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Abstract— This paper shows an optimization study on optimum determination of the cutting parameters and 

cutter helix angle when end milling of Al6061. In this study, the effects of the milling process parameters 

and tool geometry, including the cutting velocity, feed rate, radial depth of cut, and cutter helix angle. 

Moreover, in order to estimate the influences of these factors on the optimum cutting parameters and helix 

angle, a simulation experiment was designed and conducted by a computer program. A regression equation 

was proposed to calculate the optimum cutting speed, feed rate, radial depth of cut, and cutter helix angle.The 

Particle swarm optimization algorithm (PSO) was proposed to obtain the optimal parameters in consideration 

of the boundary conditions, which are determined from the empirical relationship of factors affecting the 

machining process. 
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1. Introduction 

The cutting forces were modelled depending on the tool geometry, cutting conditions, and the interaction of 

tool and workpiece. The effect of the cutting-edge helix angle of the cutter on the cutting force components 

and vibration acceleration amplitude [1]. The influence of the cutting-edge helix angle of the end milling 

cutter on the chip’s removal process (angle and velocity) from the cutting zone during high-performance 

milling of AlZn5.5MgCu aluminum alloy [2]. Study of effect of teeth number on cutting force for cutter 

selection in the end milling of TC4. This study proposed, teeth number of new cutter design/selection could 

be determined based on only one experiment, which can greatly reduce the fabrication cost and testing time 

[5]. Soft computing techniques have been applied widely for optimizing the machining process parameters in 

which ANN, PSO, fuzzy logic and genetic algorithms, simulated annealing (SA), ant colony optimization, 

and artificial bee colony algorithm have been proposed [4, 7]. ANN is used to predict cutting forces during 

high-speed milling processes, and the PSO algorithm is used to obtain optimum cutting speed and feed rate 

[3].  GA and PSO are used to determine and analyses the optimal solution. This study helps in determining 

the better optimization of milling operation parameters with the help of GA and PSO algorithm [6]. This 

research presents the mathematical model for describing the relationship among the cutting parameters, cutter 

helix angle, and the cutting force, the surface roughness, by using analysis of variance (ANOVA). Then, the 

PSO algorithm is used to optimize the cutting parameters and cutter helix angle for minimum surface 

roughness. 
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2. Experimental setup 

In the machining process, there are many parameters that affect the quality of the part surface roughness, 

cutting force. The theoretical study of the cutting process and the factors affecting the cutting process as well 

as the machine capacity, the experiments were carried out with the input information as follows: 

- Workpiece material: Aluminum Al6061, chemical composition as shown in Table 1; 

- Machining machine: The five-axis vertical machining center (DMU 50 - 5 Axis Milling) Fig 1; 

- Cutting tool: Cutter: Flat-end mill tool with cutter material is Hard alloy CKi®10 of German Ø8 

mm, four teeth, cutter helix angle of three tools: β1 = 150, β1 = 300, β1 = 450 Fig 2 ; 

- Cutting speed on a milling machine (v): 200 ÷ 400 m/min 

- Radial cutting depth (ar): 0.1 ÷ 1 mm 

- Axial cutting depth (ap): 10 mm. 

- Feed rate (fz): 0.025 ÷ 0.075 mm /flute. 

-  

Table 1 Chemical compositions of Aluminum Al6061 

Composite (%) 

Si Fe Cu Mn Mg Cr Zn Ti Al 

0,4-0,8 0,7 0,15-0,4 0,15 0,8-1,2 0,04-0,35 0,25 0,15 Balance 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1. DMU 50 - 5 Axis Milling machine 
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.  Fig 2. The three tools with different cutter helix angle 

 

The experiments were performed at a five-axis vertical machining center (DMU 50 - 5 Axis Milling), as 

described in Fig. 3. All experiments were performed under a wet machining condition. The surface 

roughness (Ra) of the product was measured by MITUTOYO-Surftest SJ-210 Portable Surface Roughness 

Tester (Japan).  

