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Scots pine (Pinus sylvestris L.) is a fast-growing wood that has been 
widely manufactured into various furnishing products. To improve the 
machinability of Scots pine, the cutting force and surface roughness during 
peripheral milling with helical cutters was assessed via an orthogonal 
experimental design. Experimental results revealed that the resultant 
cutting force is positively related to the depth of cut, but negatively 
correlated with inclination angle of cutting edge and cutting speed. 
However, surface roughness first declines and then increases with 
increasing inclination angle, and it also shows an increasing trend with the 
increasing depth of cut and decreasing cutting speed. Furthermore, the 
depth of cut significantly contributes to the resultant force and surface 
roughness, while both the cutting speed and inclination angle have 
insignificant impacts on the resultant force and surface roughness. Finally, 
the optimized milling parameters were determined as 62° inclination angle 
of cutting edge, 45 m/min cutting speed, and 0.2 mm depth of cut, and 
these parameters are proposed for the quality finishing of Scots pine 
machining. 
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INTRODUCTION 
 

With increasing global consumption of wood resources, fast-growing woods have 

been increasingly used in the construction and decoration industries (Ajani 2011). Scots 

pine (Pinus sylvestris L.) is one of these fast-growing woods, and it has been widely used 

as materials for manufacturing doors, flooring, and so on, due to its excellent material 

characteristics (Epmeier and Kliger 2005), such as attractive texture, convenient 

applicability, and high durability (Epmeier et al. 2007). 

In industrial manufacturing, the cutting force is one of the most important indexes 

to evaluate the machining performance, especially for cutting power, and it is directly 

affected by characteristics such as material properties (Kminiak et al. 2020) and cutting 

parameters (Zhu et al. 2020a).  

Changes in cutting forces during the sawing of Scots pine was studied by Chuchala 

et al. (2014). They found that the density and provenance of workpiece have great influence 

on the cutting force. The cutting force of Scots pine was studied by Zhu et al. (2018) during 

orthogonal cutting, and they found that the cutting force is mainly affected by cutting 

parameters and directions.  
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In the related research, influence of spiral grain angle on the cutting power was 

explored by Pinkowski et al. (2016) in milling of Scots pine. The study revealed that cutting 

power during milling against the grain was lower than that during milling with the grain. 

Furthermore, Chuchala et al. (2020) investigated the changes in cutting power for different 

drying conditions during sawing of pine and beech. The work showed that wood moisture 

content is a crucial factor affecting cutting power. Guo et al. (2015) studied the influence 

of various cutting thicknesses on the cutting force of wood flour/polyvinyl chloride 

composite during peripheral milling. It was found that the maximum tangential force and 

the maximum normal force under high speed are smaller than those under low speed. Li et 

al. (2017) investigated the influence of milling parameters on tangential force and normal 

force during milling of gypsum fiber composite. The results showed that the tangential and 

normal forces increased with the increase of depth of cut. However, the cutting force 

decreased with the increase of rotation speed.  

Surface roughness plays an important role in the quality of product. Surface 

imperfections may be induced on the machined surface, thereby reducing the final quality 

(Davim et al. 2008). The average arithmetic deviation of the roughness profile during 

cylindrical milling of the board edges was studied by Sedlecky et al. (2018), and the best 

surface quality was obtained by decreasing the feed speed and increasing the cutting speed. 

Davim et al. (2007a,b) investigated the defects and delamination during drilling of 

medium-density fiberboard. They proposed that a higher cutting speed should be used in 

terms of greater material remove rate and minimal delamination. In related research, the 

changes in surface roughness during milling of medium-density fiberboard was explored 

by Davim et al. (2009). Their work showed that the spindle speed has great influence on 

the surface roughness, and high-speed cutting is also adopted to be used in the milling of 

medium-density fiberboard for the high surface quality. Meanwhile, a literature survey on 

the material machining was presented by Abrao et al. (2007) and their results indicated that 

cutting parameters and tool geometries impact the machined surface. 

