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Abstract: The aim of this work is to propose an angular positioning solution for the round cutting 
insert of an indexable insert torus milling cutter, dedicated to the multi-axis milling process under 
HSM conditions. The solution was based on the development of a wear model using a nonlinear 
estimation method with an eigenfunction, the development of a tool life model taking into account 
parameter of the cutter blade working angle and the method of reference marking and insert 
mounting, as well as the measurement methodology. The own function adopted to approximate the 
wear of the tool over its useful life is adequate and provides a prediction accuracy of 90%. The 
developed procedure for angular positioning and measurement enables the entire cutting edge of 
the cutting blade to be fully used, so that the total lifespan of the tool as an indexable insert tool is 
significantly extended. In addition, the measured largest defect values between the worn cutting 
edge and the nominal outline of the insert indicate the location of “notching” type wear. 

Keywords: angular positioning; torus milling cutter; round cutting insert; tool wear modelling; 
multi-axis machining; cutting blade working angle; modelling; optical and digital measurements 

 

1. Introduction 

Positioning is defined as the exact location of a given object relative to an assumed reference 
point, which is usually the origin of a given Cartesian coordinate system. Positioning is one of the 
basic operations in many areas of research and scientific disciplines, including basically industry, 
commerce, and everyday life. The most famous and widely used positioning tool is the Global 
Positioning System (GPS) [1]. GPS and the Internet, especially the Internet and various electronic-
optical-sensoric systems, are currently the most important infrastructures of the global information 
society. These systems are widely used in navigation, transportation, environmental protection, 
surveying, public safety, military, etc. Positioning, or more precisely, precise positioning, is also 
widely used in many areas of mechanical engineering, especially in the era of the Industry 4.0 
industrial revolution [2]. In this case, the most tangible examples of precision positioning tasks are: 
locating the probe of a measuring instrument relative to the measurement target, determining the 
position of the cutter relative to the workpiece, montage a screw in the target hole using a robot arm, 
etc. All examples of engineering tasks related to precise positioning described above are supported 
by advanced systems and technologies, including measurement systems [2–12]. 

The measurement basis for precise positioning is the latest sensor technologies for single-axis, 
linear, or rotational measurements. The vast majority of practical applications require positioning in 
a plane or in a 3D space, and one of the most frequently used is angular positioning. These are realized 
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by multi-axis coordinate measurement methods such as triangulation and multilateration, as well as 
measurements in Cartesian and polar systems. The work [13] presents the results of measuring the 
deviation of the shaft diameter after the turning process, using the LTS laser triangulation sensor. A 
programme was developed and verified whose task is to communicate the PLC controller in the 
measurement system with the software for recording data obtained from the LTS laser triangulation 
sensor. In this case, inspection of the manufactured product is one of the most important operations 
in the technological production process [14]. Based on the test results, the authors concluded that this 
type of sensor is suitable for measuring the deviation parameter of the diameter of the machined 
surface. Another important issue is to reduce the positioning error of the rotary table of a multi-axis 
machine tool. The angular positioning error in this case causes poor quality milling of the workpiece 
surface. Therefore, in work [15] the authors developed a system to improve this issue, using Laser R-
Test to calibrate angular positioning and compensate for positioning errors of the numerically 
controlled axes of the machine tool. Uncertainty analysis and calibration were implemented to predict 
the system. As evaluated by the authors of this work, the proposed measurement method can also 
solve the problems of coaxiality between the measuring devices and the rotary table. The system 
developed in this work achieves an angular error of 0.00121° for real workpieces, which is smaller 
than the error achieved by the commercial system, which is approximately 0.0022°. In turn, in work 
[16] the angular positioning error of the rotary axis caused by the tilt movement error and the spindle 
radial movement error was analysed and experimentally verified. In addition, the offset value 
introduced to the encoder was analysed and experimentally verified. Angular positioning is also an 
important parameter that determines the proper operation of force systems. Hence, in work [17], a 
non-contact optical sensing method was developed to simultaneously detect the linear and angular 
position of the rotor of a prototype 2DOF-SRM reluctance motor. In work [18], the authors proposed 
a method for calibrating the angular positioning deviation of a precision rotary table of a coordinate 
measuring machine based on a measurement system with a laser marker. The Levenberg-Marquardt 
algorithm and the singular value distribution transformation were used to calculate the coordinates 
of the laser marker station. The fixed-interval angular deviation was calibrated using a geometric 
relationship model between the coordinates of the laser marker station and the rotation angle of the 
turntable. In work [19] presents an angular position measurement system based on a sensor 
consisting of a single transmitter and two receiving coils. The mutual inductance between the 
transmitter coils was spatially modulated using conductive lenses. The measurement results form the 
basis for estimating the absolute angle. The advantage of this solution is resistance to many harmful 
factors, such as moisture, poor lighting, or oil contamination. Therefore, this system could be 
successfully used for angular positioning, e.g., indexable cutter blades. Angular positioning is also 
important from a military point of view. In work [20], a system was developed based on an algorithm 
to calculate the angular position of the rocket in real time when it is ready to launch from the rocket 
launcher. For this purpose, video streams recorded from three different cameras were used. Finally, 
the algorithm was implemented on a programmable SoPC chip using FPGA programmable array 
gates. In addition to systems based on sensors or optics, flexible mechanical systems are also used for 
precise angular positioning [21]. These are usually flexible micro-angular position measurement 
systems. 

