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 The required quality of the product arises from the customer preferences and 

functional requirements of the product and is determined mostly by the 

machining operation. Properly selected machining parameters in machining 

processes are of great importance for improving process efficiency and product 

quality. The aim of this paper is to find cutting parameters with which above 

mentioned process and product characteristics will be achieved. Experiments 

were performed according to Box-Behnken design of experiments. Influential 

input variables were cutting speed, feed per revolution and depth of cut and 

output variables were surface roughness, power consumption and material 

removal rate. Multi-objective optimization function was developed to find the 

machining parameters with which the lowest power consumption, the best 

surface quality and the greatest material removal rate will be achieved.  
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1. Introduction 

One of the most significant results of globalization is expansion of available market. The global market and 

the great importance of environmental issues are the main reasons for raising the awareness of the 

manufacturing industry for balanced energy consumption, production rate and product quality. In the past, the 

development of technology was slow and there was no strong competition. The price of the product was formed 

depending on the cost and the desired profit. Nowadays, the widespread market has brought strong competition. 

The price of the product has begun to be dictated by the market, and manufacturer must ensure profit by 

reducing costs. 

Currently, many manufacturers involve high technologies in their production process, and the production 

of quality products has become an obligation in order to survive on the world market. Since the production of 

quality products requires high production costs, it is necessary to find a way to increase market competitiveness. 

The most effective way is to reduce production costs while maintaining existing quality (Pimenov et al. 2020). 

There is also the ubiquitous and well-known need to achieve general sustainability in industrial activities. 

The concept of sustainable development today is one of the most present concepts in science, media and civil 

society and is considered a necessary environment to ensure the future of the Earth. The most well-known 

definition of sustainable development is one that emphasizes how all needs should be met without 

compromising the ability to meet the needs of future generations. Sustainable development in the 

manufacturing industry as one of the largest sources of environmental pollution imposes the need to find new 

technologies and ways that could be used with minimal consequences for man and the environment (Sharma 

et al. 2017).  
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Most out of the large number of researches, conducted in the area of machining, is focused on its activities 

and improvement of the process itself. Some of these improvements, such as optimization of machining, 

minimizing use of cutting fluids and reduction of energy consumption necessary to remove the material from 

workpiece, have important positive consequences for the environment, (Fernando et al., 2021; Davim, 2013; 

Young et al., 2012).  

For example, usage of cutting fluids causing serious health and environmental problems arising from their 

application often opens new research fields for the purpose of solving the above mentioned problems. Strict 

regulations on use and disposal and higher purchase price, costs of cutting fluids which in the 80-ies of the last 

century made about 3 % of machining costs now reach the level of 17 % (Youssef & El-Hofy, 2008). For the 

sake of comparison, costs of purchase and replacement of tools represent a share of 2 % to 4 % of production 

costs. Also, some studies showed that out of the total power consumption necessary for machining, almost  

60 % is used for procurement and supply of cutting fluids, which makes a serious problem considering the 

trend of permanent growth of energy resources in the previous decade (Rahäuser et al., 2011). Earlier research 

has found that machine tools have less than 30 % energy efficiency and at the same time 99 % have a 

detrimental effect on the environment due to exceptional power consumption, (Li et al., 2011). 

The service life and performance of the product directly depend on the surface roughness, so significant 

attention is paid to determining the machining parameters that will ensure satisfactory surface roughness. The 

goal of the metalworking industry is higher productivity which is expressed through the material removal rate 

(MRR). But recently, rational electricity consumption has also emerged in the efficiency equation as an 

important goal of optimizing the machining process. Guo et al. (2012) have determined optimal cutting 

parameters to accomplish a precise surface finish with minimum energy consumption. They used energy and 

surface quality models, took into account the machine tool, workpiece diameter and obtained optimal cutting 

parameters that should ensure the best process performance. Öztürk and Kara (2020) by means of ANOVA 

have showed how to determine the cutting parameters in milling process which are effective on energy 

consumption and surface roughness were determined via ANOVA. Sangwana and Kant, (2017) presented a 

predictive and optimization model based on response surface methodology and genetic algorithm, determined 

cutting parameter by which they improved energy efficiency during turning AISI 1045 steel. Khanna et al., 

