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Abstract— The present manufacturing sector is competing to 

increase machining efficiency and to minimize effect of 

environment or effect of noise factor. Steel alloys are more 

used in modern era of industrialization. By considering these 

points optimization of process parameters is done with the 

help of Taguchi method. This study deals with finding 

optimal value of process parameters (cutting speed, feed rate 

and depth of cut) on which minimum value of  response 

parameters(thrust force, feed force, and radial force) can be 

obtained in turning operation of steel alloy EN9 by applying 

Taguchi method. Significant factors and percentage 

distribution of process parameters in affecting response 

parameters is investigated by ANOVA (analysis of 

variance). Experiments are conducted based on L9 

orthogonal array. Lower the better criterion of S/N ratio is 

used for optimization of selected response parameters. By 

the study it is found that optimal level of process parameters 

is third level of cutting speed and first level of feed rate and 

depth of cut. It is found that thrust force is the significant 

factor in affecting response characteristics. 

Key words: Turning Operation, Taguchi Method, ANOVA, 
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I. INTRODUCTION 

The manufacturing industries are continuously facing 

challenges for achieving higher productivity without 

compromising quality of products in order to survive in 

modern competitive market. The required shape & size of 

various materials are conventionally produced through 

turning the preformed blanks with the help of cutting tools 

that pass over the work piece in a machine tool. In a turning 

operation, it is important to select proper cutting parameters 

so that high cutting performance can be achieved. Selection 

of desired cutting parameters by experience or using 

handbooks does not ensure that the selected cutting 

parameters are optimal for a particular machine and 

environment. Turning is the process in which a single point 

cutting tool is held parallel to the surface of rotating work 

piece in which certain feed and depth of cut is provided to 

the cutting tool to penetrate in the work piece to cause the 

material removal with the help of friction force. Higher 

material removal rate (MRR), lower cutting forces, higher 

surface finish, and lower power consumption are desired by 

industry to cope up the mass production without sacrificing 

product quality in shorter time and  low cost [2]. 

There are several methods for optimization of 

turning operations like Taguchi’s approach, grey relational 

analysis etc. As a result, from the practical viewpoint, the 

parameter design of the Taguchi method seems to be the 

most suitable method to determine the optimal process 

parameters for turning operations in machine shop. 

Taguchi’s approach can analyze and provide optimum 

parameters for a given set of independent parameters and a 

response variable. If there are multiple response variables 

for the same set of independent variables, the methodology 

provides a different set of optimum operating conditions for 

each response variable [1]. 

A. Taguchi Method 

Genichi Taguchi, working as head of Electrical 

Communication Laboratory, consulted widely among 

Japanese Industries. He observed that a great amount of 

money and time was wasted in quality control but these 

were insufficient to provide quality in final product. He 

started performing experiments in order to develop a most 

efficient method. After wasting a great deal of material into 

scrapes by performing experiments a technique was 

developed which was latter named as Taguchi Technique. 

He visited Indian Statistical Institute in 1954-55 on the 

invitation of eminent Indian statistician P.C. Mahalanolus. 

In 1957-58 the first version of this two volume book was 

published on “Design of Experiments”. In 1970s, Taguchi 

developed the concept of the Quality loss Function. He 

published two other books in the 1970s and the third 

(current) edition of “Design of Experiments”. He formulated 

the methodology for process or product quality 

improvement by using scientific and statistical concepts. He 

developed offline product or design improvement tool after 

lot of experiments to reduce quality lose in traditionally 

quality check done in production line or after production [4]. 

In Taguchi method, optimization means 

determination of best levels of process parameters. The best 

parameters are those that maximize the signal to noise 

ratios. To determine best levels of process parameters, 

experiments are done based on orthogonal arrays. 

Orthogonal arrays are minimum number of experiments 

with balanced combination of process parameters to save the 

resources (material, time and cost) required for experiments. 

The selection of orthogonal arrays is done by satisfying 

some prerequisite need such as selection of process 

parameters, interaction between them and their levels. After 

that experiments are done according to orthogonal array and 

the values of response parameters are noted down. The 

various reading of response parameters are used to find 

optimize process parameters means to find best combination 

of process parameters at which the response characteristics 

or parameters are optimum. Taguchi design transformed the 

loss function which is called signal to noise ratio (S/N ratio). 

The S/N ratio is log of a quadratic function which is able to 

identify precise variation from desired response 

characteristic. The higher S/N ratio is indication that the 

signal is much higher than the undesired effect of noise 

factors.  There are three types of signal to noise ratio i.e. 
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higher the better (HB), nominal is best (NB) and lower the 

better (LB). If the aim of the investigation is to minimize the 

response characteristic then lower the better characteristics 

is used to calculate the S/N ratio. If the aim of the 

investigation is to maximize the response characteristic then 

higher the better characteristics is used to calculate the S/N 

ratio. The S/N ratio used in this study is shown below by 

following expression. 