The analysis of the current state of knowledge clearly shows that there are no research works in 
which an attempt was made to develop and analyse a method for precise angular positioning of 
replaceable cutting blades of indexable cutters. Therefore, such an attempt was made in this work. 
This is particularly important in terms of extending tool life through rational and full use of the entire 
length of the cutting edge, especialy round cutting inserts of the torus milling cutters. All 
considerations will be made for a torus cutter, for which the problem of precise angular positioning 
is most important due to the round cutting insert. To develop such a method, one must first determine 
its geometric and kinematic foundations and technological assumptions. The process of multi-axis 
surface milling of complex parts made of a Ni-based superalloy was adopted as the geometric and 
kinematic basis. In this process, taking into account the processed material, the tool wear indicator 
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VB [22,23] and the heat affected zone [24,25] become important. Therefore, this indicator was adopted 
as the main criterion for the method proposed in this work. 

2. Fundamentals of the APofRCI Method, Taking into Account Torus Milling Cutter Cutting 
Blade Wear 

In multi-axis face milling, the milling cutter can have any orientation in Cartesian space when 
machining a sculptured surface, assuming, of course, that there is no collision - in the sense of: 
undercutting. Consequently, different tool orientations can also be defined for a given toolpath. The 
geometrical characteristics of the milling cutter used for machining, the geometrical characteristics of 
the machined surface, and the resulting contact conditions (CWE: cutter-workpiece engagement) 
between the tool and the machined surface must also be taken into account. 

2.1. Definition of the Torus Milling Cutter Axis Orientation 

In the present work, in order to obtain the orientation of the tool axis for the kinematic variant 
of TPL (tool pulling) multi-axis cutting, the inclination angle was used as the process adjustment 
variable. In the present work, in order to obtain the tool axis orientation for the kinematic variant of 
TPL (tool pulling) multi-axis cutting, the inclination angle was used as the process adjustment 
variable. It is the same as the advance angle in this variant. The lead angle β, along with the tilt angle 
α, is an essential adjustable variable in CAM systems at the pre-processing stage. On the other hand, 
in the NC code, based on the conversion relationship between angles β and α, the inclination angle 
setpoint adjustable variable δ obtained in the post-processing stage of the CAM system is derived 
and, in this version, interpreted by the CNC control of the machine tool. Figure 1 illustrates the set 
variables of the tool axis, and the conversion relationship is described by Equation (1). Equation (2) 
defines the condition when the inclination angle is the same as the lead angle. 

 

Figure 1. Tool axis orientation and its interpretation at pre-processor and post-processor stages. 

𝛿𝛿 = cos−1[cos(𝛼𝛼) ∙ cos(𝛽𝛽)], (1) 

𝛽𝛽 = 𝛿𝛿,   when: 𝛼𝛼 = 0°, (2) 

Where: β: the lead angle; α: the tilt angle; δ: the inclination angle. 

2.2. Characteristic of the Torus Milling Cutter 
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In industrial practice, torus cutters are increasingly used in the multi-axis face milling process of 
TPL. These cutters enable larger cutting widths to be achieved, allowing efficiency to increase and 
machining time to be reduced. The design of torus cutters also allows higher cutting speeds and feed 
rates to be used. These are usually folding cutters with indexable Round Cutting Inserts (RCI) for 
nominal diameters of these cutters from 12 mm. 

The design advantage of this type of cutter is that the indexable round cutting insert can be 
rotated around the axis of its mounting hole to use a new, unused cutting edge segment for 
machining. This allows the tool life to be significantly extended. Currently, this rotation is carried out 
without any control of the angular position of the round cutting insert, leading to an unreasonable 
use of the real segments of the cutting edge around its circumference. The tool life decreases. The 
possible cases are schematically illustrated in Figure 2. 

