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Abstract 
The machining process is quite complicated and it is influenced by many different parameters 
and some of them are often not univocally defined. Therefore it is quite intricate to carry out 
the machining process modelling, or more precisely, it is difficult to carry out the exact 
prediction of the main parameters, such as cutting forces, temperature, chip shape, durability 
of the cutting tool, etc. In order to reach the maximum concordance of the modelling 
parameters with the experimentally evaluated values, it would be necessary to catch all the 
aspects of the mutual interaction of the cutting tool, workpiece, machine tool and cutting 
fluid. That is, however, not practically possible even because we usually do not know any 
details of the individual aspects in the instant moment, such as, for example, the real shape 
and state of the cutting tool edge, mechanical properties of the workpiece material, etc. 
Therefore, the modelling methods will always be just a simplification of the real machining 
process. The usability of a specific modelling method will primarily depend on the accuracy 
of the applicable results with the combination of the calculation speed. In order to evaluate 
cutting force effects and spindle load prediction, I have decided to create a software, which 
will help technologists in practice to choose appropriate types of machine tools, cutting tools, 
operations and also quickly determinate the main parameters of the cutting process. 
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1. Introduction 
In the fierce competition amongst users and suppliers of manufacturing technologies, cutting 
tools, machine tools and components, it is necessary to improve the exploitation of the 
potential of the individual elements of the cutting process, such as cutting tool, machine tool, 
clamping, and working conditions. For the manufacturer, it is important to know the 
specifications of the machining process, the anticipated productivity and efficiency as well as 
their partial aspects, such as the required power and torque, material removal rate, energy 
efficiency, machining time and estimated cost of operation.  

In order to evaluate the cutting process from the perspective of cutting force effects, 
productivity and economics, I have decided to create a software application. The essential 
requirements for the software application is the speed of calculation for the output parameters, 
and also universality, simplicity and perhaps most importantly, without costly and time-
consuming experiments. In this article, I exclusively focus on the perspective of the cutting 
force effects. The main output is the cutting force, which is the reason why it is necessary to 
focus on its prediction.  
 



2. Cutting force effects modelling based on the specific cutting force 

There is a various number of modelling methods to predict the machining process from the 
cutting force effects point of view, such as: FEM modelling and material modelling, 
modelling the geometric ratios of the engagement of the cutting tool, modelling based on 
empirical data and modelling based on a specific cutting force, see references [1] - [23]. 

With regard to the fact that I want to create the software application and the requirements 
mentioned above, I have decided to choose the modelling method based on a specific cutting 
force kc.  

This modelling method is described and/or applied in the references [8] - [19]. The main 
advantage of this method is the fact that the specific cutting force is calculated by using the 
workpiece parameters (kc1.1, mc) which are specified in catalogues provided by manufacturers 
of cutting tools, as well as in a variety of technical literature. Thus it is not necessary to 
perform a variety of expensive experiments in order to discover the workpiece constants, as it 
is for alternative methods (modelling the geometric ratios of cutting tool engagement, cutting 
process modelling based on empirical data, etc.). Among the main advantages is also the fact 
that this method is applicable on more technologies (milling, drilling, turning, boring) by 
using the same empirical coefficients. 

The cutting force Fc is calculated by the multiplication of the specific cutting force kc and the 
cross-section area A, see equation (1). If we want to know the specific cutting force kc, we 
have to use the same equation and get them from the experimental values of the mean cutting 
forces. 

The workability of the cross-section area depends on the cutting technology (milling, drilling, 
turning), on the geometry of the cutting tool (lead angle, rake angle, nose radius, helix angle), 
and on the shape of the cutting tool insert (square, round, triangle). 

 AkF cc ⋅=  (1) 

The basic equations of the specific forces for all types of forces (Fc, Ff, Fp) is a dependency of 
the specific force on an unreformed chip thickness, see equations (2), (3), and (4). 
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There is also a correction factor K, which is a function of variety of factors which have the 
influence on the specific cutting process, such as: the correction factor of the rake angle - Kγ, 
correction factor of the cutting speed – KVc, correction factor of the tool wear – KTW, 
correction factor of the cutting tool material – KCTM, correction factor of the workpiece 
material – KWM, and correction factor of the cutting environment (using a specific type of a 
cutting fluid or dry machining) - KCEn, see equation (5), references [8] – [12].  

