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Abstract— Abstract should be limited to no more than 15 lines 

of text. (use style JMAIT Author Abstract) Modeling the 

drilling process is very important as a tool for 

understanding the process and solving practical 

problems. This is especially important under the 

conditions of high cutting speeds and feeds associated 

with mass production. Mathematical drilling models 

are particularly important for determining thrust force 

and torque.  

A realistic estimation of these quantities is important 

both for the design of the drill geometry and for solving 

the main problems in production (surface defects, 

vibrations, tool wear, burr formation, etc.). Over the 

years, various mechanical-mathematical models have 

been developed to determine the cutting forces. In this 

paper, the application of a genetic algorithm for 

modeling torque and thrust force in the drilling 

operation is presented. The predicted thrust force and 

torque, based on the models of GA, show good 

agreement with the experimental values. 

Keywords—Modeling, torque, thrust force, genetic 

algorithm 

I. INTRODUCTION (USE STYLE JMAIT HEADING 1) 

Drilling holes is a process that dates back to the Stone 

Age. It is one of the oldest and most commonly used 

machining processes. The twist drill is the most important 

drilling tool and its modern development began with the 

invention of high-speed steel around 1900. Twist drills 

account for about 2025 % of all metal cutting processes 

[1]. 

Very often drilling is performed as one of the last steps 

in the manufacture of a part, which places high demands on 

this operation and especially on the twist drill as a tool. In 

the 80s of the last century, 90 % of all drills were made of 

high-speed steel (HSS), today more than 50 % of drills are 

made of cemented carbide, which significantly increased 

the performance of the tools [1]. In order to increase the 

efficiency of drilling, research is moving towards the 

development of tools with internal cooling and the 

application of new tool materials and coatings, as well as 

towards modified processes, such as high-speed drilling 

and machining without coolant. This requires a 

combination of theoretical and experimental research to 

obtain realistic models based on which the characteristics 

of the machining process can be determined with 

reasonable accuracy. 

Mathematical drilling models are particularly important 

for estimating thrust force and torque. Cutting forces are 

the main cause of problems that occur in production, such 

as surface defects, vibration, tool wear, burr formation, etc. 

In other words, cutting forces contain information about the 

causes of the problem. A realistic estimation of the drilling 

torque and axial force is also important for the development 

of optimization techniques as well as for the intelligent 

control of machining systems. 

This paper presents the application of evolutionary 

algorithms, more specifically the genetic algorithm, to 

model thrust and torque in the drilling process. The genetic 

algorithm (GA) is based on Darwin's theory of evolution. 

Two models have been developed using this method. One 

to predict torque and the other to predict thrust. Drill 

diameter and feed rate were used as variable parameters. 

Existing well-known Oxford and Shaw models were used 

for model development. 

II. PLAN OF CUTTING FORCES IN DRILLING 

By analyzing the plan of cutting forces in drilling (Fig. 

1), it can be seen that the following loads act on the twist 

drill: torque M, which is the result of the two main cutting 

forces Fv, and thrust force Ff, which is the sum of the two 

feed forces Ff1. The sum of the penetration forces Fp is only 

zero if the two main cutting lips are identical and 

symmetrical to the drill axis. 

Many empirical, analytical, numerical, and artificial 

intelligence (AI) based models have been developed by 

many researchers in the past 70 years for predicting torque 

and thrust force in drilling. The first models of cutting 

forces were entirely empirical (Boston and Gilbert, 1936) 

and relied on empirical data to determine torque and axial 

force. The disadvantage of this approach is that specific 
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experiments must be performed for many different 

materials, drills and types of machining. 

 

Fig. 1 Cutting forces applied to twist drill 

One of the earliest cutting force models was the 

Merchant's model [2], applicable to both turning and 

drilling. By using the law of energy conservation, Merchant 

showed that the cutting force was proportional to the uncut 

chip area or the chip load. 

Early drilling models have been developed by Shaw [3], 

Oxford [4], Shaw and Oxford [5], Williams [6], Armarego 

[7]. 

III. EXPERIMENTAL SETUP AND RESULTS 

The experimental work explained in this paper was 

carried out at the Department of Production Engineering, 

Faculty of Technical Sciences, at the University of Novi 

Sad. The experiments were carried out on Index GU 600 

machine tool and on C15 steel. The cutting tools used were 

HSS twist drills of different diameters under different 

cutting conditions (six different feed rates were used; the 

cutting speed was kept constant at 2122 m/min). The 

experimental conditions are summarized in Table 1. 