(2020) have seek an improvement in the machinability of Inconel 718. They have critically examined industry-

relevant machinability indicators namely energy consumption, chip reduction coefficient (CRC), and average 

surface roughness (Ra) and material removal rates (MRR) under different cutting environments. Nowadays, 

enhanced productivity could be achieved by CNC technology. Sarker and Chakraborty, (2021), applied 

discriminant analysis to examine the effect of cutting parameters, tool geometry, machining environment on 

surface roughness, tool life, cutting forces and power consumption. In their paper, Pawanr et al. (2021) tried 

and succeeded to make a model energy consumed during variable removal rate machining process like face 

turning, grooving etc. during the CNC turning.  

The aim of this paper is to predict the quality of the machined surface, power consumption and machining 

efficiency expressed as the amount of removed material per unit time in longitudinal turning. Based on 

mathematical models, it is necessary to find machining parameters that will ensure at the same time satisfactory 

quality of the machined surface, minimum power consumption and maximum process efficiency. In this way, 

the utilization of production capacities would be maximized and market competitiveness would be increased. 

2. Power required for turning 

Understanding the machine tools energy performances and determining targeted energy saving measures 

require detailed study of energy efficiency in the industry of machining. Determination of energy consumption 

in the machining process is taking into account the consumption of electricity at idle and during machining 

operation. During machining, it is necessary to overcome the cutting resistances at a certain cutting speed vc, 

Figure 1. and the frictional resistances in the machine tool with the power of the electric drive motor.  

The power of the electric drive motor can be expressed as: 

𝑃𝐸𝑀 = 𝑃𝑖𝑑 + 𝑃𝑒𝑓 = 𝑃𝑖𝑑 + 𝑃𝐹𝑐 + 𝑃𝐹𝑝 + 𝑃𝐹𝑓   (1) 

𝑃𝑖𝑑 - power at idle [W] 

𝑃𝐹𝑐 - power required to remove the material [W] 

𝑃𝐹𝑝 - power required for penetration into the material [W] 

𝑃𝐹𝑓 - power required for motion in feed direction [W] 
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Power at idle, 𝑃𝑖𝑑 , is used to overcome friction and other resistances in the machine tool. Its value is variable 

and increases with increasing load, because of increasing of losses and pressures in the bearings and due to 

heating, the coefficient of friction also changes. Therefore, the power at idle can be considered as the sum of 

the power at idle consumption of the unloaded machine tool and the power consumption due to additional load 

resistances, but only until the moment of removing the material, as it can be seen in Figure 2. 

 

Figure 1. Cutting force and velocity components in longitudinal turning 

The power required to remove the workpiece material 𝑃𝐹𝑐  depends on the cutting speed vc and the main 

cutting force 𝐹𝑐. 

𝑃𝐹𝑐 = 𝐹𝑐 ∙ 𝑣𝑐   (2) 

The power required for penetration into the material  𝑃𝐹𝑝 is equal to zero for longitudinal turning because 

the penetration speed 𝑣𝑝 is equal to zero.  

The power required for motion in feed direction 𝑃𝐹𝑓 is the force required to overcome the resistance during 

feed motion, and is calculated as follows: 

𝑃𝐹𝑓 = 𝐹𝑓 ∙ 𝑓𝑛 ∙ 𝑛  (3) 

𝐹𝑓 –  feed force [N] 

𝑓𝑛 – feed per revolution [mm/r] 

n – spindle speed (number of revolutions) [min-1] 

It follows from the above that the useful power 𝑃𝑒𝑓 consists of: 

𝑃𝑒𝑓 = 𝑃𝐹𝑐 + 𝑃𝐹𝑓   (4) 

The power 𝑃𝐹𝑓 is very small in relation to the power of 𝑃𝐹𝑐  and can be neglected, therefore the power of 

the electric drive motor needed for longitudinal turning can be expressed as: 

