. 2010; 

Vidholdová et al. 2017). Therefore, laser technology has been widely applied in industries 

such as the manufacture, medical science, automobile, and aerospace fields (Li et al. 2007). 

Materials that have been considered for laser technology include metals, ceramics, wood, 

and their corresponding composites (Chen et al. 2014; Lorenz et al. 2015; Pablos-Martín 

and Höche 2016). Wood is an environmentally friendly material; thus its consumption has 

been gradually increasing. However, conventional cutting technology results in a 

substantial loss of material. Hence, highly efficient laser processes are widely applied in 

wood cutting and wood sculpture (Hernandez-Castaneda et al. 2010; Guo et al. 2016).  

The authors have studied the micromachining process of wood (Yang et al. 2017). 

Yang et al. (2016) designed a test bench of nanosecond laser process. The temperature field 

on the wood surface by finite element analysis was analyzed to determine the process 

parameters. The influence of different process parameters on process quality was discussed 

(Ren et al. 2014; Wu et al. 2015). However, when the wood was cut with a nanosecond 

laser, water vapor appeared after wood gasification and carbon granules were left after 
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burning, which affected the surface quality of wood kerf (Barcikowski et al. 2006; Yu et 

al. 2015). 

The present work presents an innovation to nanosecond laser process by using a 

water jet. The water-jet has a cooling and washing effect on the wood. The vapor is cooled 

and the residues are washed, which avoids the process defects of traditional nanosecond 

laser processing of wood. It provides a new way to achieve the benefits of the 

micromachining of wood. 

The Korean pine was processed by water-jet assisted nanosecond laser. A single 

factor experiment and a factorial design of experiment were performed. The influence of 

laser power and cutting speed on the kerf width of wood with and without the water-jet 

assisted system was studied. Moreover, the process theory of water-jet assisted nanosecond 

laser was analyzed in depth, the surface quality of kerf of wood was assessed, and the 

prediction model of multi-line regression was established. This research provides 

foundation for the prediction of kerf width of wood processed by water-jet assisted 

nanosecond laser. 

 

 

EXPERIMENTAL 
 
Water-jet Nanosecond Laser Process Theory 

A schematic diagram of water-jet assisted nanosecond laser process is shown in 

Fig. 1. Wood is fixed on the workbench, and the laser is moved to the process area by a 

feeding system. After the pump power switch is opened, water moves through the nozzle 

(Fig. 1(a)) onto the process area, and a water ring forms. At the same time, the laser switch 

is opened, and the laser beam from the laser device radiates the process area of the wood 

surface. Finally, the geometry of the parts is obtained.  

 

 
 

Fig. 1. Schematic diagram of water-jet nanosecond laser process. (a) Structural drawing of 
nozzle; (b) structural drawing of water-jet system 
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The water-jet system is shown in Fig. 1(b); the function of the water-jet is to cool 

and wash the material. The system removes the vapor generated by wood gasification, and 

at the same time the flowing water-jet forms a cooling temperature barrier that effectively 

reduces the range of the heat affected zone. The water jet also washes the residues on the 

wood kerf. 
 
Equipment and Materials 

Korean pine (Pinus koraiensis) was used as the material.  This softwood material 

has an air-dry density of 0.45 m3 and a moisture content of 12.32%. The wood with the 

same size was obtained after processing. The size was: 150mm × 20mm × 2mm (length 

× width × thickness). The system contained a Nd:YAG (Neodymiumdoped Yttrium 

Aluminum Garnet) laser, JDW3-250 laser power supply (Beijing, China), water-jet 

assisted system, and PH-LW06-BLP laser cooling system (Shenzhen, China). The focusing 

system consisted of a combination of optical lenses, pulse duration of 20 ns, pulse 

frequency in the range of 1 Hz to 10 Hz, and laser wavelength of 1064 nm. The focal length 

of the focusing lens was 100 mm. The focused beam spot size was 0.05 mm; The water-jet 

assisted system consisted mainly of annular nozzles. The angle of jet can be adjusted to 

control the range of water ring. The feeding system moves through the X-axis, Y-axis and 

Z-axis. The kerf width was the average of widths on top and bottom surfaces along the 

thickness direction, which were measured using an optical microscope (JNOEC XS213, 

China). Tangential section of wood after spray process with and without water-jet assist 

were observed using a FEI Quanta200 scanning electron microscope (Hillsboro, OR, USA). 

