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Abstract. In this contribution are results from machining of the aluminium alloy by spiral router. The experiment was 

designed as full 3 - factors and 2-levels process and for evaluation of input factors to output parameters – Fx and Fy 

components were used Paret´s diagram and Lorentz´s line. The input parameters were: revolution speed (4000/min. 

and 6000/min.), working engagement of a cutting edge (depth of cut) ae (1 mm and 3 mm), back engagement of a 

cutting edge (with  of cut) ap (5 mm and 15 mm) and down (climb) milling. 
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Introduction 

The creation of each product which is characterized by a shape, dimensions, surface parameters and 

that would be accepted by potential customer – it is the aim of every production process.   

It means, that all parameters of product are defined by technical drawings and must be realized by 

acceptable setting of production process parameters (factors); for machining it is for example cutting 

speed, feed speed, revolutions, depth of cut, tool geometry etc. 1 offers very detail information of 

production process, i.e. the analyse of individual factors and its influence to process are the basic of 

controlling and the acceptable goal. The statistical methods must not be used for controlling only at the 

last stage of production, but they may by an efficient tool for setting or modification these factors before, 

or during process, but relevant values must be obtain earlier, usually from experiments.  

Design of Experiment (DOE) is an experimental or analytical method that is commonly used to 

statistically signify the relationship between input parameters to output responses, where by a 

systematic way of planning of experiments (or production process), collection and analysis of data from 

real manufacturing process are executed. By 2, 3 DOE has wide applications especially in the field of 

science and engineering for the purpose of process optimization and development, process management 

and validation tests. 4 used CCR design with aim to find out the conditions of the   controllable factors 

(quantity of solvent, cooling temperature, specific time frame of crushing) affecting the lacquer quality, 

i.e. smoothness of lacquer surface. 5  and 6  in their contributions present a study of the influence of 

cutting conditions on the cutting force components during face milling of steel. The two experimental 
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plans, rotatable central composite design, together with Taguchi method were used parallel and results 

from both methods were compared. 7 were interested in chemical industry and they applied the five-

level, four factor central composite rotatable design (CCRD) for evaluate the interactive effects of 

synthesis, reaction time, temperature, amount of enzyme and substrate molar ratio and to optimize the 

synthesis process of ester wax. 8 used CCR model during sawing of beech and established influence of 

rotary speed and feed speed to final force. The modern methods for quality managements, like Taguchi 

were used by 9 in welding technology for optimization of basic parameters of fusion arc welding, in 

grinding processes 10, very often in milling or routing 11. Paper 12 presents two different optimal 

control strategies; one from them only considers the dynamic of the machine structure, the second one 

takes explicitly the process interaction into account. 13, which analysed problem of face-milling 

optimisation, the numerical model to optimise machining parameters (depth of cut, the sequence of 

depths) in multi pass processes. 14 used modern methods of experiments design in drilling of guns, 

15 for mapping of drilling and tapping process to different materials (steel AISI H13 hardened to 48 – 

52 HRC and AISI D2 hardened to 60-62 HRC were used) and 16 analysed drilling characteristics in 

polymeric composites. 17 used DOE for evaluation of thrust force. Application of central composite 

rotatable design / (CCRD) in mechanical processes and for predictive of force is presents in article from 

18 and 19  used philosophy of CCRD in experiment focused to study of the effect of input parameters 

on removal rate for wire electric discharge machining of high strength low alloy steel; the surface 

roughness was out put parameter. Very similar application of Taguchi philosophy is public by 20, or 

21. 22 used CCR design of experiment for compare two different machining process of curved 

surfaces and 23  in their research used a lot of various statistical methods including central composite 

rotatable model for determine optimal cutting parameters in order to achieve minimal expenses or 

minimal production time. The very wide areas for using of modern statistical methods like design of 

experiments, factorial design with Taguchi's design or ANOVA analyses confirm 24 or 25, which used 

these methods in turning processes, or in powder technologies. 

1. Materials and methods 

The design of experiments and procedures are as follows: 

 Definition of the problem and identification of main factors. 

 Selection of response variables and selection of control parameters and their levels. 

 Identification of control factor interactions. 

 Selection of the orthogonal array and conducting the matrix experiments. 

 Analysis of the data and prediction of optimum level for example manufacturing process.  

1.1 Application of DOE in routing, i.e. production process 

At present more and more thin wall elements from aluminium alloy are used in automotive or 

aerospace industry, where the conformity of real dimensions of workpiece with dimensions on 

technical drawings is inevitable for acceptance of producer for potential business. Deflection of any 

part on thin wall elements means that it is out of dimensions, shapes etc. The high value of force 
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(forces) can be reason of this facts (faults, defects...), so that monitoring of force parameter may be 

way for increasing of production efficiency.  