 

Figure 2. Possible cases of the round cutting insert rotation: (a) overlapping of a new segment with a 
worn segment – wrong; (b) too large a gap between segments – wrong; (c) segments adjacent to each 
other – correct. 

The first illustrated case (Figure 2a) shows the overlap of part of a new cutting edge segment 
with a worn segment. This erroneous angular position can result in significant deterioration of the 
technological surface layer and progressive catastrophic tool wear. The second case (Figure 2b) 
illustrates the occurrence of an excessive gap between adjacent segments after uncontrolled rotation 
of the RCI. In turn, this erroneous angular position reduces the cutting capacity of the tool due to 
incomplete use of the entire cutting edge. In contrast, the third case (Figure 2c) illustrates a worn and 
new segment, directly adjacent to each other. This will only happen if the rotation of the round cutting 
insert around the axis of the mounting hole is controlled. 

The main objective of this article is to develop an angular positioning method of the round 
cutting insert of the torus milling cutter that allows the full cutting potential of the entire edge of the 
insert to be exploited by adhering segments with uniform angular dividing. 

2.3. Method to Avoid Undercutting the Machined Surface 
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In order to develop an angular positioning method for round cutting inserts of the torus milling 
cutter, dedicated to the multi-axis milling process, it is first necessary to determine the minimum 
required inclination angle δ. The minimum inclination angle required is to ensure that the torus 
milling cutter axis is positioned in such a way that no undercutting of the workpiece surface occurs. 
Three surface types were selected in terms of shape: biconcave, saddle concave-convex, and saddle 
convex-concave. The selected sculptured surfaces are described by a radius of curvature radius ρ 
parameter (the inverse of the curve curvature) in the feed direction ρ1 and in the direction 
perpendicular to the feed ρ2, respectively. A negative sign was assumed for the radius of convex 
curvature and a positive sign for the radius of concave curvature, as illustrated in Figure 3. 

 

Figure 3. Types of sculptured surfaces. 

A sphere of radius R was used to determine the position of the tool in a way that excludes the 
possibility of the torus undercutting the machined surface. This method was first defined by 
Marciniak [26]. The common part of the sphere and the torus is the contact diameter, and the local 
position of the tool determines the contact between the torus and the machined surface at the CPi 
contact point, as shown in Figure 4. The inclination angle δ of the tool axis is defined relatively to the 
nornal vector n(CPi) of the machined surface at the contact point CPi. In generalising the problem, the 
machined surface was assumed to be a strictly tangential plane. This plane, in turn, is a simplified 
model of any type of sculptured surface at the contact point between the torus and the machined 
surface. 

The radius of sphere R can be determined using equation (3). 

𝑅𝑅 = 𝑅𝑅𝑇𝑇
sin(𝛿𝛿)

+ 𝑟𝑟𝑝𝑝, (3) 

Where: RT: the radius of the torus milling cutter (the tool rotation axis of distance of the torus from 
the centre of the RCI outline defining it); δ: the inclination angle; rp: the radius of the round cutting 
insert (the circle defining the torus). 

 

Figure 4. Method of detecting undercutting of the machined surface by the torus of the cutter. 
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The undercutting of the machined surface by the torus does not occur when relation (4) is 
fulfilled. 

𝑅𝑅 ≤ 𝜌𝜌1,𝜌𝜌2, (4) 

Where: ρ1: the smallest radius of concave curvature in the feed direction; ρ1: the smallest radius of 
concave curvature in the step direction. 

The above condition must be met for concave contours (for which the curvature has a positive 
sign). For convex contours, for δ≥0°, undercutting does not occur. 

Hence, equation (5) applies to calculate the minimum inclination angle δmin, depending on the 
nominal diameter. 

𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚 = sin−1 � 𝑅𝑅𝑇𝑇
𝜌𝜌−𝑟𝑟𝑝𝑝

�, (5) 

It is assumed that there are no large changes in curvature in the immediate vicinity of the contact 
point CPi in the CWE that could lead to undercutting. Therefore, once calculated, the δmin parameter 
is used as a constant value along the entire contour of the machined surface and the tool axis is 
orientated in Cartesian space relative to the normal vector n(CPi) of the machined contour. 