 

Process Method 
The water flow of the water-jet system was 8 m3/h, and the adjustable nozzle flow 

pressure was set as 0.13 MPa. The water flow velocity was 5.75 m/s. A sample and process 

method are shown in Fig. 2. The focused beam spot located on the top surface of the wood. 

The process direction was along the wood fiber by a single pass. Korean pine (thickness of 

2 mm) was processed by with different laser power and cutting speeds, with or without the 

water-jet assisted system. 

 

 
 

Fig. 2. Sample and process method 
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Experimental Design 
The single factor experiment was performed, and the change tendencies of single 

process parameter on kerf width of wood were considered. Then, a factorial design of 

experiment was performed, and the influence rules of multiple process parameters and their 

interaction on the surface quality of wood was studied. Though a factorial design of 

experiment, the influence rules of laser power (three levels of high, medium, and low), 

cutting width (three levels of high, medium, and low), and water-jet speed (with and 

without) on kerf width of wood were studied. The influence of water-jet system on the 

surface quality of wood was also studied. A 2 × 3 × 3 factorial design was performed 

with 18 groups. Single factor experiment and a factorial design of experiment were 

performed, with three repeated cutting tests in each group. 

 
 
RESULTS AND DISCUSSION 
 
Influence of Laser Powers and Cutting Speeds on Kerf Width of Wood  

In the process of water-jet assisted nanosecond laser, the process parameters of 

single factor experiment are shown in Table 1. Korean pine was processed by nanosecond 

laser with or without the water-jet assisted system. The kerf width data under different laser 

power and cutting speed was processed, then the change tendencies were shown in Fig. 3. 
 

Table 1. Process Parameters of Nanosecond Laser Process 
 

Sample number 1 2 3 4 5 6 7 8 9 10 

Av. Laser power （W） 6 8 10 12 14 16 18 20 22 24 

Cutting speed （mm/s） 5 10 15 20 25 30 35 40 45 50 

 

 

 
Fig. 3. The change tendencies of the kerf width with different laser power and cutting speed  
(a) without or (b) with the water guided system  

 

In Fig. 3, it can be seen that, with and without the water-jet assisted system, the 

change tendencies of the kerf width with different laser powers and cutting speeds were 

consistent. When cutting speed was constant, the kerf width increased with increasing laser 

power. Lower laser power caused less heat on the surface of wood; with less sublimation 
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and burning. Less wood was removed. Thus, the kerf width was small. Increased laser 

power generated more heat on the wood surface, causing its temperature to rise rapidly. 

The wood sublimated and formed kerf width; thus the large consumption of wood caused 

the increased kerf width. When laser power was constant, the kerf width decreased with 

increased cutting speed. When the cutting speed was low, a long-time interaction between 

laser beam and wood caused a serious heat accumulation effect on wood, then the heat-

affected zone and kerf width got bigger. With the increase of cutting speed, the heat of the 

laser beam accumulated on wood in the unit time was less, which caused the kerf width to 

decrease accordingly. Figure 3 shows that, when the cutting speed of 50 mm/s and laser 

power was 6 W, the smallest kerf width of wood without a water-jet assisted system 

involved was 0.48 mm. However, the smallest kerf width of wood under water-jet assisted 

system involved was 0.26 mm, resulting in the minimum kerf width and highest size 

precision. Under the water-jet assisted system, the high temperature produced by the laser 

beam is cooled, and the range of the heat-affected zone is reduced. At the same time, the 

water-jet continuously flows, which also can clear the carbon residue on the surface of the 

kerf. Therefore, the minimum kerf width was smaller than that without the water-jet 

assisted system.  

 

Analysis of Variance of for Kerf Width under Process Parameters 
In the process of water-jet assisted nanosecond laser, factors and levels of factorial 

design is shown in Table 2. Factorial design of experimental results are shown in Table 3. 