 CEnWMCTMTWv
m

cc KKKKKKhkk
c

c ⋅⋅⋅⋅⋅⋅⋅= −
γ1.1  (5) 

It is practically impossible to cover all the factors for the software application. Therefore, I 
have to focus on the parameters which have really huge impact on the specific cutting force. 
Also, when using the parameters kc1.1, mc from catalogues of the manufactures of cutting 
tools, we do not have enough information to cover all the correction factors. However, from 
the practical point of view, it is really sufficient method and therefore it is good for using it in 
the software application.  

 



3. Cutting force effects modelling for milling technology 
To calculate the values of cutting forces (and also power, torque) in the milling technology is 
more complicated than to calculate these values in other technologies (turning, drilling, 
boring). There are many factors which we have to consider when calculating these parameters 
in milling, such as:  

- type of the cutting tool (face milling cutter, shell-end cutter, cylindrical cutter, groove 
cutter, etc.),  

- type of strategy depending on the cutter and its immersion into the workpiece material 
(fmilling head: full immersion, face milling, side milling;  grooving: direct grooving, 
T-grooving) 

- type of strategy depending on workpiece material removal – removing from the 
maximum value of the chip thickness to the minimum value (climb milling) and the 
second case, removing from the minimum value of the chip thickness to the maximum 
value (conventional milling), 

- type of the cutting tool insert (square, triangle, round), 
- geometry of the cutting tool (rake angle, helix angle, etc.), 
- working conditions (depth of cut, feed per tooth, cutting speed, width of cut, etc.) 
- workpiece material (its parameters of specific cutting force, hardness, tensile strength). 

In this article I focus on milling by milling head. As it was mentioned above, there are three 
types of milling strategy depending on the immersion of the cutting tool into the workpiece 
material (full immersion, face milling and side milling), see Fig. 1. 

 
Fig. 1 Milling by milling head: a) full immersion, b) side milling, c) face milling. 

 
To calculate the cutting force in each of the mentioned case, we use the equation (1). If we 
want to calculate the mean value, we can either use the equation with the mean values of the 
chip thickness and cross-section area of the chip or we can calculate the actual values of the 
cutting force in the range of one revolution and calculate the mean value on this interval by 
using the same equation with the actual values of the chip thickness and cross-section area. It 
is better to use the second case, because we can consider many different things, such as: 
shimmy of the cutting edges, actual values of the cutting tool geometry which are changeable 
during the cutting process (rake angle).  

Chip thickness 
As we can see, the first value which we have to calculate is the specific cutting force kc. To 
calculate the actual value of the specific cutting force kCi, we have to use the equation (2) with 
the actual value of the chip thickness. This value is calculated by using the equation (6) for 
square, triangle inserts and by the equation (7) for round inserts [15] - [18].  
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The actual values of the chip thickness are calculated in the range from the starting 
engagement angle ϕst to the ending engagement angle ϕex of the cutting process, because it is 
obvious that the chip thickness is zero when not cutting the workpiece material – see Fig. 2.  

 
Fig. 2 Face milling by milling head: a) square insert, b) round insert [18]. 

As it was mentioned above, there are 3 types of strategies depending on the cutter and its 
immersion into the workpiece material. For each of these strategies we have to calculate the 
starting and ending engagement angles in order to calculate the chip thickness in this range. 
Also, in face milling and side milling we have to consider the climb milling and conventional 
milling, because the engagement angles varies depending on it. As for the full immersion (see 
Fig.1a), the starting engagement angle is 0° and the ending engagement angle is 180°. For the 
face milling (see Fig. 1c, Fig. 2), we have to calculate these angles with consideration of 
eccentricity for the climb milling – equation (8) and conventional milling – equation (9). In 
the case that the eccentricity is equal to 0 mm, it is the symmetrical face milling, in other case, 
it is the non-symmetrical milling. 
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For the side milling (see Fig.1b), it is also necessary to calculate these angles for the case of 
the climb milling – equation (10) and conventional milling – equation (11).  
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Chip width 
In order to calculate the cutting force Fc, we need to calculate the cross-section area A. As it is 
seen in the equation (12), the actual value of the cross-section area Ai is a multiplication of the 
actual value of the chip thickness hi and the value of the chip width b.   

 bhA ii ⋅=  (12) 

The chip width b is not the actual value as the chip thickness hi is. To calculate this value, we 
can have a look at the Fig. 3. 