2.4. Active Cutting Edge Segment and Active Cutting Belt 

Basically, the inclination angle δ is spread and determined in a plane perpendicular to the cutting 
speed vector vc and passing through the contact point CPi in the CWE, which is the common point of 
the outline of the machined surface and the cutting edge of the tool blade. The geometry of the cut 
layer is considered in the same plane. The geometrical parameters of the cut layer have a significant 
influence on the physical and technological effects of the cutting process, especially multi-axis 
milling. 

During multi-axis TPL-type milling used the torus milling cutter, the geometry of the cut layer 
has a characteristic shape, where, due to the kinematic-geomeric system, the thickness of the cut layer 
h varies along the cutting edge, as shown in Figure 5a. The geometry of the cut layer is influenced by 
the radius of the round cutting insert rp, the feed per tooth fz, and the depth of cut ap. 

By considering the contact conditions in the CWE at the CPi contact point, the angles Χrci_M, Χrci_E 
and ψrci were determined to determine the maximum cross-sectional limits of the cut layer. 

Angle Χrci_M – the angle defining the origin of the cross-section of the cut layer described by 
formula (6). 

Χ𝑟𝑟𝑟𝑟𝑟𝑟_𝑀𝑀 = sin−1 �1 − 𝑎𝑎𝑝𝑝
𝑟𝑟𝑝𝑝
�, (6) 

Angle Χrci_E – the angle defining the end of the cross-section of the cut layer described by formula 
(7). 

Χ𝑟𝑟𝑟𝑟𝑟𝑟_𝐸𝐸 = 𝜋𝜋
2

+ sin−1 � 𝑓𝑓𝑧𝑧
2𝑟𝑟𝑝𝑝
�, (7) 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 September 2024                   doi:10.20944/preprints202409.2088.v1

https://doi.org/10.20944/preprints202409.2088.v1


 7 

 

 

Figure 5. Multi-axis milling using the torus milling cutter: (a) cut layer geometry; (b) active cutting 
edge segment and active cutting belt. 

Angle ψrci – working angle of the torus milling cutter, considered in the base plane of the round 
cutting insert at the CPi contact point, described by formula (8). 

ψ𝑟𝑟𝑟𝑟𝑟𝑟 = �𝜋𝜋
2

+ sin−1 � 𝑓𝑓𝑧𝑧
2𝑟𝑟𝑝𝑝
� − sin−1 �1 − 𝑎𝑎𝑝𝑝

𝑟𝑟𝑝𝑝
��, (8) 

Relationship (8) is an important and rarely analysed relationship in the literature. It acquires 
particular importance, especially under the conditions of finish machining, which takes place at very 
small values of depth of cut ap and feed per tooth fz. Under these cutting conditions, the number of 
involved cutting blades (active blades) of the tool in the cutting process is zc≤1 [27]. Knowing the 
value of the angle ψrci and having the given radius rp of the round cutting insert, the length of the 
active segment of the cutting edge b can be calculated using the relationship (9). 

𝑏𝑏 = 𝜓𝜓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝, (9) 

Thus, the active cutting belt can be determined (see Figure 5b) for a given inclination angle δ in 
the CWE. During the movement of the tool, the tool is in contact with the workpiece on a temporary 
patch of the machined surface, which is called Cutter-Workpiece Engagement (CWE), and the 
material removed is the cut layer in the form of a chip. The CWE is located on the torus action surface 
of the tool within the adopted depth of cut ap. As the tool to rotate about its axis, the CWE sCWE,i at the 
contact point forms a belt sb,i, which was named the cutting belt, which is located on the action surface 
of the torus milling cutter. At any moment of cutting, the segment on the cutting edge that is inside 
the CWE is called the active segment of the cutting edge, i.e., the edge of the active segment is cutting 
at that moment. In addition, segments that are outside the CWE have been identified that are passive 
cutting edge segments, where the edge of the passive segment does not cut and is sharp. 
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The angle parameter ψrci in this work is used as the main parameter for the angular positioning 
of the round cutting insert in the torus milling cutter body, which is a new and original solution and 
the basis of the angular positioning method of the round cutting insert. In order to know after what 
time an active cutting edge segment is unusable (for an assumed VB criterion) and what the nature 
of the wear is at each time interval, both a tool wear model and a tool life model must be developed. 

2.5. The Torus Milling Cutter Wear and Life Model 

The wear rate of a torus milling cutter reflects the wear rate at any point on the active cutting 
edge, which is a part in common with the torus action surface and depends on the inclination angle. 
Importantly, it changes during machining. Figure 6 shows a typical tool wear curve as a function of 
the cutting time at a certain constant cutting speed. It presents a classic three-phase course. During 
phase I - the initial phase - tool wear increases dramatically and reaches its baseline value in a short 
period of time. In phase II, wear and tear of a quasi-linear and difficult predictable nature can be 
observed. Phase III is characterised by accelerated wear until a critical value associated with blade 
failure is reached. 