Lower the better (LB): 

(𝑆/𝑁)𝐿𝐵 = −10 log(𝑀𝑆𝐷)𝐿𝐵 

Where  𝑀𝑆𝐷𝐿𝐵 =
1

𝑅
∑ (𝑦)𝑗

2𝑅
𝑗=1  

yj  = value of response characteristic in an experiment j. 

R = number of repetition of an experiment.             

Analysis of variance (ANOVA) is used to 

investigate significant factor and percentage distribution in 

effecting response characteristics [9]. 

II. EXPERIMENTAL DETAILS AND METHODOLOGY 

The selection of the process parameters to be investigated 

depends on the product performance characteristics or 

response characteristic as the parameters those affect most 

the response characteristic should be given preference [3]. 

The three process parameters with their levels and symbols 

are listed in table 1.       

Symbol 
Cutting 

 parameters 

Level 

1 

Level 

2 

Level 

3 

A Cutting speed (rpm) 490 550 715 

B Feed rate (mm/rev.) 0.05 0.10 0.15 

C Depth of cut (mm) 0.4 0.8 1.2 

Table 1: Process Parameters and their Levels 

A. Selection of Orthogonal Array 

The selection of orthogonal arrays depends on degree of 

freedom of selected process parameters. The degree of 

freedom of selected orthogonal arrays should be greater than 

or equal to the degree of freedom of selected process 

parameters. The degree of freedom of orthogonal arrays is 

one less than the number of experiments in those arrays. The 

degree of freedom of selected parameters depends upon 

number of levels selected for those parameters.  Suppose for 

a parameter number of levels selected are three so the 

degree of freedom associated with it is two [7]. Taguchi’s 

L9 orthogonal array is selected which is shown below in 

table 2.  

S.NO. A B C 

1 1 1 1 

2 1 2 2 

3 1 3 3 

4 2 1 2 

5 2 2 3 

6 2 3 1 

7 3 1 3 

8 3 2 1 

9 3 3 2 

Table 2: The Taguchi’s L9 Orthogonal Array 

B. Experimentation 

The work material EN9 is selected for the experimentation. 

It has good mechanical properties and has high tensile 

strength. It is more resistant to shear loading and frictional 

wearing. It has excellent ductility and good machinability. It 

is suitable for various applications such as cams, 

crankshafts, keys, small gears, machine tools, cylinders, 

nuts, bolts etc. Cutting tool inserts are replaceable 

attachments for cutting tools that typically contain the actual 

cutting edge. Cutting tool inserts can have much different 

geometry. Nose inserts are of many shapes like round or 

circular, triangular, pentagon, octagonal, square and 

rhombic etc. Cutting tool inserts are commonly made of 

carbide, micro grain carbide, ceramic, cobalt and silicon 

nitride etc. coating of cutting tool inserts include titanium 

nitride, titanium carbon nitride, aluminum oxide, chromium 

nitride and zirconium nitride etc. Tungsten carbide inserts 

are best for working on steel alloys. So, it is used for the 

experimental purpose. 

Work piece 

Material 
Steel alloy EN9 

Work piece size Diameter = 25mm, length = 600mm 

Composition 

C=0.5-0.6%, Mn=0.5-0.8%,  

Si=0.05-0.35%,  P=0.06%,  

S=0.06%, Cr=0.15-0.25% 

Shape Cylindrical 

Machine Conventional Lathe 

Cutting tool Tungsten carbide insert 

Table 3: Experimental Detail 

The experiments, carried out for this study, are 

consisted of nine trial runs, with each trail having three runs. 

The experiments are conducted in the completely 

randomized order. In the turning operation of a work piece, 

the device used for measuring cutting forces is called 

dynamometer. Some physical variables like force, 

temperature etc. cannot be measured directly but by their 

effect only. So, in dynamometer the force is measured 

through its action on a system. The action can be found in 

the form of elastic deflection, strain and deformation etc. 

These weak signals are further conditioned for accurate 

measurement.  The main reason for using dynamometer as 

compared to other force measuring devices, is that the 

measuring capability of the force component in two or more 

directions and maximum possible stiffness so that the 

machining process is not affected by the presence of the 

measuring device. The following cutting forces are 

measured with the help of strain gauge dynamometer. The 

table represents the value of thrust force, radial force of 

input process parameters setting for the experiments. 

C. Experimental Results 

The experimental results of thrust force and radial force are 

stated in following tables. 

S.  

NO. 