DOE method was used in routing of plate from aluminium alloy used in automotive and aerospace 

industry and the aim of experiment was to estimate the influence of variables on final force and its 

components. DOE was applied as a part of process considering a monitoring of process and to mark 

way for minimize of routed part deflection. Purpose was to determine key input factors and their 

optimal level for a machining process. We realized an experiment with 3 - factor and 2-level, where n 

factors are studied, each of them with 2 levels. Lower level is marked as -1 and upper level +1. In this 

case the design of experiment involves all possible combinations of factors and their levels. The 

number of experiments k with n factors is 2n. Design matrix represents all combination of possible 

experiments by using both levels of determined factors. 

             

Figure 1. The scheme of machining (total view; zoom of contact ”tool /piece; schape of chip) 

As input factors with influence on output characteristics were determined the following factors and 

their levels: 

 revolution speed: the lower limit 4000 rpm and the upper limit 6000 rpm; 

 working engagement of a cutting edge ae:  the lower limit – 1 mm; and the upper – 3 mm;  

 back engagement of a cutting edge ap:  the lower limit – 5 mm; and the upper – 15 mm. 

 

The independ parameters, symbols and limits of factors are displayed in table 1; codes of variables are 

mentioned in tab. 2. Individual experiments were realized in random order and each experiment was 

repeated 3 times. 

 Factor Units Symbols Limits of factors 

   Original Coded Lower -1 Upper +1 

1 Revolutions 1/min. n A 4000 6000 

2 
Working engagement of a cutting edge ae 

(depth of cut)  
mm ae B 1 3 

3 
Back engagement of a cutting edge ap 

(with of cut) 
mm ap C 5 15 

Table 1.  The marking of input factors 
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Run 
Revolutions 

(1/min.) 

Working 
engagement of 
a cutting edge 

ae (mm) 

Back 
engagement 
of a cutting 

edge ap (mm) 

Codes of variables 

 A B C A B C AB AC BC ABC 

1 4000 1 5 -1 -1 -1 +1 +1 +1 -1 

2 4000 1 15 -1 -1 +1 +1 -1 -1 +1 

3 4000 3 5 -1 +1 -1 -1 +1 -1 +1 

4 4000 3 15 -1 +1 +1 -1 -1 +1 -1 

5 6000 1 5 +1 -1 -1 -1 -1 +1 +1 

6 6000 1 15 +1 -1 +1 -1 +1 -1 -1 

7 6000 3 5 +1 +1 -1 +1 -1 -1 -1 

8 6000 3 15 +1 +1 +1 +1 +1 +1 +1 
Table 2. Design matrix for independent values  

2. Results  

All process of computing was realised by MS Excell software and output values are displayed in tables 

Tab.3 and Tab. 4. 

Run 
A B C AB AC BC ABC 

-1 +1 -1 +1 -1 +1 -1 +1 -1 +1 -1 +1 -1 +1 

1 27.7  27.7  27.7   27.7  27,7  27,7 27,7  

2 60.5  60.5   60.5  60.5 60.5  60.5   60.5 

3 78.5   78.5 78.5  78.5   78.5 78.5   78.5 

4 198.6   198.6  198.6 198.6  198.6   198.6 198.6  

5  21.2 21.2  21.2  21.2  21.2   21.2  21.2 

6  43.5 43.5   43.5 43.5   43.5 43.5  43.5  

7  56.8  56.8 56.8   43.5 56.8  56.8  56.8  

8  145.4  145.4  145.4  56.8  145.4  145.4  145.4 

AVG 91.3 66.7 38.2 119.8 46.1 112.0 85.5 47.1 84.3 73.8 50.1 98.2 81.7 76.4 

Effect -24.6 81.6 65.9 -38.3 -10.5 48.0 -5.26 
 Table 3. Output characteristic for force component Fx 

 

Run 
A B C AB AC BC ABC 

-1 +1 -1 +1 -1 +1 -1 +1 -1 +1 -1 +1 -1 +1 

1 23.2  23.2  23.2   23.2  23.2  23.2 23.2  

2 60.5  60.5   60.5  60.5 60.5  60.5   60.5 

3 44.2   44.2 44.2  44.2   44.2 44.2   44.2 

4 128.9   128.9  128.9 128.9  128.9   128.9 128.9  

5  16.7 16.7  16.7  16.7  16.7   16.7  16.7 

6  43.4 43.4   43.4 43.4   43.4 43.4  43.4  

7  30.4  30.4 30.4   30.4 30.4  30.4  30.4  

8  90.6  90.6  90.6  90.6  90.6  90.6  90.6 

AVG 64.2 45.3 36.0 73.5 28.6 80.9 58.3 51.2 59.1 50.4 44.6 64.9 56.5 53.0 

Effect -18.9 37.5 52.2 -7.1 -8.7 20.2 -3.4 
 Table  4. Output characteristic for force component Fy 
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The values from tables 3 and 4 and some actuarial (mathematical) operations were source for creation 

of bellow mentioned predictive equations for Fx.i and Fy.i; the results for all combinations of input 

values (see Tab. 2) are in Table 5.  