 
Figure 6. Typical tool wear rate at a constant cutting speed. 

Furthermore, for wear modelling (dotted line), i.e., using regression analysis [28,29], phase I can 
be neglected and the tool wear at any cutting point on the torus action surface can be considered as 
a variable over time, (such as in accelerated motion) and described by the model of an exponential 
function, which is expressed by the relation (10). 

𝑉𝑉𝑉𝑉𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 𝑏𝑏0 ∙ 𝑏𝑏1
𝑡𝑡𝑐𝑐 , (10) 

where VBBmax - maximum abrasion width; an important indicator in multi-axis finish milling, b0 and 
b1 – coefficients determined for a given material pair, i.e., round cutting insert - workpiece, and 
machining conditions, tc – cutting time. The b0 and b1 coefficients are constituted on the basis of 
machinability tests and non-linear estimation analysis. 

The tool is used for machining with the declared fixed machining parameters until the tool wear 
reaches the adopted critical value VBBlim at time Tt. The value of time Tt, i.e., the tool life, is expressed 
by the relation (11) [30]. 

𝑇𝑇𝑡𝑡 = 𝐶𝐶𝑡𝑡 ∙ 𝑣𝑣𝑐𝑐
𝑝𝑝 ∙ 𝑓𝑓𝑞𝑞 , (11) 

where Tt - the tool life, vc - the cutting speed at the selecting cutting point, and f is the feed rate. Ct, p, 
and q are certain constants for a given material pair, i.e., the material of the round cutting insert-
material of the workpiece. These constants are constituted on the basis of calibrated machinability 
tests. On this basis, the tool life is determined from which the Ct, p, and q factors are calculated. 
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When milling with a torus milling cutter, with the spindle speed set to an arbitrary and constant 
value, the cutting speed varies along the cutting edge from the cutter tip point (TCP) towards the tool 
attachment point in the spindle. The cutting speed vc,g at a point with height g from the apex of the 
TCP torus milling cutter is expressed by equation (12): 

𝑣𝑣𝑐𝑐,𝑔𝑔 =
2𝜋𝜋𝜋𝜋�𝑅𝑅𝑇𝑇+�2𝑟𝑟𝑝𝑝𝑔𝑔−𝑔𝑔2�

1000
, (12) 

where n is the spindle speed, RT is the radius from the rotational axis of the tool to the centre point of 
the round cutting insert, and rp is the radius of the round cutting insert. As shown in Figure 7, the 
cutting speed varies significantly given the parameter g along the torus milling cutter axis. The 
cutting speed values vc,g in this case were simulated for a cutting angle in the range 0°≤ ψrci ≤ 23.4411° 
in the tool base plane coinciding with the tool’s feed speed plane vf. 

 
Figure 7. Cutting speed variation along the tool axis for torus milling cutter. (Tool diameter: 16 mm, 
round cutting insert radius: 4 mm, spindle speed: 2786 rpm, inclination angle: 10°). 

Note that, assuming that both feed rate and the spindle speed are constant, the cutting speed vc,g 

depends only on the latitude g of the adopted cutting point, e.g., the contact point CPi that falls within 
the length of the active cutting edge segment b. The latitude g is described by the relation (13). 

𝑔𝑔 = 𝑟𝑟𝑝𝑝 �1 − cos �𝜋𝜋
2
− sin−1 �1 − 𝑎𝑎𝑝𝑝

𝑟𝑟𝑝𝑝
�� + 𝛿𝛿�, (13) 

where rp is the radius of the round cutting insert, ap is the depth of cut, δ is the inclination angle. 
For further considerations, the symbol Tt,g is adopted to denote the tool wear rate of any point in 

the length of the active cutting edge segment b (i.e., in the active cutting strip sb,i) at latitude g, as 
expressed by the relation (14) [22]. 