𝑃𝐸𝑀 = 𝑃𝑖𝑑 + 𝑃𝑒𝑓 = 𝑃𝑖𝑑 + 𝑃𝐹𝑐    (5) 

The expression also applies 

𝑃𝐸𝑀 =
𝑃𝑒𝑓

𝜂
  (6) 

𝜂 – degree of machine tool efficiency  

 

Since: 

𝑃𝑒𝑓 ≈ 𝑃𝐹𝑐 = 𝐹𝑐 ∙ 𝑣𝑐   (7) 

Finally, the total driving power can be expressed by equation: 

𝑃𝐸𝑀 =
𝐹𝑐∙𝑣𝑐

𝜂
  (8) 

ψ  - angle of main motion direction, ° 

φp  - angle of auxiliary motion direction, ° 

ve  - resultant speed, m / min 

Fa - active cutting force, N 

PEM 
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Figure 2. Power of electromotor and degree of efficiency dependence 

By applying equations (1) to (8) it is possible to calculate the degree of efficiency of the machine tool and 

the main cutting force. Afterthat it is possible to calculate the specific cutting force, kFc, if the cross-sectional 

area of the chip, A, is known and it is easily determined from the machining parameters. 

𝑘𝐹𝑐 =
𝐹𝑐

𝐴
 (9) 

A measure of the efficiency of the turning process is the amount of removed material per unit time or 

material removal rate (MRR). MRR is calculated as follows: 

𝑀𝑅𝑅 = 𝑣𝑐 ∙ 𝑎𝑝 ∙ 𝑓 (10) 

2. Experimental setup  

Experimental trials were performed on the universal lathe machine under dry cutting conditions. The aim 

was to obtain measurement results that will enable mathematical modeling for the selected output value of 

surface roughness Ra, power consumption for cutting process P and material removal rate MRR, as machining 

process efficiency indicator. 

Longitudinal turning tests were carried out using tool holder PTGNR 2020K 16 manufactured by Sandvik 

and hard metal cutting insert, TNMG 16 04 08-PF 4215 with CVD TiCN+Al2O3+TiN coating. Geometry and 

dimensions of the tool holder and inserts are presented in Figure 3. 

 

Figure 3. Tool holder and insert with dimensions 
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” Pid’ 
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PEM 
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The workpiece material is 34CrNiMo6, a quenching and tempering steel with high strength, high toughness 

and good hardenability, with dimensions ø50 x 250 mm. Chemical composition and mechanical properties of 

workpiece material are presented in Table 1. 

Table 1. Chemical composition and mechanical properties of workpiece material 34CrNiMo6 

Chemical composition, % 

C Si Mn Ni Cr Mo 

0.34 0.35 0.55 1.55 1.55 0.22 

Mechanical properties 

Brinell hardness 

HB 

Yield strength 

Rp0.2 [MPa] 

Tensile strength 

[MPa] 

Elongation at 

fracture [%] 

250 900 1100 10 

 

Measurements of the surface roughness were performed by using profilometer Mitutoyo Surftest SJ301. 

Cutt-off length and the sampling length for surface measurements were selected to be 0.8 mm and 5.6 mm, 

respectively. During the measurements, a minimum of three to five measurements were performed after each 

experiment, depending on the oscillations of the measurements, in order to more accurately determine the 

average results. The power consumpted for every combination of cutting parameters was measured with simple 

wattmeter. 

3. Experimental procedure 

The main goal of this study is to investigate the influence of cutting speed vc, feed per revolution fn and 

depth of cut ap on surface roughness, power consumption and material removal rate in the longitudinal turning 

process. In order to determine mathematical models that could describe abovementioned output variables, 

design of experiment approach was used. In that purpose, response surface methodology (RSM) and Box-

Behnken design (BBD) were selected. In the experimental research and modeling, BBD is very often used 

because it is not necessary to examine the end values (peaks), which are sometimes complicated to examine, it 

offers optimization possibility and reduction of the number of experiments. Three factorial BBDs of experiment 

demands 17 experiments, figure 4.  