During industrial cutting of Scots pine, straight tooth milling is one of the most 

commonly used cutting methods. However, Scots pine is an inhomogeneous material. 

During straight tooth milling, the cutting edge is cut into and cut off from workpiece at the 

same time, and it easily leads to edge-breaking and surface damage. How to improve the 

machinability of Scots pine has been an urgent problem to be solved for the wood 

manufacturing industries. Recently, the helical cutter, a cutting tool with inclined cutting 

edges, has been widely used in the machining of hard-to-cut materials, such as stone-based 

composite, fiber-reinforced material, and others. Because the shape of the cutting edge is 

helical, the cutting edge is cut into and cut off from workpiece in sequence during 

peripheral milling with helical cutters. Therefore, helical cutters have greater cutting 

stability and efficiency than that of straight tooth cutters (Zhu et al. 2020b). According to 

a review of the literature, there are no articles that focus on the cutting performance of 

Scots pine, especially its cutting performance during peripheral milling with helical cutters.  

This work aims to improve the cutting performance of Scots pine. A series of 

peripheral milling experiments were performed by diamond helical cutters. Main attention 

was focused on the cutting forces and cutting quality in terms of inclination angle of the 

cutting edge, cutting speed, and depth of cut. The experimental results are intended to 

provide a scientific guidance for the industrial machining of Scots pine. 
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EXPERIMENTAL 
 
Workpiece and Cutting Tool  

Scots pine originating from England was used as the testing samples, which were 

obtained from the middle part of the log with average annual rings width of 8.1 mm. In this 

study, 27 samples were adopted. They were all in the shape of rectangular blocks, with 

dimensions of 140 mm × 80 mm × 5 mm (L × W × T, Fig. 1a). Meanwhile, physical and 

mechanical properties of samples, including density, modulus of rupture, modulus of 

elasticity, and moisture content, were measured five times based on Chinese standards of 

GB/T1933-91, GB/T1936.1-91, GB/T1936.2-91 and GB/T1931-91, respectively (Table 1). 

 

 
Fig. 1. Schematic diagram of the experiment 

 

Table 1. Material Properties of Scots Pine 

Density Modulus of Rupture Modulus of Elasticity Moisture Content 

0.5 g/cm3 69 MPa 12416 MPa 11.4% 

 

Integral polycrystalline diamond (PCD) cutters with inclined cutting edges were 

used in this work, i.e., the PCD inserts were welded on the cutter body. The tools were 

manufactured by Leuco Precision Tooling Co., Ltd. (TaiCang, China). The material 

properties of PCD cutting tool including modulus of elasticity, thermal conductivity, and 

hardness were 800 GPa, 560 W∙m-1∙K-1, and 8000 HV (Zhu et al. 2020b). The tool 

geometries are listed in Fig. 1b and Table 2. 

 

Table 2. Tool Geometries of Diamond Cutting Tools  

No. Inclination 
Angle 

Rake 
Angle 

Clearance 
Angle 

Tool 
Diameter 

Tooth Number Width of cutter 

1 57° 10° 
10° 
10° 

8° 
8° 
8° 

140 mm 6 8 mm 

2 62° 140 mm 6 8 mm 

3 70° 140 mm 6 8 mm 
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Experimental Equipment 
As shown in Figs. 1b and c, up-milling was conducted on a computer numerical 

control (CNC) machining center (MGK01, Nanxing Machinery Co., Ltd., Guangzhou, 

China) with a constant feeding rate (f) of 10 m/min, and the feeding direction was parallel 

to the wood fiber. For the measurement of cutting forces, a three-component dynamometer 

(Kistler 9257B, Kistler Group, Winterthur, Switzerland) was used to monitor the dynamic 

cutting forces, and a professional data processing software (Kistler 5070A amplifier, 

3.2.0.0, Kistler Group, Winterthur, Switzerland) was applied for analysis and calculation. 