𝑇𝑇𝑐𝑐,𝑔𝑔 = 𝐶𝐶𝑡𝑡 �
2𝜋𝜋𝜋𝜋�𝑅𝑅𝑇𝑇+�2𝑟𝑟𝑝𝑝𝑔𝑔−𝑔𝑔2�

1000
�

𝑝𝑝

𝑓𝑓𝑞𝑞, (14) 

3. Machining and Measurement Conditions 

3.1. Materials, Tools and Machining Station 

Ni-based superalloy Inconel 718 was selected for machining tests. The TPL machining process 
was carried out using steel torus milling cutter body R300-016A20L-08L, dedicated to round cutting 
inserts R300-0828E-PL. The torus milling cutter as an tool assembly have a neutral geometry. The 
replaceable round cutting inserts are made of fine-grain carbide and coated with TiAlN anti-wear 
PVD technology. Round cutting inserts with a diameter of 8 mm were fitted into a tool body with a 
diameter of 16 mm at an overhang of 65 mm. 
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The machining station with experimental set-up is shown in Figure 8. A 5-axis CNC vertical 
machining centre, model DMU 100 MonoBLOCK, was used to carry out machinability tests in the 
multi-axis TPL milling process. The tool life was determined by the wear VBBmax located on the lateral 
surface of the cutting edge until the adopted maximum value of the wear criterion VBBlim was reached. 
The machining process was interrupted at specific intervals to collect data for modelling and wear 
calibration. Measurements were carried out using a DinoLite 7000 CE workshop microscope. The 
above-mentioned experimental workstation is at the equipment of the Department of Manufacturing 
Technics and Automation, seated in Rzeszów. 

 

Figure 8. Experimental test bench (1. Machining tool, 2. Torus milling cutter, 3. Workpiece, 4. Dino-
Lite 7000 CE series digital workshop microscope). 

3.2. Tool Wear Modelling and Calibration 

The research on tool wear and tool life, to develop a model and calibrate tool wear, involved a 
series of passes in a multi-axis milling process with a torus milling cutter, whose axis was deflected 
with respect to the normal vector of the machined surface in the feed direction by the inclination 
angle parameter δ (see Figure 1). 

The experimental tests were carried out in two main stages. Flood cooling was used in all cutting 
tests. 
In the first stage, by carrying out machinability tests, data were obtained to develop a wear model 
using a non-linear estimation method. Cutting tests were carried out under HSM (High Speed 
Machining). A constant cutting speed of vc=140 m/min was determined at the principal diameter of 
the torus DPRIN (see Figure 5). The inclination angle was determined to be constant throughout the 
machining and was δ=1.10946°. This angle ensured that the surface machining process was carried 
out with the greatest efficiency. Consequently, the real cutting speed vc at the CPi contact point of the 
shaping of the machined surface was 71 m/min. In addition, two criteria were used: uniformly 
distributed roughness Rth=Rthvf (i.e., the theoretical roughness has the same value in the feed direction 
as in the direction perpendicular to it) and a wear limit criterion of VBBlim=0.2 mm was adopted. The 
machining parameters for this stage are shown in Table 1. 

Table 1. Cutting conditions for I-st stage of the research. 
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In order to obtain more accurate test results, the second stage of the model tests, i.e., wear 
calibration, was carried out. A relationship was established between the maximum allowable cutting 
time (MACT) at the CPi contact point of the cutter and its axial distance from the TCP vertex. The 
relationship was established with constant machining parameters (spindle speed and feed rate) in 
relation to a fixed tool wear threshold VBBlim=0.2 mm. For the calibration test, the method described 
by Altintas [30] was adopted, and Figure 7 shows a simple test setup: by continuously machining at 
a constant angle δ until tool wear reached a threshold of 0.2 mm, MACT was obtained for a cutter 
axis orientation of 1.10946°. The machining parameters for the calibration test are shown in Table 2. 

Table 2. Cutting conditions for tool wear calibration. 

Test No. 
Cutting speed  

(at p. CPi) 
vc [m/min] 

Feed rate 
f [mm/rev] 

Measured tool life 
Tt [min] 

1 40 0.4 84 
2 140 0.4 0.97 
3 140 0.2 3.7 

3.3. Measuring and Auxiliary Equipment 

In the conception of the proposed solution, in addition to the development of wear and tool life 
models, it is also necessary to establish a measurement reference on the circular cutting insert and, 
relative to it, to make the necessary measurements of the angular position using the cutting blade 
work angle parameter. In addition, the measurement systems and strategies used should allow the 
assessment of blade wear. 

The xTool F1 laser system on the equipment of the Department of Industrial Engineering and 
Informatics seated in Prešov was used to determine the measurement reference on the round cutting 
insert, as shown in Figure 9. 

 
Figure 9. Laser engraving workstation: (a) xTool F1 machine; (b) PC workstation with xTool Creative 
Space software; (c) working space with fixed round cutting insert visible laser dot. 
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It is a system that ensures the engraving of any curve by the action of a laser beam on any part 
geometry made of any material. The beam movement is programmed in the planar module of the 
dedicated xTool Creative Space software. The most important parameters of the reference line 
application are shown in Table 3. 