 

a. CNC machine          b. Dynamometer        c. Data Processing Box 

d. PC and Display System 

Fig 3. Setting of cutting force measurement 

 

Fig.3 shows the model of cutting force measurement. The experimental data of cutting force will be measured 

when change cutting parameters and cutter helix angle, including cutting speed, feed rate, cutting depth, and 

cutter helix angle. The forces were measured in a cutting test using Kistler Type 9139AA (3-component 

dynamometer).  In this research, the cutting speed (Vc), feed rate (ft), radial depth of cut (ar), and cutter helix angle 

(β) were selected as control factors, and their levels were expressed in the Table 2. The experimental plan was 

performed with 27 experiments and detailed, as shown in Table 3. Besides, the response surface methodology 

(RSM) technique has been used to design of experiments and analysis of experimental results. RSM is used to 

model and analyze the response variables that are influenced by several controllable input variables.  

a 

b 

c 

d 
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Table 2. Milling parameters and their levels 

No. Machining parameters Level 1 Level 2 Level 3 

1 Cutting speed [m/min] 200 300 400 

2 Feed per flute [mm/flute] 0.025 0.05 0.075 

3 Radial depth of cut [mm] 0.1 0.55 1 

4 Cutter helix angle [Degree] 15 30 45 

 

Table 3. The experimental design and results 

Run 

Machining parameters Cutting 

force Fx 

(N) 

Cutting 

force Fy (N) 

Cutting 

force Fz (N) 

Surface 

roughness 

Ra[µm] 

Vc 

[m/min] 

ft  

[mm/flute] 

ar 

[mm] 

β 

[o] 

1 200 0.025 0.1 15 327.04 114.24 79.06 0.184 

2 200 0.05 0.1 30 223.90 81.47 65.39 0.319 

3 200 0.075 0.1 45 137.79 72.55 72.98 0.643 

4 200 0.025 0.55 30 192.91 32.81 54.92 0.183 

5 200 0.05 0.55 45 142.63 72.78 69.37 0.298 

6 200 0.075 0.55 15 441.39 188.86 131.72 0.614 

7 200 0.025 1 15 330.18 123.79 91.61 0.330 

8 200 0.05 1 30 259.82 83.64 82.46 0.379 

9 200 0.075 1 45 214.04 76.25 93.98 0.627 

10 300 0.025 0.1 45 125.76 58.85 45.70 0.156 

11 300 0.05 0.1 15 459.72 141.19 129.28 0.409 

12 300 0.075 0.1 30 321.21 93.46 105.07 0.673 

13 300 0.025 0.55 45 180.95 63.10 63.35 0.193 

14 300 0.05 0.55 15 506.22 158.65 140.06 0.512 

15 300 0.075 0.55 30 371.12 104.37 128.75 0.631 

16 300 0.025 1 30 308.46 70.82 67.74 0.304 

17 300 0.05 1 45 176.50 59.83 76.65 0.317 

18 300 0.075 1 15 701.75 174.34 148.43 0.816 

19 400 0.025 0.1 15 664.41 138.84 149.29 0.220 

20 400 0.05 0.1 30 432.32 87.57 156.28 0.353 

21 400 0.075 0.1 45 285.97 80.37 119.53 0.607 

22 400 0.025 0.55 15 629.88 149.75 123.98 0.410 

23 400 0.05 0.55 45 278.06 60.55 111.69 0.355 

24 400 0.075 0.55 15 1042.39 223.45 224.63 0.636 

25 400 0.025 1 15 664.27 151.77 124.63 0.281 

26 400 0.05 1 30 419.37 130.92 133.40 0.385 

27 400 0.075 1 45 339.34 80.11 146.73 0.729 
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3. Results and discussion 

 

3.1 The analyzed results of cutting forces in milling process  

According to Table 4, the contributions of each factor on surface roughness were listed in the last column. It 

is clear from the results of ANOVA that the most important factor affecting on the cutting force (FX) was 

cutter helix angle (52,473%). The other factors affect differently on the FX. The second factor influencing the 

FX was cutting velocity (29,588%). The third factor influencing on the FX was feed rate (4,273%). 