As shown in Fig. 1(b), Fx is the cutting force component parallel to the feeding direction, 

Fy is the cutting force component perpendicular to the feeding direction, and Fz is cutting 

force component parallel to the axial direction. In this study, the resultant force Fr was 

adopted as the main evaluated index to describe the changes of dynamic force at different 

cutting speed (vc) and depth of cut (ap), which was obtained by Eq. 1 (Cao et al. 2019): 

2 2 2

r x y zF F F F= + +         (1) 

The surface quality was measured with a surface profiler (S-NEX001SD-12, Tokyo 

Seimitsu Co., Ltd., Tokyo, Japan) by scanning the machined surface of Scots pine, and 

then Ra was used to evaluate surface smoothness, which was calculated using ACCTee 

software (Accretech, Tokyo Seimitsu Co., Ltd., V 5.6.11.0, Tokyo, Japan). 

 

Experimental Design 
The Taguchi method (Gaitonde et al. 2008a) was adopted in this work, and three 

different levels were selected for inclination angle of cutting edge, cutting speed, and depth 

of cut (Table 3). Based on the orthogonal Latin square table L9 (33) (Gaitonde et al. 2008b), 

the experimental design is determined as shown in Table 4. For each combination of cutting 

parameters, the cutting forces and surface roughness were measured five times. 

 

Table 3. Milling Parameter Levels  

Levels 
Experimental Factors 

Inclination edge (λs) Cutting speed (vc) Depth of cut (ap) 

1 54° 35 m/min 0.2 

2 62° 40 m/min 0.6 

3 70° 45 m/min 1.0 

 

Table 4. Orthogonal Experimental Design  

No. Inclination edge (λs) Cutting speed (vc) Depth of cut (ap) 

1 54° 35 m/min 0.2 mm 

2 54° 40 m/min 0.6 mm 

3 54° 45 m/min 1.0 mm 

4 62° 35 m/min 0.6 mm 

5 62° 40 m/min 1.0 mm 

6 62° 45 m/min 0.2 mm 

7 70° 35 m/min 1.0 mm 

8 70° 40 m/min 0.2 mm 

9 70° 45 m/min 0.6 mm 
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RESULTS AND DISCUSSIONS 
 
Range Analysis of Resultant Cutting Force 

Table 5 shows the results from resultant cutting force based on range analysis. The 

range value (R) is the difference between the maximum value and the minimum value of 

Ki, namely the values of resultant force at different inclination angles of cutting edge, 

cutting speed, and depth of cut (Ying et al. 2007). Meanwhile, a larger R-value indicates 

that the factor has a greater influence on the results. As given in Table 5, the R-values of 

inclination angle (Rλs), cutting speed (Rvc), and depth (Rap) were 15.8, 32.4, and 134.7, 

respectively. Thus, the factor of inclination angle had greater effect than that of cutting 

speed, followed by the inclination angle (Rap = 134.7 > Rvc = 32.4 > Rλs = 15.8).  

 

Table 5. Range Analysis of Resultant Force Fr*  

No. Inclination angle (λs) Cutting speed (vc) Depth of cut (ap) Resultant Force (Fr) 

1 54° 35 m/min 0.2 mm 134.5 N (5.56) 

2 54° 40 m/min 0.6 mm 142.6 N (7.77) 

3 54° 45 m/min 1.0 mm 230.6 N (17.81) 

4 62° 35 m/min 0.6 mm 143.7 N (9.77) 

5 62° 40 m/min 1.0 mm 238.4 N (19.24) 
6 62° 45 m/min 0.2 mm 103.0 N (6.81) 

7 70° 35 m/min 1.0 mm 261.7 N (22.33) 

8 70° 40 m/min 0.2 mm 89.1 N (6.35) 

9 70° 45 m/min 0.6 mm 109.3 N (10.52) 

K1 169.2 180.0 108.9 

 
K2 161.7 156.7 131.9 

K3 153.4 147.6 243.6 

R 15.8 (Rλs) 32.4 (Rvc) 134.7 (Rap) 