 
Fig. 3 Chip width, mean chip thickness: a) square insert, b) round insert [18]. 

 
The calculation of the chip width b for the case of the square insert is depended on the depth 
of cut ap and the lead angle κr, see equation (13) and Fig. 3a. The chip width b for the case of 
the round insert is calculated according to the equation (14). 
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Cutting force 

When having the actual values of chip thickness hi and the chip width b, we can calculate the 
actual value of the cutting force per one tooth FC1Ti in the interval of one revolution, see 
equation (15). Finally we can calculate the actual value of the total cutting force for all the 
cutting edges in the engagement FCi in the range of one revolution, see equation (16). 
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The mean value of the total cutting force can be calculated by the mean value of all the actual 
values of the cutting forces in the range of one revolution. 



In Fig. 4 you can see all three cutting forces: the actual values of the cutting force per one 
tooth, the actual values of the total cutting force and the mean value of the cutting force. 

 
Fig. 4 Cutting force in time.  

 

4. Method for the prediction of spindle load for milling technology 
The dependence of the allowed torque and power of a specific spindle is possible to 
demonstrate by using the power and torque characteristics in the whole range of the 
revolutions of the specific spindle, see the Fig. 5. 

 
Fig. 5 Power and torque characteristic of a spindle [24]. 

 
In order to predict the spindle load, we need to calculate the torque and power for the specific 
conditions (workpiece material, cutting conditions, cutting tool, and cutting environment) and 
put it into the torque and/or power characteristic. The manufactures of the spindles use the 
standard ČSN EN 60034-1 according to which there are 10 types of the load [25]. In order to 
calculate the torque and/or the power, we need to predict the cutting force Fc, which is, as it 
has been proven, the only one force of the machining process which has the impact on the 
spindle load. 
From the point of view of the contact of the cutting tool with the workpiece, there are two 
types of milling process – continuous and discontinuous, see the Fig. 6. 



 
Fig. 6 Dependence of the torque on the time: a) continuous cutting, b) discontinuous cutting [16]. 

4.1 Continuous cutting  
As it is seen in Fig. 6a, the cutting tool gradually runs from the zero value to the full 
engagement, in which all the teeth cut the workpiece material. Then the torque starts to vary 
between the maximum and minimum values and it does not fall to the zero value. Therefore, 
it is a case of the continuous cutting process with the periodical variable values and the 
required torque, which we want to know, is called the effective torque MKeff (or effective 
power Peff). The approach is therefore that the continuous cutting is converted to the 
permanent load with the constant value of the torque – MKeff. This type of the load is therefore 
the S1 load which is mentioned in the standard ČSN EN 60034-1. On the Fig. 7 you can see 
an example of the substitution of the variable torque by its effective value MKeff [16][24]. 

 
Fig. 7 Effective torque for the continuous cutting [16]. 

 
If we want to calculate the value of the effective torque MKeff for the case of the permanent 
load, we have to calculate the mean value of torque MKm which is, in this case, equal to the 
effective torque MKeff. This torque can be can put into the torque characteristic of the selected 
spindle. In Fig. 8 you can see an example of the calculated value of the effective torque and 
power in the characteristics of the machine tool MCFV 5050 LN (spindles values: nominal 
revolutions 3000 rev/min, maximum revolution 15000 rev/min, maximum torque 57,3 Nm). 
 



 
Fig.8 Effective torque and power in the characteristics of the machine tool MCFV 5050 LN. 

 
As you can see, there might be a case where the effective torque is under the torque 
characteristic and the case in which the effective torque is below the torque characteristic. It is 
necessary to reach the case that the effective torque is below the torque characteristic. We can 
do that, for example, by changing some of the cutting condition parameters. 

4.2 Discontinuous cutting  
The second type of cutting process in the milling technology is the discontinuous cutting. It is 
the case when the cutting tool is in the engagement and cuts the workpiece material (it has 
non-zeros values of torque) and when it is out of the engagement, it does not cut anything and 
therefore it has zeros values of the torque. This process is continuously the same. This type of 
the load is therefore the S6 load which is mentioned in the standard ČSN EN 60034-1. In Fig. 
9 you can see an example of full immersion milling (the engagement angle is 180°) in the 
range of one revolution. 