 

Figure 4. Box-Behnken design of experiments 

Cutting parameters were varied in a specific range and are presented in Table 2. Cutting parameters are 

selected according to recommendation of tool manufacturers and mechanical properties of the workpiece 

materials. Experimental points, created according to BBD using “Design Expert” computer software, were 

presented together with experimental results in Table 3.  

Table 2. Values of cutting parameters used for BBD 

Input variables Minimal value Maximal value 

Cutting speed 𝑣𝑐 [m/min] 60 130 

Feed per revolution 𝑓𝑛 [mm/r] 0.16 0.28 
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Depth of cut 𝑎𝑝 [mm] 0.6 1.2 

Table 3. Experimental design, measured (Ra and P) and calculated responses (MRR) 

Experiment 

number 

Cutting 

speed 𝑣𝑐 

[m/min] 

Feed  𝑓𝑛  

 

[mm/r] 

Depth of 

cut 𝑎𝑝 

[mm] 

Surface 

roughness 

Ra [μm] 

Power P 

 

 [kW] 

MRR  

 

[cm3/min] 

1 95 0.22 0.9 0.76 2.60 18.81 

2 60 0.22 0.6 1.27 1.72 7.92 

3 60 0.16 0.9 0.62 1.77 8.64 

4 130 0.28 0.9 1.70 3.25 32.76 

5 95 0.28 1.2 1.58 2.90 31.92 

6 95 0.22 0.9 0.80 2.40 18.81 

7 60 0.28 0.9 1.90 1.88 15.12 

8 95 0.28 0.6 1.77 2.35 15.96 

9 130 0.22 0.6 0.80 3.20 17.16 

10 130 0.22 1.2 0.98 3.25 34.32 

11 130 0.16 0.9 0.52 3.30 18.72 

12 95 0.16 0.6 0.56 2.08 9.12 

13 95 0.22 0.9 0.80 2.47 18.81 

14 95 0.22 0.9 0.84 2.43 18.81 

15 95 0.16 1.2 0.58 2.63 18.24 

16 60 0.22 1.2 0.82 2.50 15.84 

17 95 0.22 0.9 1.05 2.05 18.81 

4. Analysis of experimental data 

The response surface method is used to determine mathematical models for prediction of surface roughness, 

power consumption and material removal rate.  

RSM is a set of mathematical and statistical methods that model and analyze the effects of several factors 

(independent variables) on the observed response. The basic idea of the response surface methodology is to 

obtain the relationship of influential (independent) factors to the dependent variable (response) through the 

response function. It is also possible to distinguish the effects of individual members of the model, as the main 

effects or interactions. As a condition for using RSM, there should be at least two independent variables and 

one dependent variable. 

In most RSM problems, the form of the relationship between the response and the independent variables is 

unknown. Therefore, the first step in the RSM method is to search for an appropriate approximation relationship 

and independent variables. A lower order polynomial, first or second order, is usually used in the corresponding 

ranges of the independent variables. To develop a model between response and input variables with satisfactory 

accuracy, a second-order model was used as follows: 

𝑦 = 𝑏0 + ∑ 𝑏𝑖𝑥𝑖
𝑘
𝑖=0 + ∑ 𝑏𝑖𝑗𝑥𝑖𝑥𝑗

𝑘
1≤𝑖<𝑗 + ∑ 𝑏𝑖𝑖𝑥1

2𝑘
𝑖=1  (11) 

where: 

- b0, bi, bij, bii are the regression coefficients, 

- xi, xj are values of input parameters. 

 

Results were inserted into computer software Design Expert where analysis of variance (ANOVA) and 

regression analysis (RA) were carried out resulting in mathematical models for Ra, P and MRR.  

 

Surface roughness 

Quadratic mathematical model for Ra was suggested and adopted, equation (12). R-Squared, Adj RSquared, 

Pred R-Squared, and Adeq Precision were obtained by using ANOVA and the values are 0.98, 0.95, 0.93 and 

18.278, respectively. 