* Note: Average values and standard deviations of resultant force were obtained based on five 
data points 

Figure 2 shows the effects of milling parameters on the resultant cutting force Fr 

based on results from Table 5. The resultant force decreased with the increasing inclination 

angle of cutting edge. As inclination angle increased, the tool-edge became more easily cut 

into and off the workpiece, i.e., less resistance was acted upon the tool-edge. Thus, the Fr 

showed a negative trend with the inclination angle. Furthermore, it can be obtained from 

Fig. 2 that the Fr decreased with the increasing cutting speed (vc) and decreasing depth of 

cut (ap). This phenomenon was caused by volume of removed material. As shown in Fig. 

3, the material removal amount was mainly determined by the feed peer tooth and cutting 

thickness (Eqs. 3 and 4) (Zhu et al. 2020b), 

z
60 c

Df
f

v z


=           (3) 

av
60

p

c

f a D
a

v z


=          (4) 

where fz is the feed peer tooth in mm, D is the tool diameter of 140 mm, f is the feed speed 

with 10 m/min, vc is the cutting speed in m/s, z is the tooth number of 6, aav is the average 

cutting thickness in mm, and ap is the depth of cut in mm. 

There was a changing relation between cutting parameter and volume of removed 

material. As shown in Fig. 3, when the feed speed was constant, with the increase of cutting 
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speed, less chip volume was removed by the cutter in terms of lower values of feed per 

tooth and cutting thickness. The cutter received less resistance from the removal material. 

Thus, the resultant force was negatively correlated with cutting speed. However, as depth 

of cut increases, greater chip volume was removed by the cutter with respect of higher 

values of cutting thickness, and high resistance from removal material was acting on the 

cutting tool. Therefore, the resultant force was positively related with the depth of cut. 

 

 
 

Fig. 2. Changes in resultant force Fr with different milling parameters 
 

 
 
Fig. 3. Removal volume at different cutting speed and depth of cut 

 

During wood machining, low cutting forces can have a positive influence on the 

tool life and energy consumption. Therefore, the lowest resultant force is advisable to be 

adopted. According to the K-value of each factor in Table 5, the lowest resultant force was 

obtained at the cutting combination of λs3vc3ap1, namely the inclination angle of 70°, cutting 

speed of 45 m/min, and depth of 0.2 mm. In general, the optimal milling parameter for the 

lowest resultant force was selected as follows: 70° inclination angle of cutting edge, 45 

m/min cutting speed, and 0.2 mm depth of cut. 
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Research of Analysis of Variance on Resultant Force 
To accurately evaluate the influence degree of each factor on cutting force, analysis 

of variance (ANOVA) was used to evaluate the prominence of each factor using SPSS 

software (IBM, International Business Machines Inc., V 24.0.0.0, Armonk, NY, USA), and 

95% confidence level was selected (Floyd and Gurevitch 1998), i.e., α = 0.05, F0.05 = 19.0 

(Li et al. 2020). If the F-value of a factor is bigger than the F0.05 of 19.0, the prominence 

of this factor can be judged as significant. In another case, when F-value was smaller than 

19.0, it indicates this factor was insignificant (Jaeger 2008). Table 6 shows the ANOVA 

results for resultant cutting force. The F-values of inclination angle (Fλs), cutting speed 

(Fvc), and depth of cut (Fap) were 1.2, 5.2, and 96.3, respectively. It can be concluded that 

the only the depth of cut has significant contribution to the resultant force (Fap = 96.3 > 

F0.05 = 19.0), while both inclination angle and cutting speed have insignificant influence 

on the resultant force (Fλs = 1.2 < F0.05 = 19.0, and Fvc = 5.2 < F0.05 = 19.0). 