Thrust 

force 

(kg) 

R1 

Thrust 

force 

(kg) 

R2 

Thrust 

force 

(kg) 

R3 

Mean 

Thrust 

force 

(kg) 

1 7 9 11 9 

2 13 12 11 12 

3 20 23 20 21 

4 13 11 9 11 

5 23 20 17 20 

6 9 12 9 10 

7 14 12 10 12 

8 8 8 8 8 

9 16 13 10 13 

Average    12.888 
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Thrust 

Force 

Table 4: Experimental Results for Thrust Force 

S. 

NO. 

Feed 

force 

(kg) 

R1 

Feed 

force 

(kg) 

R2 

Feed 

force 

(kg) 

R3 

Mean 

Feed 

force 

(kg) 

1 5 4 3 4.000 

2 5 5 3 4.333 

3 10 12 14 12.000 

4 6 5 4 5.000 

5 10 8 6 8.000 

6 6 5 4 5.000 

7 8 6 4 6.000 

8 5 4 3 4.000 

9 9 8 7 8.000 

Average 

Feed 

Force 

   6.2592 

Table 5: Experimental Results For Feed Force 

III. ANALYSIS AND DISCUSSION OF RESULT 

 
Fig. 1: Effect of process parameters on thrust force (Data 

Means). 

 
Fig. 2: Effect of process parameters on Feed force (Data 

Means) 

The experiments are conducted to investigate the influence 

of process parameters (cutting speed, feed rate and depth of 

cut) on the thrust force and feed force. The above graphs 

and following tables indicate the effects of process 

parameters on the response characteristics. It is noticed from 

figure 1 that as cutting speed increases from 1st level to 2nd 

level the thrust force decreases whereas it remains almost 

same from 1st level to 2nd level in case of feed force and at 

3rd level thrust force is minimum. At 1st level of feed rate 

and depth of cut the thrust force is the least. Effect of 

process parameters can be seen in table 6 when cutting 

speed is increased from 490 rpm to 550 rpm, thrust force 

decreases from 14.00 kg to 13.667 kg and also decreases at 

cutting speed 715 rpm to 11.000 kg. When feed rate is 

increased from 0.05 mm/rev. to 0.10 mm/rev. then thrust 

force increases from 10.667 kg to 13.333 kg. When feed rate 

is increased from 0.10 mm/rev. to 0.15 mm/rev. then thrust 

force increases from 13.333 kg to 14.6667 kg. Similarly, 

depth of cut has same effect as of feed rate. In the same way, 

effect on feed force can be observed in table 7. 

Level 
Spindle Speed 

(A) 

Feed Rate 

(B) 

Depth cut 

(C) 

1 14.000 10.667 9.000 

2 13.667 13.333 12.000 

3 11.000 14.667 17.667 

Delta 3.000 4.000 8.667 

Rank 3 2 1 

Table 6: Response Table for Means of Thrust Force 

Level 
Spindle Speed 

(A) 

Feed Rate 

(B) 

Depth cut 

(C) 

1 6.778 5.000 4.333 

2 6.000 5.444 5.778 

3 6.000 8.333 8.667 

Delta 0.778 3.333 4.333 

Rank 3 2 1 

Table 7: Response Table for Means of Feed Force 

A. Analysis of Variance (Anova) 

Sourc

e 

D

F 

Adj. 

SS 

Adj. 

MS 
F P 

% 

Contributi

on 

A 2 48.67 24.333 4.48 
0.025

* 
8.38 

B 2 74.67 37.333 6.87 
0.005

* 
12.85 

C 2 
348.6

7 

174.33

3 

32.0

9 

0.000

* 
60.04 

Error 20 
108.6

7 
5.433    

Total 26 
580.6

7 
    

S = 2.33095       R-sq = 81.29%      R-sq(adj.) = 75.67% 

Order of significance: 1. Depth of cut   2. Feed rate 3. 

Spindle speed 

Table 8: Anova Result for Thrust Force (Raw Data) 

Sourc

e 

D

F 

Adj. 

SS 

Adj. 

MS 
F P 

% 

Contributi

on 

A 2 3.630 1.815 0.66 0.528 1.77 

B 2 58.963 
29.48

1 

10.7

3 

0.001

* 
28.74 

C 2 87.630 
43.81

5 

15.9

4 

0.000

* 
42.71 

Error 20 54.963 2.748    

Total 26 
205.18

5 
    

S = 1.65775       R-sq = 73.21%      R-sq(adj.) = 65.18% 

Order of significance: 1. Depth of cut   2. Feed rate 

Table 9: Anova Result for Feed Force (Raw Data) 
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IV. ESTIMATING OPTIMAL THRUST FORCE 

The optimum combination of process parameters for thrust 

force is A3 B1 C1. The estimation of the mean rely on the 

average of the value of results determined from the 

experiments. For the prediction of mean only significant 

parameters are considered. The significant parameters have 

already been identified with the help of ANOVA (tables 8). 