𝑅𝑎 = 3.852 − 0.027 ∙ 𝑣𝑐 − 17.057 ∙ 𝑓𝑛 − 1.636 ∙ 𝑎𝑝 − 0.012 ∙ 𝑣𝑐 ∙ 𝑓𝑛 + 0.015 ∙ 𝑣𝑐 ∙ 𝑎𝑝 −

2.639 ∙ 𝑓𝑛 ∙ 𝑎𝑝 + 7.143 ∙ 10−5 ∙ 𝑣𝑐
2 + 68.750 ∙ 𝑓𝑛

2 + 0.333 ∙ 𝑎𝑝
2 (12) 
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Power consumption  

Linear mathematical model for power consumption, P, was suggested and adopted, equation (13).  

R-Squared, Adj RSquared, Pred R-Squared, and Adeq Precision were obtained by using ANOVA and the 

values are 0.87, 0.84, 0.78 and 17.23, respectively. 

𝑃 = −0.222 + 0.018 ∙ 𝑣𝑐 + 1.250 ∙ 𝑓𝑛 + 0.804 ∙ 𝑎𝑝 (13) 

 

Material removal rate 

Sequential Model Sum of Squares, i.e. 2FI model for MRR was suggested and adopted, equation (14). R-

Squared, Adj RSquared, Pred R-Squared, and Adeq Precision were obtained by using ANOVA and the values 

are 0.99, 0.99, 0.99 and 447.015, respectively. 

𝑀𝑅𝑅 = 18.795 − 0.198 ∙ 𝑣𝑐 − 85.500 ∙ 𝑓𝑛 − 20.900 ∙ 𝑎𝑝 + 0.900 ∙ 𝑣𝑐 ∙ 𝑓𝑛 + 0.220 ∙ 𝑣𝑐 ∙ 𝑎𝑝 +

95.000 ∙ 𝑓𝑛 ∙ 𝑎𝑝  (14) 

 

The response area could be plotted graphically throughout the experimental range, the range of possible 

factor combinations. This graphical representation allows a general view how the response varies as a function 

of the two factors chosen for display, while the third is at its middle level, Figures from 3 to 5. Figure 3. a) 

shows the influence of cutting speed and feed per revolution on surface roughness, when depth of cut is  

0.9 mm and is kept constant. It is obvious that both factors influence on surface roughness, but the feed per 

revolution has a more dominant effect. 

Considering the influence of cutting depth and feed per revolution on the surface roughness, which is shown 

in Figure 3. b), it can be concluded that if the feed per revolution increases, the surface roughness increases as 

well. Increasing of depth of cut, when feed per revolution has a lower value, does not have a significant 

influence on the surface roughness. At higher values of feed per revolution, the influence of the cutting depth 

on the surface roughness increases, so that with increasing the depth of cut the surface roughness decreases. It 

can be explained that lower depth of cut causes the hardening of workpiece material resulting in an increase in 

cutting resistance. Increased cutting resistance leads to unstable machining, vibration and increased cutting 

forces, which has a negative effect on the roughness of the machined surface. 

  

Figure 3. a) Influence of feed per revolution and cutting speed on surface roughness  

b)  Influence of depth of cut and feed per revolution on surface roughness  

 

Figure 4. a) and b) show the dependence of the power consumption for machining operation on the cutting 

parameters. It can be observed, from the Figure 4. a), that the cutting speed compared to the depth of cut has a 

dominant influence on the power. The dependence is linear. If we observe the cutting depth and the feed per 

revolution, then it can be seen, in the Figure 4. b), that the depth of cut affects the power more than the feed 

per revolution. This can be explained by the fact that the cross-sectional shape of chips, i.e. the ratio of feed 

per revolution and depth of cut has a great influence on the cutting force, and consequently affects the power 

required to remove the material.  
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Figure 4. a) Influence of cutting speed and depth of cut on power consumption 

b)  Influence of depth of cut and feed per revolution on power consumption 

The highest material removal rates are achieved at maximum values of all cutting parameters: cutting speed, 

feed per revolution and depth of cut. As can be seen from the Figures 5 a) and b), all parameters more or less 

have the same effect on material removal rate.  