 

Table 4. Results of ANOVA for cutting force FX 

Number of 

obs: 
27   R-squared: 0.9998   

Root MSE: 11.4355   Adj R-squared: 0.9972   

Source Sum of 

squares 

Degree 

of 

freedom 

Mean square F-value Prob > 

F 

Percent 

contribution 

(%) 

Model 1193118.1200 24 49713.2550 380.16 0.0026   

Vc (m/min) 353092.9790 2 176546.4895 1350.05 0.0007 29.588 

fz [mm/v] 50987.6532 2 25493.8266 194.95 0.0051 4.273 

ar [mm] 36295.2198 2 18147.6099 138.77 0.0072 3.041 

 626204.7430 2 313102.3715 2394.29 0.0004 52.473 

Vc*fz 28396.8941 4 7099.2235 54.29 0.0182 2.380 

Vc*a 16446.1069 4 4111.5267 31.44 0.0311 1.378 

Vc* 79358.2880 4 19839.5720 151.71 0.0066 6.650 

fz*a 2336.2337 4 584.0584 4.47 0.1912 0.196 

Error 261.5408 2 130.7704     0.022 

Total 1193379.6585 26 45899.2176     100 

 

The regression analysis was used to model and analyze the relationship between a dependent variable and one 

or more independent variables. In this study, three dependent variables are surface roughness and cutting force 

in three directions (axial, feed, normal), whereas the independent variables are cutting velocity (Vc), radial 

depth of cut (ar), feed rate (fz), and cutter helix angle (). By using Intercooled Stata 8.2TM software, the most 

suitable regression of the cutting force (FX) axis was a Quadratic regression as given in Eq. 1.  

 

{
 
 

 
 
𝐹𝑋 =  616.7385 − 1.958246 ∗ Vc − 4979.026 ∗ fz − 10.46394 ∗ ar − 4979.026 ∗ 
+20.59011 ∗ Vc ∗ f𝑧 − 0.1389388 ∗ Vc ∗ ar − 0.0641506 ∗ Vc ∗ − 53.80464 ∗ ar ∗ f𝑧

−177.6742 ∗ fz ∗ + 1.921873 ∗ a𝑟 ∗ + 0.006931 ∗ Vc
2 + 66765.78 ∗ f𝑧

2

+46.32638 ∗ ar
2 + 0.2680647 ∗ 2

R2      =  98.47%,RAjd
2      =  96.69%                               

       (1) 

 

According to Table 5, the contributions of each factor on surface roughness were listed in the last column. It 

is clear from the results of ANOVA that the most important factor affecting the cutting force (FY) was the 

cutter helix angle (75,263%). The other factors affect differently on the FY. The second factor influencing the 

FY was cutting velocity (6.844%). The third factor influencing on the FY was feed rate (5.519%). 
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Table 5. Results of ANOVA for cutting force FY 

Number of obs: 27   R-squared: 0.9948   

Root MSE: 12.1112   Adj R-squared: 0.9323   

Source Sum of 

squares 

Degree 

of 

freedom 

Mean 

square 

F-

value 

Prob > 

F 

Percent 

contribution 

(%) 

Model 56027.0458 24 2334.4602 15.92 0.0607   

Vc (m/min) 3854.84635 2 1927.4232 13.14 0.0707 6.844 

fz [mm/v] 3108.55873 2 1554.2794 10.6 0.0862 5.519 

ar [mm] 1924.88957 2 962.4448 6.56 0.1322 3.418 

 42388.5227 2 21194.2614 144.49 0.0069 75.263 

Vc*fz 2632.22464 4 658.0562 4.49 0.1905 4.674 

Vc*a 220.336422 4 55.0841 0.38 0.816 0.391 

Vc* 1632.0329 4 408.0082 2.78 0.2815 2.898 

fz*a 265.634453 4 66.4086 0.45 0.7742 0.472 

Error 293.361238 2 146.6806     0.521 

Total 56320.4070 26 2166.1695     100 

 