The estimation of mean for the thrust force can be computed 

by (Ross 1996): 

Hence, 

µTF = TTF + (A3-TTF) + (B1-TTF) + (C1-TTF) 

µTF = Prediction of mean. 

TTF = 12.888 kg; average value of thrust force. 

A3 = Average value of Thrust Force at the third level of 

cutting speed = 11.000 kg. 

B1 = Average value of Thrust Force at the first level of feed 

rate = 10.667 kg. 

C1 = Average value of Thrust Force at the first level of 

depth of cut = 9.000 kg. 

µTF = 12.888+ (11 – 12.888) + (10.667 – 12.888) + (9 – 

12.888) 

µTF = 4.8894 kg 

A. Confidence Interval 

C.I. = 

 

√Fa(1, fe)Ve ⌈
1

neff
+

1

R
⌉ 

Where, 

Ve = 5 .433; error in the ANOVA table in (adj.MS) column 

(variance error) (Table 8). 

fe = Error Degree of freedom =20. 

F0.05(1,20) = 4.35; F-ratio at 95% confidence level (α= 0.05). 

neff = N / (1+total degree of freedom associated in the 

estimate of mean) = 
27

1+6
= 3.86 

N = 27; total no. of results.  

R = 3; total no. of repetition. 

C.I. =

 

√4.35 × 5.433 ⌈
1

3.86
+

1

3
⌉ 

C.I. = 3.742 

The confidence interval of the predicted optimal thrust force 

is: 

[µTF – CI] ˂ µTF ˂ [µTF + CI] 

[4.888 – 3.742] ˂ µTF ˂ [4.888 + 3.742] 

1.146 ˂ µTF (kg) ˂ 8.63 

The optimal values of process parameters at their selected 

levels are as follows: 

S3= 715 rpm 

f1 = 0.05 mm/ rev 

d1 = 0.4 mm  

V. ESTIMATION OF OPTIMAL FEED FORCE 

The optimum combination of process parameters for feed 

force is B1 C1. The estimation of the mean rely on the 

average of the value of results determined from the 

experiments. For the prediction of mean only significant 

parameters are considered. The significant parameters have 

already been identified with the help of ANOVA (tables 9). 

The estimation of mean for the feed force can be computed 

by (Ross 1996):  

Hence, µFF = TFF + (B1-TFF) + (C1-TFF)  

µFF = Prediction of mean.  

TFF = 6.2592 kg; average value of feed force. 

B1= Average value of Feed Force at the first level of feed 

rate = 5.000 kg. 

C1 = Average value of Feed Force at the first level of depth 

of cut =4.333 kg. 

µFF = 6.2592+ (5.000-6.2592) + (4.333 – 6.2592) 

µFF = 3.074 kg 

A. Confidence Interval 

C.I. =

 

√Fa(1, fe)Ve ⌈
1

neff
+

1

R
⌉ 

Where,  

Ve = 2.748; error in the ANOVA table in (adj.MS) column 

(variance error) (Table 9). 

C.I. =

 

√4.35 × 2.748 ⌈
1

3.86
+

1

3
⌉ 

C.I. = 2.661 

The confidence interval of the predicted optimal 

feed force is: 

[µFF – CI] < µFF < [µFF + CI] 

[3.074 – 2.661] < µRF < [3.074 + 2.661] 

0.413 < µFF (kg) < 5.735 

The optimal values of process parameters at their 

selected levels are as follows: 

f1 = 0.05 mm/ rev 

d1 = 0.4 mm  

VI. CONFIRMATION EXPERIMENT 

This study recommends the above optimal setting of 

parameters for thrust force and feed force on which three 

confirmations experiment have been conducted. The mean 

value of thrust force and feed force obtained in confirmation 

experimental are 5.984 kg & 4.153 kg respectively. These 

results are in the C.I. of the predicted optimum thrust and 

feed force. 

VII. CONCLUSIONS 

1) The percentage contribution of cutting speed, feed rate, 

and depth of cut in affecting thrust and feed force are: 

depth of cut (60.04%), feed rate (12.85%) and cutting 

speed (8.38%) on thrust force and depth of cut 

(42.71%), feed rate (28.74%) and cutting speed 

(1.77%) on feed force. 

2)  Depth of cut is the most influencing parameter and 

cutting speed is least significant factor for both thrust 

force and feed force. 

3) The optimal setting of parameters for thrust force is 3rd 

level of cutting speed, 1st level of feed rate and 1st level 

of depth of cut. 

4) The optimal setting of parameters for feed force is 3rd 

level of cutting speed, 1st level of feed rate and 1st level 

of depth of cut. 

5) The predicted optimum range of thrust force is (CI):                    

1.146 < µTF (kg) < 8.63 

6) The predicted confidential interval for feed force is            

(CI): 

0.413 < µFF (kg) < 5.735 
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