 

Table 6. ANOVA Results of Resultant Cutting Force Fr 

Factors Sum of Squares Degrees of Freedom F-value Prominence 

Inclination angle 377.9 2 1.2 (Fλs) Insignificant 

Cutting speed 1669.0 2 5.2 (Fvc) Insignificant 

Depth of cut 31150.0 2 96.3 (Fap) Significant 

Error 323.4 2   

Total 8380.1 8   
 

Range Analysis of Surface Roughness 
Table 7 shows the results for surface roughness based on range analysis. The R-

values of inclination angle (Rλs), cutting speed (Rvc), and depth (Rap) were 0.8, 0.5, and 1.9, 

respectively. Hence, the factor of depth of cut had the greatest impact on the surface 

roughness, followed by the inclination angle and cutting speed, which is judged by the 

highest R-value of depth of cut (Rap = 1.9), followed by the inclination angle (Rλs = 0.8) and 

cutting speed (Rvc = 0.5). 

 

Table 7. Range Analysis of Surface Roughness Ra *  

No. Inclination angle (λs) Cutting speed (vc) Depth of cut (ap) Surface Roughness (Ra) 

1 54° 35 m/min 0.2 mm 2.5 μm (0.07) 

2 54° 40 m/min 0.6 mm 3.1 μm (0.08) 

3 54° 45 m/min 1.0 mm 4.4 μm (0.11) 

4 62° 35 m/min 0.6 mm 2.8 μm (0.05) 

5 62° 40 m/min 1.0 mm 3.2 μm (0.08) 

6 62° 45 m/min 0.2 mm 1.5 μm (0.04) 

7 70° 35 m/min 1.0 mm 3.9 μm (0.09) 

8 70° 40 m/min 0.2 mm 1.8 μm (0.03) 

9 70° 45 m/min 0.6 mm 2.0 μm (0.04) 

K1 3.3 3.1 1.9 

 

K2 2.5 2.7 2.6 

K3 2.6 2.6 3.8 

R 0.8 (Rλs) 0.5 (Rvc) 1.9 (Rap) 

* Note: Average values and standard deviations of surface roughness were obtained based on five 
data points 
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Figure 4 presents the changes in surface roughness of Scots pine based on the 

results from Table 7. It shows that the surface roughness decreased first and then increased 

as the inclination angle of cutting edge was increased. Furthermore, the surface roughness 

was negatively correlated to cutting speed, but positively related to depth of cut. Scots pine 

is a fast-growing tree with a structure consisting of filamentous fiber. As the inclination 

angle was increased, the tool-edge was able to cut off wood fiber more easily, thereby 

leading to surface roughness. As the inclination angle continued to increase from 62° to 

70°, the surface roughness instead increased. This phenomenon was caused by the failure 

mode of fiber. With the increase of inclination angle, greater force was acting in the axial 

direction of workpiece, which was perpendicular to the direction of wood fiber. The wood 

fiber was torn from the machined surface, thereby resulting in the generation of a burr. 

Hence, the surface quality of Sots pine during peripheral milling with a helical cutter first 

improved and then worsened with the increase of inclination angle. Based on the changes 

in average chip thickness and feed per tooth mentioned above, both the average chip 

thickness and feed per tooth increased with the reduced cutting speed and increased depth 

of cut. The cutting edge received the higher resistance from Scots pine due to the larger 

volume of chip material removed by the rake face, it reduced the milling stability and raised 

tool vibration during milling. Therefore, the increasing cutting speed and decreasing depth 

of cut lead to lower surface roughness, namely a smoother machined surface. 

 

 
 

Fig. 4. Changes in surface roughness Ra with different milling parameters 
 

During wood machining, the lowest surface roughness possible of cutting surface 

is required for a smoother surface. The minimal surface roughness was adopted as the 

evaluation standard. On the basis of K-values of inclination angle of cutting edge, cutting 

speed, and depth of cut, the minimal surface roughness was shown at the cutting 

combination of λs2vc3ap1, namely the 62° inclination angle of cutting edge, 45 m/min 

cutting speed, and 0.5 mm depth of cut. In general, the optimal milling parameter was 

determined with respective of the minimal surface roughness, where the inclination angle 