 

Table 2. Factors and Levels of Factorial Design 
                   Levels 

Factors 
1 2 3 

A (Water-jet speed) 0m/s (A0) 5.75m/s (A1)  

B (Laser Power) 6W (B1) 12W (B2） 18W (B3) 

C (Cutting Speed) 20mm/s (C1) 35mm/s (C2) 50mm/s (C3) 

 

Table 3. Factorial Design Experimental Results for Kerf Width of Wood 
A×B C1 C2 C3 

B1 
A0 0.75 0.72 0.75 0.61 0.62 0.57 0.47 0.51 0.46 

A1 0.53 0.58 0.57 0.44 0.37 0.39 0.23 0.29 0.26 

B2 
A0 0.89 0.88 0.93 0.73 0.81 0.74 0.57 0.62 0.61 

A1 0.70 0.65 0.69 0.53 0.55 0.48 0.37 0.41 0.36 

B3 
A0 1.10 1.12 1.08 0.87 0.90 0.87 0.73 0.69 0.74 

A1 0.77 0.83 0.80 0.63 0.68 0.67 0.52 0.45 0.47 

 

The analysis of variance for the experimental results was conducted. The significant 

factors were determined (Table 4). It can be seen that A*C (F=0.242, Sig.=0.787>α=0.05), 

B*C (F=2.416, Sig.=0.067>α=0.05), and A*B*C (F=1.933, Sig.=0.126>α=0.05) had no 

significant effect on kerf width of wood. In order to be convenient to calculation, these 

factors were not considered in multi-line regression analysis. However, the other factors 

(A, B, C, A*B) whose main effect is statistically significant, are considered to be the main 

effect factors for kerf width of wood. 
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Table 4. Analysis of Variance for Kerf Width under Process Parameters 

Source Sum of Squares 
Degree of 
freedom 

Mean 
Square 

F Sig. 

Corrected 
Model 

2.220 17 0.131 157.758 0.000 

Intercept 22.118 1 22.118 26720.215 0.000 

A 0.694 1 0.694 837.906 0.000 

B 0.640 2 0.320 386.577 0.000 

C 0.865 2 0.433 522.604 0.000 

A*B 0.006 2 0.003 3.866 0.030 

A*C 0.000 2 0.000 0.242 0.787 

B*C 0.008 4 0.002 2.416 0.067 

A*B*C 0.006 4 0.002 1.933 0.126 

Error 0.030 36 0.001   

Total 24.368 54    

Corrected Total 2.250 53    

 

Multi-line Regression Analysis for Kerf Width of Wood 
In order to further clarify the relationship between the process parameters and the 

kerf width of wood, a multi-linear regression method was used to establish the model of 

factors selected and the kerf width of wood. The multi-linear regression model can reflect 

the interaction effect of various factors on the kerf width of wood. Some significant factors 

stand out, and other non-significant factors can deleted. 

Regression model established through sample data cannot be immediately used for 

analysis and prediction of the actual problem; thus, a variety of statistical tests need to 

conducted, such as goodness of fit test (Table 5), F-test (Table 6), and T-test (Table 7). 

 

Table 5. Goodness of Fit Test 
 

R R2 Adjusted R2 Standard error of estimate 

0.997 0.993 0.991 0.02 

 

Table 6. F-test 
 

Model 
Sum of 
squares 

Degrees of 
freedom 

Mean 
square 

F-value Sig. 

Regression 0.735 4 0.184 474.565 0.000 

Residual 0.005 13 0.000   

Total 0.740 17    

 

Table 7. T-test 
 

Model 

Non-standardized 
coefficients Standardized 

coefficient 
T-value Sig. 

B 
Standard 

error 

Constant 0.822 0.022  37.629 0.000 

A -0.030 0.004 -0.427 -7.063 0.000 

B 0.024 0.001 0.591 18.258 0.000 

C -0.010 0.000 -0.624 -27.288 0.000 

A*B -0.001 0.000 -0.152 -2.347 0.035 
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In Tables 5 to 7, regression models were processed according to a goodness of fit 

test, F-test, and T-test, respectively. Compared with the non-standardized coefficients of 

each factor, the model of the kerf width of wood under process parameters can be expressed 

as: 
 

BACBAT *001.001.0024.003.0822.0                   (1) 

 

In Eq. 1, the regression coefficient of the water-jet speed had a negative value, 

which indicates that water-jet speed had the opposite effect on kerf width of wood. With 

the increase of the water-jet speed and cutting speed, the kerf width of wood decreased. A 

synergistic effect decreased and antagonistic effect increased in the system; the regression 

coefficient of the water-jet speed had a positive value, which represents that water-jet speed 

had a better effect on kerf width of wood. With the increase of the laser power, the kerf 

width of wood increased. Synergistic effects increased and antagonistic effects decreased 

in the system. The binary interaction effect of A*B on the kerf width of wood was 

significant; however, the ternary interaction effect was not significant. The regression 

coefficient of A*B had a negative value, indicating that A*B had an opposite effect on kerf 

width of wood, which is shown as an antagonistic effect in the system. 