 

𝐹𝑥,𝑖
= 79.07 + (−24.61) ∙ 𝐴 + 81.60 ∙ 𝐵 + 65.92 ∙ 𝐶 + (−38.37) ∙ 𝐴𝐵 + (−10.50) ∙ 𝐴𝐶 + 48.08

∙ 𝐵𝐶 + (−5.26) ∙ 𝐴𝐵𝐶  

 

𝐹𝑦,𝑖 = 54.79 − 18.92 ∙ 𝐴 + 37.53 ∙ 𝐵 + 52.13 ∙ 𝐶 − 7.14 ∙ 𝐴𝐵 − 8.77 ∙ 𝐴𝐶 + 20.22 ∙ 𝐵𝐶 − 3.45

∙ 𝐴𝐵𝐶  

Fx,i Fx,1 Fx,2 Fx,3 Fx,4 Fx,5 Fx,6 Fx,7 Fx,8 

 -39.37 6.79 93.88 353.45 -1.35 23.81 -0.57 195.94 

Fy,i Fy,1 Fy,2 Fy,3 Fy,4 Fy,5 Fy,6 Fy,7 Fy,8 

 -8.29 66.37 33.69 203.07 -21.20 32.17 6.03 126.47 
Table 5. The results for Fx,i  and Fy,i  components  

 
The above mentioned mathematic formulas and results from Tab. 5 confirm that the worst 

combination (the most heavy conditions of machining) were in run 4. If we will compare for example 

experiment 4 and 8, i.e. ae and ap are the same, revolutions in experiment 8 are 1.5 times more, bur 

final force Fx,8  is 1.8 time less than Fx,4 . Very similar results valid for force Fy,8 and Fy,4.       

If we will analyse the follows graphs (Fig. 2 and Fig.3) that illustrated influence of independed factors 

and their interaction to output parameter, Fx and Fy. than is evident, that from 80%, the biggest 

influence have parameters B (working engagement of a cutting edge ae) and C (back engagement of a 

cutting edge ap).   

 

Figure 2. Paret's diagram and Lorentz's line for force component Fx 
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Figure 3. Paret's diagram and Lorentz's line for force component Fy 

 

This paper has discussed the influence of cutting parameters like the cutting speed, working 

engagement of a cutting edge ae (depth of cut) and back engagement of a cutting edge ap (with of cut), 

respectively using design of experiment method for establish the influence of variables to the cutting 

force components in routing.  

3. Results and Discussion  

Regarding the results were found the most important parameter (respectively sequence of 

parameters) for the predictions of the force component Fx and Fy; in our case it is with of cut, very 

closely followed by depth of cut.  

For force component Fx (only for ilustratration; all another conclusions are able from Tab.3 and 

Tabl.4), (rev. 4000 /min., resp. 6000 /min., ae=1mm, ap=5mm resp. 15 mm the results are Fx(4000,1,5) = 

27.74 N, Fx(4000,1,15) = 60.50N; it means the rate is 2.18. For Fx(6000,1,5) = 21.25 N, Fx(6000,1,15) = 43.55N; the 

rate is 2.04. The rate between Fx(4000,1,5) = 27.74 N and Fx(6000,1,5) = 21.25 N it is 1.3. The influence of 

revolutions is not so expressive, but it is by reason of smaller difference between the lowest and the 

highest value – 50%; in case of axial and radial depth of cut it is 200%.  

For Fy and the same independent parameter the results are follows: Fy(4000,1,5) = 23.23 N, Fy(4000,1,15) = 

60.55N; it means the rate is 2.59 on the behalf of Fy(4000,1,15). For Fy(6000,1,5) = 16.79 N, Fy(6000,1,15) = 

43.48N; the rate is 2.58 on the behalf of Fy(6000,1,15). The rate between Fy(4000,1,5) = 23.25 N and Fy(6000,1,5) 

= 16.79 N it is 1.38 on the behalf of Fy(4000,1,5).  

For follows technological conditions (rev. 4000 /min., resp. 6000 /min., ae=3mm, ap=5mm resp. 15 mm 

the results are Fx(4000,3,5) = 78.59 N, Fx(4000,3,15) = 198.69N; it means the rate is 2.52 on the behalf of 

Fx(4000,3,15). For Fx(6000,3,5) = 56.82 N, and for Fx(6000,3,15) = 145.50 N the rate is 2.56 on the behalf of  
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Fx(6000,3,15). The rate between Fx(4000,3,15) = 198.69 N and Fx(6000,3,15) = 145.50 N it is 1.36 on the behalf of  

Fx(4000,3,15).   

For Fy and the same independent parameter the results are follows: Fy(4000,3,5) = 44.24 N, Fy(4000,3,15) = 

128.93N; it means the rate is 2.91 on the behalf of Fy(4000,3,15). For Fy(6000,3,5) = 30.41 N, Fy(6000,3,15) = 

90.63N; the rate is 2.98 on the behalf of Fy(6000,1,15). The rate between Fy(4000,3,5) = 44.24 N and Fy(6000,3,5) 

= 30.41 N it is 1.45 on the behalf of Fy(4000,3,5).  
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