The FY cutting force depending on v, f, ar,  is expressed as follows: 

{
 
 

 
 
𝐹𝑌 =  220.8773 − 0.5738021 ∗ Vc + 2430.745 ∗ fz − 12.06736 ∗ ar − 7.229925 ∗ 
−0.5860904 ∗ Vc ∗ f𝑧 + 0.0751852 ∗ Vc ∗ ar − 0.0045221 ∗ Vc ∗ − 430.239 ∗ ar ∗ f𝑧

−45.70717 ∗ fz ∗ + 0.0862069 ∗ a𝑟 ∗ + 0.0013401 ∗ Vc
2 + 757.0037 ∗ f𝑧

2

+12.88711 ∗ ar
2 + 0.1289566 ∗ 2

R2      =  95.84%,RAjd
2      =  91.00%                               

       (2) 

 

According to Table 6, the contributions of each factor on surface roughness were listed in the last column. It 

is clear from the results of ANOVA that the most important factor affecting the cutting force (FZ) was cutting 

velocity (41.640%). The other factors affect differently on the FZ. The second factor influencing the FZ was 

the cutter helix angle (30.260%). The third factor influencing on the FZ was feed rate (18.190%). 

 

Table 6 Results of ANOVA for cutting force FZ 

Number of obs: 27   R-squared: 0.9921   

Root MSE: 12.9442   Adj R-squared: 0.8971   

Source Sum of 

squares 

Degree 

of 

freedom 

Mean 

square 

F-value Prob > 

F 

Percent 

contribution 

(%) 

Model 42013.5771 24 1750.5657 10.45 0.0909   

Vc (m/min) 17633.8607 2 8816.9304 52.62 0.0186 41.640 

fz [mm/flute] 7703.2600 2 3851.6300 22.99 0.0417 18.190 

ar [mm] 909.7465 2 454.8733 2.71 0.2692 2.148 

 12814.5770 2 6407.2885 38.24 0.2550 30.260 

Vc*fz 575.1995 4 143.7999 0.86 0.6007 1.358 
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Vc*a 604.8937 4 151.2234 0.90 0.5859 1.428 

Vc* 1180.9245 4 295.2311 1.76 0.3932 2.789 

fz*a 591.1153 4 147.7788 0.88 0.5927 1.396 

Error 335.1062 2 167.5531     0.791 

Total 42348.6834 26 1628.7955     100 

 

The FZ cutting force depending on v, f, ar,  is expressed as follows: 

{
 
 

 
 
𝐹𝑍 =  134.7146 − 0.5312286 ∗ Vc + 859.2726 ∗ fz + 30.43535 ∗ ar − 2.129851 ∗ 
+3.373772 ∗ Vc ∗ f𝑧 − 0.1314124 ∗ Vc ∗ ar − 0.0050189 ∗ Vc ∗ + 123.0776 ∗ ar ∗ f𝑧

−16.79662 ∗ fz ∗ + 0.88386 ∗ a𝑟 ∗ + 0.00114502 ∗ Vc
2 − 3843.486 ∗ f𝑧

2

−16.69712 ∗ ar
2 + 0.0369289 ∗ 2

R2      =  96.55%,RAjd
2      =  92.52%                               

       (3) 

 

3.2. The analyzed results of Surface roughness in the milling process 

According to Table 7, the contributions of each factor on surface roughness were listed in the last column. It 

is clear from the results of ANOVA that the most important factor affecting the surface roughness was feed 

rate (86.430%). The other factors affect differently on the surface roughness. The second factor influencing 

the surface roughness was cutting velocity and cutter helix angle (4.260%). The third factor influencing the 

surface roughness was the cutter helix angle (3.555%).   