TABLE I EXPERIMENTAL CONDITIONS 

Tool 
HSS twist drill 

Diameter: 10 mm, 12 mm, 15 mm 

Workpiece 

material 
 C15 steel 

Machine tool Index GU 600 

Cutting 

conditions 

Speed spindle: 450710 rpm; Feed: 

0,0560,179 mm/rev; Coolant: Without 

 

During the experiments, torque and thrust force were 

measured using a Kistler dynamometer and sampled using 

a data acquisition system based on PC with LabVIEW 

software. Since a typical torque and thrust force signal can 

be divided into three phases (entry, steady-state, exit), the 

average torque and thrust force are determined based on the 

second phase (steady-state) by taking the signal value in the 

range of ¼ to ¾ of the full drilling phase (Fig. 2). 

 

Fig. 2 Example of determining the mean value of the torque 

This technique avoids the portions of the signal 

corresponding to drill bit input into the material and drill 

bit output from the material. The following equations 1 and 

2 were used to determine the mean values of the measured 

variables: 

𝑀𝑎𝑣𝑔 =
∫ 𝑀(𝑡)𝑑𝑡
𝑡2
𝑡1

𝑡2−𝑡1
   (1)           𝐹𝑎𝑣𝑔 =

∫ 𝐹𝑓(𝑡)𝑑𝑡
𝑡2
𝑡1

𝑡2−𝑡1
     (2) 

Measured results of torque and thrust force are 

presented in Table 2. 

TABLE III EXPERIMENTAL RESULTS FOR TORQUE AND THRUST FORCE 

No 
Parameters Measured values 

D, mm f, mm/rev M, Ncm Ff, N 

1 10 0,056 247 969 

2 10 0,071 300 1162 

3 10 0,089 344 1312 

4 10 0,1125 406 1488 

5 10 0,143 487 1776 

6 10 0,179 618 2362 

7 12 0,056 385 1287 

8 12 0,071 454 1501 

9 12 0,089 523 1646 

10 12 0,1125 619 1900 

11 12 0,143 738 2164 

12 12 0,179 883 2477 

13 15 0,056 546 1457 

14 15 0,071 660 1720 

15 15 0,089 790 2014 

16 15 0,1125 953 2374 

17 15 0,143 1155 2808 

18 15 0,179 1382 3285 

 

IV. MODELING USING GENETIC ALGORITHM 

Genetic algorithms (GA) are search tools based on the 

mechanisms of natural selection, genetics and evolution [8]. 

The aim of this work is to apply the GA principle, which is 

used to obtain the necessary equations to determine the 

torque and the thrust force. 

To date, a large number of more or less complex 

equations have been developed to determine the thrust 

forces in drilling. One of the most valuable studies is the 

work of Oxford and Shaw. They developed simple 

equations based on an analogy with turning tools. The 
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required functions for torque and thrust force, already 

known in the literature, have the following equations 3 and 

4: 

𝑀 = 𝐶𝑀 ⋅ 𝐷𝑥𝑀 ⋅ 𝑓𝑦𝑀              (3)  

 𝐹𝑓 = 𝐶𝐹 ⋅ 𝐷
𝑥𝐹 ⋅ 𝑓𝑦𝐹          (4) 

where is D – drill diameter and  f – feed rate. 

The goal of optimization GA is to obtain such solutions 

for values of coefficients CM, xM and yM for torque, and CF, 

xF and yF for thrust force. Under the condition that the 

difference between the experimental values and the values 

predicted by the model is as small as possible. In other 

words, this can be considered as a fitness function [9]. This 

function is essentially a measure of the success of each 

individual. The number n denotes the number of learning 

individuals in each generation [10]. Each individual 

(chromosome) has five characteristic features (genes), the 

previously mentioned coefficients CM, xM and yM for torque, 

and CF, xF and yF for thrust force. All these coefficients are 

determined by minimizing , which is a sum of percentage 

errors for each parameter, expressed by equation 5: 

𝛥 = ∑ |
𝑃(𝑖)−𝐷(𝑖)

𝑃(𝑖)
|18

𝑖=1 × 100%                     (5) 

where P is the experimentally determined value and D is 

the modeled value for each parameter. This function 

basically calculates the average standard error. It returns a 

sum of all percentage deviations of the experimental values 

P(i) and the values suggested by the individual model D(i,j), 

where i=1÷18 is the number of experiments and j=1÷n is 

the number of individuals in a generation. 