 
Fig. 9 Effective and mean torque for the discontinuous cutting in the range of one revolution [16]. 

 



In this case, the effective torque MKeff is different than the mean torque MKm. As you can see 
in Fig. 5, there are the both types of torques – the mean torque MKm which is the mean value 
in the range of one revolution, and secondly, there is the effective torque MKeff, which we need 
for the spindle characteristics. The effective torque, in this case, is the mean value of the area 
where the cutting tool cuts the material. 
 
5. Summary and conclusion 
The aim of this article was to introduce a theoretical model which predicts the cutting force 
effects and spindle load for milling technology. This model was made for the purpose of 
creating a software application which would be used by technologist. The requirements for 
the software application is the speed of calculation of the output parameters, universality and 
simplicity. In order to fulfil the requirements I have decided to choose the modelling method 
based on a specific cutting force which is described in the chapter 2. This method is quite 
universal because it is possible to use the same empirical coefficients for different 
technologies with defined geometry of the cutting tool (milling, drilling, turning, boring). 
In the chapter 3 I focus on the cutting force modelling method based on the specific cutting 
force for the milling technology. The basic equation for the cutting force prediction is based 
on a multiplication of the cross-section area and the specific cutting force. Step by step I 
introduce this method for different strategies of milling. The strategies varies depending on 
the cutter’s immersion into the workpiece material (full immersion, face milling, side 
milling). From the point of view of the workpiece material removal, there might be a climb 
milling and conventional milling. 
In the chapter 4 I focus on the prediction of a spindle load. For the prediction of the spindle 
load it is important to know the cutting force which is, as it has been proven, the only one 
force of the machining process, which has the impact on the spindle load. By modelling the 
actual values of the cutting force we can calculate the actual values of the torque and power 
which are used in the spindle load prediction in a way that from them we obtain the effective 
torque or/and power which are afterwards put into the torque or/and power characteristics. 
The calculation of the effective torque or/and power depends on the milling process from the 
point of view of the contact of the cutting tool with the workpiece (continuous and 
discontinuous cutting). For the continuous cutting, there is used the S1 load and for the 
discontinuous cutting, the S6 load. The both loads are mentioned in the standard ČSN EN 
60034-1. 
There are many different ways how to improve the modelling method. The first way is to 
improve the calculation of the specific cutting force by implementing correction factors, such 
as correction factor for rake angle, cutting environment, workpiece material, cutting speed, 
cutting tool edge’s durability, etc. Secondly, the improvements can be made by the calculation 
of the cross-section area with consideration of the shimmy of the cutting edges, actual values 
of cutting tool geometry (rake angle which is changeable during the cutting process) and also 
consideration of the helix angle. 
 
Terminology 
A cross-section area (mm2) 
Ai actual value of the cross-section area (mm2) 
ae depth of cut (mm) 
ap width of cut (mm) 
b chip width (mm) 
D cutting tool diameter (mm) 
Dd cutting tool insert diameter (mm) 
fZ feed per tooth (mm) 



h chip thickness (mm) 
hi actual value of the chip thickness (mm) 
Fc cutting force (N) 
FCi actual value of the cutting force (N) 
FC1Ti actual value of the cutting force per one tooth (N) 
Ff feed force (N) 
Fp passive force (N) 
kc specific cutting force (N.mm-2) 
kf specific feed force (N.mm-2) 
kp specific passive force (N.mm-2) 
kc1.1 specific cutting force, b=h=1mm (N.mm-2) 
kf1.1 specific feed force, b=h=1mm (N.mm-2) 
kp1.1 specific passive force, b=h=1mm (N.mm-2) 
K total correction factor (1) 
Kγ correction factor of the rake angle (1) 
Kvc correction factor of the cutting speed (1) 
KTW correction factor of the tool wear (1) 
KCTM correction factor of the cutting tool material (1) 
KWM correction factor of the workpiece material (1) 
KCEn correction factor of the cutting environment (1) 
mc exponent of the specific cutting force (1) 
mf exponent of the specific feed force (1) 
mp exponent of the passive force (1) 
κr lead angle (°) 
ϕi actual value of the engagement angle (°) 
ϕST starting engagement angle (°) 
ϕEX ending engagement angle (°) 
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