 

Figure 5. a) Influence of depth of cut and cutting speed on material removal rate  

b)  Influence of depth of cut and feed per revolution on material removal rate 

5. Optimization by genetic algorithm 

The main problem that arises in the optimization of machining processes is the knowledge of the process 

itself. Before setting up the optimization model, it is necessary to define: process state functions, goal functions, 

constraint functions and optimization criteria. 

The functions of the machining process are most often: cutting forces (resistances), cutting power, cutting 

temperature, tool wear, tool stability, surface roughness, etc. The functions of the goal are most often: 

machining time, machining costs, accuracy, productivity, profit and can be a combination of different functions 

of the process state. Constraint functions refer to constraints related to the characteristics of: machine, tool and 

workpiece. The optimization criteria are most often: minimization of processing time and costs or 

maximization of productivity and profit, although there may be others, such as achieving a given quality of the 

machined area. However, the task of optimization is not simple because many factors of the machining process 

are interrelated and the change of some affects each other.  

Once the mathematical models have been defined and found to describe the output variables well, the next 
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step is to optimize the machining parameters. These parameters should meet the requirements of minimum 

power consumption, minimum surface roughness and maximum material removal rate.  

Unified criterion of excellence solutions and integrated objective function is formed by combining the 

partial set of criteria. In this paper the optimization is performed by using the sum of "weighted" criteria with 

weights wi that show the relative importance of each criterion in the overall excellence (Jozic et al., 2014): 

𝑓(𝑥) = ∑ 𝑤𝑖𝑓𝑖(𝑥),     ∑ 𝑤𝑖 = 1,    𝑤𝑖 > 0  (15) 

where f (X) is objective function for the design problem, X is n-dimensional design vector, wi is weighted 

factor, 0 ≤ wi ≤ 1,  

 

According to the goal of optimization, the problem is mathematically formulated as follows:  

Minimize:  

𝑓(𝑥) = 𝑤1
𝑅𝑎

𝑅𝑎∗ + 𝑤2
𝑃

𝑃∗ − 𝑤3
𝑀𝑅𝑅

𝑀𝑅𝑅∗ (16) 

1 = 𝑤1 + 𝑤2 + 𝑤3 (17) 

where: 

Ra* , P* and MRR* are target numerical value. 

Constraints of cutting parameters were determined with respect to type of turning, workpiece and tool 

material, physical possibilities of machine tool.  

The optimization procedure using a genetic algorithm was performed in the Matlab software package. 

Before the optimization itself, it is necessary to choose the parameters of the genetic algorithm:  

population size - 200, number of generations - 200, probability of crossing - 0.75, probability of mutation - 

0.01, crossing at two points, size of tournament selection - 5. Multicriteria optimization will be performed 

according to equation (16). Weighting factors vary according to the priority of a particular process. Optimal 

cutting parameters that satisfy the objective function are: vc = 103.2 m/min, fn = 0.199 mm/r, ap = 1.19 mm. 

The priority is set the same for all process functions, but it can be easily changed if necessary. 

With these machining parameters, the following values of process functions are predicted: Ra = 0.65 µm, 

MRR = 24.72 cm3/min and P = 2.85 kW. 

6. Conclusion 

The aim of this work was to find the optimal machining parameters at which the power consumption and 

the roughness of the machined surface will be minimal, and the material removal rate will have the maximum 

value in the longitudinal turning process. Box-Behnken's experimental design was selected to obtain seventeen 

experimental combinations of machining parameters. Experimental results were processed in the computer 

program Design Expert and mathematical predictive models were obtained.  

Optimal machining parameters were obtained by using genetic algorithm and they are: vc = 103.2 m/min, 

fn = 0.199 mm/r, ap = 1.19 mm. With these parameters it is possible to performing machining process in very 

efficient way. The proposal for future work is the application of the described methodology with the use of 

cutting fluids and alternative means for cooling, lubricating and flushing. 
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