To apply a GA-based artificial intelligence tool, several 

steps must be taken as shown in the figure. 

 

Fig. 3 Genetic algorithm procedure 

First, it was necessary to define the number of 

individuals as the initial population [11]. This is also called 

Population Initialization. 800 populations were chosen for 

the torque model and 500 for the thrust force, respectively. 

Therefore, their coefficients (genes) are randomly 

generated in the range of 0 to 1. The second step is to 

evaluate the population, where a population of 

chromosomes is a set of possible solutions to the 

optimization problem [12]. Using a uniform distribution as 

a ranking method, the fitness scaling function was applied. 

The ideal convergence criterion for a genetic algorithm 

would be one that guarantees that each and all parameters 

converge independently. Then the individual with the best 

score comes first as the fittest individual. All other entities 

are ranked according to the scaling function. In this method, 

each individual in a generation is ranked with the best 

individual from that generation. This method was chosen 

because the fastest convergence towards the best solution 

is found. 

The selection of individuals for their presence in the 

mating pool was performed using the roulette wheel 

method. The size of the wheel area occupied by a single 

individual is defined by its rank score - the better the score, 

the larger the area. The wheel is then spun and the 

individual with the largest area has the most chance of 

getting a spot in the mating pool. This process is repeated 

until the two whitest individuals are determined. These 

individuals are then passed on to the next generation. This 

process is called elitism and guarantees that the best 

individuals are passed on to the next generation. By setting 

such criteria, the genetic difference of the individuals is 

quickly reduced and leads to a deeper time of convergence. 

If the criteria are not met, the next step is to increase the 

generation by 1. Then the individuals undergo selection, 

recombination again and their mutation takes place. This 

type of mutation is basically a two-step process. In the first 

step, the algorithm selects one gene of an individual to 

mutate, where each gene has the same probability as the 

mutation rate of the gene to be mutated. In the second step, 

the algorithm replaces each selected entry with a random 

number chosen uniformly from the range for that entry. 

The best results obtained with GA gave an average 

absolute deviation for the torque model of 3.26% and the 

thrust model of 3.43%. After implementing the obtained 

coefficients, the function now looks like this: 

CM = 12,694 

xM = 2,189 

yM = 0,719 

The equation for calculating the torque is now as 

follows equations 6: 

𝑀 = 12,694 ⋅ 𝐷2,189 ⋅ 𝑓0,719                     (6) 

The results shown are for the values of the following 

variables: 

CF = 378,077 

xF = 1,182 

yF = 0,613 

The calculation of the thrust force is performed 

according to equation 7: 

𝐹𝑓 = 378,077 ⋅ 𝐷1,182 ⋅ 𝑓0,613                   (7) 

After modeling the torque and thrust force in the 

module GA, the obtained results were compared. The 

quantitative possibility of prediction was evaluated in terms 
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of the percentage of deviation (deviation) between the 

obtained and expected values. Based on the calculation of 

the relative error of each point of the experiment, the 

proportionality error of the observed models was calculated. 

The generated models, based on genetic algorithms, 

showed good agreement with the experimental data. 

According to [13] it can be concluded that the models of 

GA have an acceptable error, that is, they have a good 

ability to predict results. Figure 4 shows a 3D interpretation 

of the mathematical models for torque and thrust force. The 

influence of the drill diameter and feed rate on the torque is 

shown in Figure 4a. It is clear that increasing the drill 

diameter and feed rate have a very sensitive effect on the 

torque. According to Figure 4b, the 3D surface 

demonstrates that the range of suitable employing feed 

rates is changed with the variation of diameter. Basically, 

in the end, it can be concluded that both input parameters 

have the same effect, mostly linear in nature, on the torque 

and thrust force. 

 

Fig. 4 3D response surface: (a) torque and (b) thrust force 

V. CONCLUSIONS  

This paper presents the results of experimental 

investigations carried out with the aim of modeling torque 

and thrust force. In order to model these performances, 

experiments were carried out while machining C15 steel 

with HSS drills. The modeling was carried out using 

artificial intelligence tools with a genetic algorithm, all 

with the aim of better understanding the machining process. 

The error of the obtained models is acceptable and is 3.26% 

for the torque model, while it is 3.43% for the thrust force. 

Through the research conducted in this paper, new 

questions arise and are mentioned as directions for future 

research. One of them is the improvement of the modeling 

of the drilling process with a larger number of measurement 

points, as well as additional analysis of the influence of the 

input parameters on the torque and the thrust force. 
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