of cutting edge is 62°, the cutting speed is 45 m/min, and the depth of cut is 0.2 mm. 
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Research of Analysis of Variance on Surface Roughness 
The results from the ANOVA of surface roughness are shown in Table 8, and 95% 

confidence level was also selected (α = 0.05, F0.05 = 19.0) (Kerr et al. 2000). According to 

the F-value of each factor, the significance of influence for each factor on surface 

roughness was demonstrated. The F-values of inclination angle (Fλs), cutting speed (Fvc), 

and depth of cut (Fap) were 4.5, 1.1, and 19.3, respectively. These results suggested that 

the influence of inclination angle and cutting speed on surface roughness are insignificant 

(Fλs = 19.3 > 19.0 and Fvc = 1.1 < 19.0), while depth of cut shows significant influence on 

the surface roughness (Fap = 19.3 < 19.0). 

 

Table 8. ANOVA Results of Surface Roughness Ra 

Factors Sum of Squares Degrees of Freedom F-value Prominence 
Inclination angle 1.3 2 4.5 (Fλs) Insignificant 

Cutting speed 0.3 2 1.1 (Fvc) Insignificant 

Depth of cut 5.5 2 19.3 (Fap) Significant 

Error 0.3 2   

Total 7.4 8   

 

Optimization and Validation 
Based on the above results of range analysis and ANOVA for resultant force and 

surface roughness, the optimal combination of milling parameters with lowest resultant 

force were 70° inclination angle of cutting edge, 45 m/min cutting speed, and 0.2 mm depth 

of cut, and the optimal combination of milling parameters with minimal surface roughness 

were 62° inclination angle of cutting edge, 45 m/min cutting speed, and 0.2 mm depth of 

cut. Meanwhile, only depth of cut had a significant contribution to resultant force and 

surface roughness, while both inclination angle and cutting speed had an insignificant 

influence on resultant force and surface roughness.  

Table 9 shows the results of optimization verification test, although the resultant 

force of No. 1 group was lower than that of No. 2 group, the surface roughness of No. 1 

group was higher than that of No. 2 group. The continuously stable product quality is an 

important and key objective in industry, and the manufacturing quality control is one of 

the important factors that ensures final product quality and high productivity. In general, 

the optimal milling parameter for Scots pine was an inclination angle of 62°, a cutting 

speed of 45 m/min, and a depth of cut of 0.2 mm. It is recommended to apply those milling 

parameters at the finishing of Scots pine to improve the machining quality. 

 

Table 9. Optimization Verification Test 

No. 
Inclination 

Angle 
Cutting 
speed 

Depth of Cut Resultant Force Surface Roughness 

1 70° 45 m/min 0.2 mm 81.8 N 1.7 μm 

2 62° 45 m/min 0.2 mm 103.0 N 1.5 μm 

 

 

CONCLUSIONS 
 

This paper investigated the cutting performance of Scots pine during peripheral 

milling using polycrystalline diamond (PCD) helical cutters. The main conclusions can be 

summarized as follows: 
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1. Resultant cutting force was negatively correlated with the inclination angle of 

cutting edge and cutting speed but related to cutting speed. The surface roughness 

decreased first and then increased with increase of inclination angle, and it also 

showed increasing trends with decreasing speed and increasing depth of cut. 

2. Depth of cut had the largest influence on the resultant cutting force, followed by 

cutting speed, and inclination angle of cutting edge. Meanwhile, depth of cut had 

the greatest effect on the surface roughness, followed by inclination angle of cutting 

edge and cutting speed. 

3. Both inclination angle of cutting edge and cutting speed had insignificant 

contributions to the resultant force and surface roughness, while only the depth of 

cut had a significant impact on resultant force and surface roughness. 

4. The optimized milling parameters were 62° inclination angle of cutting edge, 45 

m/min cutting speed, and 0.2 mm depth of cut, it is proposed to be applied in finish 

machining of Scots pine with respect of high quality. 
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