 

Table 7. Results of ANOVA for surface roughness 

Number of obs: 27   R-squared: 0.9937   

Root MSE: 2.01633   Adj R-squared: 0.9177   

Source Sum of 

squares 

Degree of 

freedom 

Mean 

square 

F-

value 

Prob > 

F 

Percent 

contribution (%) 

Model 0.9334 24 0.0389 11.61 0.0822   

Vc (m/min) 0.0129 2 0.0065 1.93 0.3411 1.377 

fz [mm/flute] 0.8125 2 0.4063 121.29 0.0082 86.430 

ar [mm] 0.0204 2 0.0102 3.05 0.2472 2.170 

 0.0334 2 0.0167 4.99 0.1670 3.555 

Vc*fz 0.0017 4 0.0004 0.13 0.9589 0.181 

Vc*a 0.0052 4 0.0013 0.39 0.8107 0.549 

Vc* 0.0400 4 0.0100 2.99 0.2661 4.260 

fz*a 0.0072 4 0.0018 0.54 0.7315 0.766 

Error 0.0067 2 0.0033     0.713 

Total 0.9401 26 0.0362     100 

 

The Ra surface roughness depending on v, f, ar,  is expressed as follows: 
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{
 
 

 
 
Y = R𝑎 = −0,271097 + 0,0043645 ∗ Vc − 4,492942 ∗ fz + 0,2762959 ∗ ar − 0,0081082 ∗ 

−0,0019213 ∗ Vc ∗ f𝑧 + 0,0000475 ∗ Vc ∗ ar + 3,24 ∗ 10
−6 ∗ Vc ∗ + 1,910482 ∗ ar ∗ f𝑧

+0,1553083 ∗ fz ∗ − 0,0060169 ∗ a𝑟 ∗ − 7,04 ∗ 10
−6 ∗ Vc

2 + 82,72031 ∗ f𝑧
2

−0,1190191 ∗ ar
2 − 6,85 ∗ 10−6 ∗ 2

R2      =  95.95%,RAjd
2      =  91.21%                               

       (4) 

 

3.3 The optimization results of the flat-end mill process by using PSO 

The PSO algorithm is used to optimize the cutting parameters in milling process with a minimum of surface 

roughness. The objective function is as follows: 

Y = R𝑎 = −0,271097 + 0,0043645 ∗ Vc − 4,492942 ∗ fz + 0,2762959 ∗ ar − 0,0081082 ∗ 

−0,0019213 ∗ Vc ∗ f𝑧 + 0,0000475 ∗ Vc ∗ ar + 3,24 ∗ 10
−6 ∗ Vc ∗ + 1,910482 ∗ ar ∗ f𝑧

+0,1553083 ∗ fz ∗ − 0,0060169 ∗ a𝑟 ∗ − 7,04 ∗ 10
−6 ∗ Vc

2 + 82,72031 ∗ f𝑧
2

−0,1190191 ∗ ar
2 − 6,85 ∗ 10−6 ∗ 2

 (5) 

The research work is to determine the optimal cutting parameters v, fz, ar, and  so that the surface roughness 

is minimal. However, the cutting parameter values also are determined in consideration of boundary 

conditions as well as the limitation of the machining system. Boundary conditions are as follows: 

- Boundary condition of the cutting power: 

𝑣. 𝐹𝑐 ≤ 𝑃𝑑𝑐 .. 60.1000       (6) 

In which Pdc is cutting power (kW); ɳ is coefficient of efficiency; Fc is the cutting force (N); v is the cutting 

speed (m/min). The cutting force component in the Y direction is the largest effect on the cutting process. So 

the condition 1 can be described as follows: 

v.FY   𝑃𝑑𝑐 .. 60.1000=G1       (7) 

- Boundary condition of the cutting speed: 

G2=vmin  ≤  v  ≤ vmax=G3       (8) 

- Boundary condition of the feed rate: 

G4=Fzmin  ≤  fz  ≤  fzmax=G5       (9) 

- Boundary condition of the cutting depth: 

G6=armin ≤  ar ≤  armax=G7       (10) 

- Boundary condition of cutter helix angle 

G8=rmin ≤   ≤  rmax=G9       (11) 

Significance of parameters in the algorithm: 

+ w: the inertia constant. 