Table 3. Laser setting parameters. 

Laser set 
Movement accuracy 

[mm] 

Repeat positioning 
accuracy 

[mm] 

Up to working speed 
[mm/s] 

2W 
1064 nm 

0.00199 0.000248 84 

The proper setting of the round cutting insert in the torus milling cutter body and its subsequent 
angular positioning after reaching the VBBlim threshold according to the prepared models was 
performed using a KEYENCE VHX 7000 digital microscope, which is equipped by the Department 
of Automobile and Manufacturing Technologies seated in Prešov, as shown in Figure 10. 

 

Figure 10. Digital 3D microscope used for angular positioning and evaluation of the cutting blade 
wear. 

The measurement parameters are shown in Table 4. 

Table 4. Measurement equipment and parameters. 

Microscope Keyence VHX 7000 
Lens ZS-20 with 20-200x zoom 

Shooting mode 4K 3D HDR scanning mode with glare reduction 
Magnification merging images at 100X zoom 

Room temperature 22 °C 
Humidity 55% 

4. Results and Discussion 

4.1. Procedure for Angular Positioning of the RCI of the Torus Milling Cutter 

In order to be able to carry out angular positioning of the RCI of the torus milling cutter, a 
procedure the proposed solution was developed, as shown in Figure 11. This procedure takes into 
account the basic restriction of tool wear and is dedicated to the multi-axis milling process. 

In terms of multi-axis machining, this procedure aims to maximise the volumetric efficiency of 
the cutting process while fully exploiting the cutting capacity of the tool over its lifetime, and as 
described by the wear parameter. This makes it possible, on the one hand, to use cutting parameters 
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in the HSM range and, on the other, to use the cutting edge length on the periphery of the insert in a 
controlled and complete manner. This makes the overall tool life significantly longer. 

4.2. Tool Wear and Tool Life Models 

The development of a concept for an angular positioning method for the round cutting insert of 
a torus milling cutter begins the wear modelling stage. When modelling tool wear, all three phases 
of the wear curve were taken into account. This is evident from the resulting classic three-phase wear 
curve that was ottained for the adopted machining conditions, as shown in Figure 12(a). To clarify, it 
should be mentioned that this drawing shows the first of the three machining tests carried out. The 
higher number of tests performed is due to the generally accepted principles of statistical analysis 
and to increase the accuracy of the final model. 

As mentioned, wear modelling was carried out using an advanced non-linear ANOVA 
estimation, as the data obtained cannot be transformed into a linear model. Nonlinear estimation 
involves calculating the relationship between a set of independent variables (i.e., cutting time tc) and 
the dependent variable (i.e., tool wear VBBmax). It was assumed that the wear was evenly distributed 
over the individual cutting blades, i.e., only one cutting blade is active in the individual feed motion 
sequences, as also observed by Kita [31]. 

 

Figure 11. General procedure for the angular positioning of the RCI. 

Analysing the resulting data set, it was found that it could be approximated by an exponential 
function model, as described by relation (10). This is an assumed estimated function. The Least 
Squares Method (LSM) was adopted as the loss function, while the Levenberg-Marquardt algorithm 
was used as the estimation method. The method solves a system of linear equations in each iteration 
to calculate the gradient. A maximum number of iterations of 6000 was adopted, with a convergence 
criterion of six decimal places. Based on the above, a model relationship was obtained, which is 
described by Equation (15). 

𝑉𝑉𝑉𝑉𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 0.0685797 ∙ 1.06903𝑡𝑡𝑐𝑐 , (15) 

Table 5 shows the estimation statistics and results of the ANOVA analysis of variance. 
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Table 5. Estimation statistics and results of ANOVA analysis of variance. 

 Sum of 
squares 

Degrees of 
freedom 

Mean 
square 

F-value p-value R 

Regression 1.3271 2.0 0.6635 1867.4383 0.0000 

0.90 

Residual 0.0305 86 0.0003   
Total 1.3577 88    

Adjusted grand total 0.1675 87    
Regression of the 

adjusted total 
1.3271 2.0 0.6635 344.5687 0.0000 

However, Figures 12(b)-(d) show the fitted model function and the observed values, a scatter 
plot of the observed values against the predicted values, and a probability normality plot, 
respectively. 