 

Validation of Prediction Model  
Korean pine was processed by water-jet assisted nanosecond laser, and the obtained 

measured value of kerf width was compared with the predicted value of kerf width. Thus, 

the prediction accuracy of the established multi-line regression model of the kerf width was 

tested. Five test samples in the process parameters of the water-jet assisted laser were 

selected randomly. Then these process parameters were brought to the prediction model, 

as shown in Eq. 1, where the model prediction value of kerf width of the corresponding 

process parameters can be obtained. 

The comparison of the measured value and the model predictive value of kerf width 

is shown in Table 8. The error range of the prediction value of kerf width was within ±7%, 

and the average prediction error was 3.99%. This showed that the prediction model of 

multi-line regression of kerf width had better prediction precision. Therefore, the influence 

of process parameters by water-jet assisted nanosecond laser on kerf width was described 

better. 

 

Table 8. Comparison of the Measured and Predicted Values of Kerf Width 

Sample 
Number 

Water-jet 
speed 
(m/s) 

Laser 
Power 

(W) 

Cutting 
Speed 
(mm/s) 

Kerf Width (mm) Relative 
Error 
(%) 

Measured 
value 

Predicted 
value 

1 0 6 10 0.82 0.866 5.61 

2 5.75 6 10 0.64 0.659 2.97 

3 0 12 40 0.70 0.71 1.43 

4 5.75 18 5 0.96 0.928 3.33 

5 0 20 20 1.18 1.102 6.61 
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Micromorphology of the Kerf Surface of Wood 
Dimensional precision and surface quality of machining parts are important factors 

that affect the performance of parts and are also the important indices for evaluation of the 

process technology. Thus, the dimensional precision and surface quality of parts was 

studied. Tangential section micromorphology of wood when kerf width was minimum with 

and without water-jet assisted system were observed under SEM (Fig. 4). There were some 

carbon granules left on the inner walls of the tracheids, and the kerf surface was rough after 

the laser process. Thus, the surface quality was bad. In Fig. 4(b), there were no carbon 

granule left on the inner walls of the tracheids and kerf surface was smooth after the laser 

process with water-jet assisted system, thus, surface quality of wood kerf is better. This 

was because the cooling of the water took away the steam produced by the vaporization of 

the wood. At the same time, the water flow washed away the residues that remained on the 

surface of the kerf. Therefore, the surface quality of the kerf processed by laser with the 

water-jet assisted system was better than that without the water-jet assisted system. 

 

    
 

Fig. 4. Tangential section micromorphology of wood when kerf width is minimum; (a) without or 
(b) with the water guided system under 200 times. 

 

 

CONCLUSIONS 
 

1. A water-jet assisted nanosecond laser cutting process was used on Korean pine. The 

experimental results showed that the cutting speed and the laser power influenced the 

kerf width. When the cutting speed was constant, the kerf width increased with the 

increase of laser power. When the laser power was constant, the kerf width decreased 

with the increase of cutting speed. When the cutting speed was 50 mm/s and the laser 

power was 6 W, the kerf width of 0.26 mm under the water-jet assisted system was 

smaller than that without the water-jet assisted system. 

2. Through analysis of variance of factorial design of experiment, the effects of water-jet 

speed, laser power, cutting speed, and the interaction of water-jet speed and laser 

power on kerf width were significant. A multivariate linear regression method was 

used to establish the model of factors selected and the kerf width of wood. The 

prediction model of process parameters and kerf width by water-jet assisted 

nanosecond laser was obtained. After validation, the prediction model had good 

predictive precision, which provided a theoretical foundation for predicting kerf width. 
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3. The kerf surfaces of Korean pine were observed via SEM. Without the water-jet 

assisted system, some carbon granules were left on the inner walls of the tracheids. 

The kerf surface was rough after the laser process. Thus, the surface quality was bad. 

With the water-jet assisted system, no carbon granules were left on the inner walls of 

the tracheids, and the kerf surface was smooth after laser process with water-jet 

assisted system. Thus, the surface quality of wood kerf was better. 
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