+ c1 and c2: the acceleration coefficients. 

+ rand1 and rand2: two random vectors, taking the value in [0,1], which are generated at each 

iteration step. 

+ pbesti: the best position up to the present time of the ith individual in the population. 

+ gbest: the best location for the whole population at the moment. 

The steps of the algorithm, as shown in Fig.4, are explained as follows: 

- Step 1: Initializing the population with the vector position xi and the velocity vector vi for ith 

individual, i = 1÷n (for each Pi in the population P (n)). The position vector xi (vi, fi, ari, i) with each 

value vi, fi, ari, i in population P. Definition of the boundary conditions. 

- Step 2: Initializing the initial information about the best location of individuals and the entire 

population 

+ pbesti= xi; initializing the best position of the ith instance which is the current initial position 

https://www.kansaiuniversityreports.com/
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+ gbest = min (Ra(xi)), i = 1÷n; initializing the best position of the whole population by the 

smallest position in all positions of all initial instances. 

- Step 3: Finding the best position in population.  

For i = 1÷n; for each instance. vi+1 = w.vi + c1. rand1. (pbesti – xi) + c2. rand2. (gbest – xi); updating 

the motion of the next generation according to the best current motion of the individual and the 

motion of the best individual in the population. 

xi+1= xi + vi+1; updating the location based on the current location and the latest movement 

direction. 

if Ra(xi) < Ra(pbesti) then pbesti = xi; updating the best position of each individual by comparison 

with the current position. 

For i = 1÷n; for population. 

if Ra(xk) < Ra(gbest) then gbest = xk; updating the best location of the population by comparison 

with the best individual present.  

For each xi-value comparing the boundary conditions, if satisfied, go to step 4, do not continue 

to step 3.  

- Step 4: Finish, return the best gbest value. 

The module for optimizing the cutting parameters was programmed using MatlabTM. The screenshot of 

the developed module is shown in Fig.4.  

 

Fig 1. PSO algorithm for optimizing parameters 
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The population size is 200 individuals; the iteration number is 500; the acceleration coefficients are 1.49445. 

The boundary conditions are as follows: cutting power (described by G1) is 1400 KW; minimal cutting speed 

(described by G2) is 200 m/min; maximum of cutting speed (described by G3) is 400 m/min; minimal feed 

rate (described by G4) is 0,025 mm/flute; maximum of feed rate (described by G5) is 0,075 mm/flute; minimal 

cutting depth (described by G6) is 0.1 mm; maximum of cutting depth (described by G7) is 1 mm; minimal 

cutter helix angle (described by G8) is 15o; maximum of cutter helix angle (described by G9) is 45o. The 

system predicts the value of surface roughness is 0,1281µm. The initial optimal cutting parameters are feed 

rate (0.025); cutting speed (400 m/min); cutting depth (0.1 mm), and cutter helix angle (45o). 

 

4. Conclusions 

The arm of this research is to drive out the relationship among the cutting parameters and helix angle in the 

milling process with surface roughness and cutting force. The relationships are non-linear. Experimental 

results were carried out, and the ANOVA was used to establish the empirical formulas. These formulas were 

used as the objective function (Ra) and side constraints (cutting force, limits some parameters). PSO algorithm 

was used to optimize the cutting parameter, including the cutting speed, feed rate, radial cutting depth, and 

cutter helix angle. In this research, the ANOVA for generating the empirical formula and PSO algorithm for 

optimizing some parameters were used. The module for predicting the surface roughness and generating the 

optimal cutting parameters and cutter helix angle was developed using Matlab. The optimal cutting conditions 

are feed rate (0.025 mm/flute); cutting speed (400 m/min); cutting depth (0.1 mm), and cutter helix angle 

(45o). These results in comparison of the experimental researches prove the correction of the developed 

module. Applying these results for developing the system for online monitoring, the milling process is the 

next step of the research and supports tool maker. 
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