Based on the results obtained and the analysis of variance, it was concluded that, within the 
assumed range of variables under study, the developed model is adequate (F=344.5687) and 
approximates the predictor variable, ie, tool wear during cutting, with an accuracy of 90%. This is 
evidenced by a determination coefficient of R=0.90. Furthermore, in the scatter plot (Figure 12(c)), the 
points lay along a straight line, indicating that the model is appropriate and that the residuals (i.e., 
errors) are subject to a normal distribution, which in turn is illustrated in Figure 12(d). 

 
Figure 12. Results of non-linear estimation: (a) Wear curve; (b) Fitted model function and observed 
values; (c) Scatter plot; (d) Error normality chart. 

Subsequently, a tool life model was developed for HSM machining, that is, in the range adopted 
in this work according to Table 2. As a result of the machining tests, the so-called calibration, and 
after performing the necessary calculations, the tool life is described by relation (16). 
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𝑇𝑇𝑐𝑐,0.00075 = 4.2 ∙ 106,2 �
2𝜋𝜋𝜋𝜋�𝑅𝑅𝑇𝑇+�2𝑟𝑟𝑝𝑝𝑔𝑔−𝑔𝑔2�

1000
�

3.561149

𝑓𝑓1.931468, (16) 

Again, an adequate model was obtained, since for an assumed threshold of VBBlim=0.2 mm the 
lifetime Tc for the CPi point (g=0.00075 mm) is 16.353177 min. 

4.3. Measurements and APofRCI 

The next stage in the development of the concept for the angular positioning method of a circular 
cutting insert (APofRCI) torus cutter was measurements. 

In order to be able to carry out an angle measurement, i.e., measure the angle of the blade in the 
base plane under given machining conditions, a reference line must first be mark. This line is applied 
to a round cutting insert. It passes through the centre point of the RCI. In this way, when assembling 
the tool set (body with inserts), it is possible to position the insert for the first time in such a way that 
the reference line is parallel from the tool’s axis of rotation, as shown in Figure 13. As can be observed 
in Figure 13b, the marked trace of the cross-sectional effect of the cut layer on the cutting blade is 
completely within the limits of the cutting blade working angle. 

 
Figure 13. Round cutting insert: (a) after laser marking; (b) assembled in the cutter body and subjected 
to a first measurement verification after the first 20s of operation. 

Subsequently, each successive angular positioning of the RCI was realised according to the 
model dependencies, once the limit value VBBlim was reached. Machining tests, together with angular 
positioning, were repeated two more times, obtaining three active segments worn on the cutting 
edge, as illustrated in Figure 14. 

 
Figure 14. Measurement results: (a) correctness of angular positioning; (b) maximum defect values 
for the segments obtained; (c) distribution of defect values along the worn active cutting edge. 
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Analysing the results obtained from the digital microscope measurement, it was found that all 
worn segments were within the cutting blade working angle (Figure 14(a)). This demonstrates the 
correctness of both the models developed and the procedure together with the measurement 
techniques used. These techniques made it possible to measure the maximum defect, that is, the 
abrasion of the blade material, as shown in Figure 14(b). It was found that there were differences in 
the value of the maximum abrasion between the segments, which may be due to the radial runout of 
the cutting blade. In this case, further research and clarify of the proposed solution should be carried 
out. In addition, it was also possible to measure the distribution of clash variation relative to the 
nominal RCI outline, which in turn is shown in Figure 14(c). Maximum abrasion values were 
obtained in the zone of maximum thickness of the cut layer acting on the cutting blade. And in this 
case, further research is needed. In conclusion, it can be said that the proposed solution works well 
not only for angular positioning of the RCI, but also for carrying out analisys on wear mechanisms. 

5. Conclusions 

This paper proposes a solution for the angular positioning of a circular cutting insert of a torus 
cutter, dedicated to the multi-axis milling process under HSM conditions. What is significant about 
this solution is that it allows for the full and predictable use of the entire cutting edge length of the 
circular insert of the folding torus cutter. The solution is essentially based on: the wear model 
developed as part of this work, the lifetime model, the way the RCI is marked and assembled, and 
the measurement methodology. Taking the above into account, a procedure was developed for the 
angular positioning of the RCI in a torus cutter body. Based on the results obtained and the analyses 
carried out, the following key conclusions were drawn: 
• The adopted function approximating tool wear over its lifetime is adequate and provides 90% 

prediction accuracy; 
• The tool life model developed is essentially based on the cutting blade working angle parameter. 

This makes it possible to predict tool life for different machining conditions and for individual 
instantaneous positions of the cutting edge in relation to the workpiece surface (3D analysis), 
which is the subject of further work; 

• The developed procedure for angular positioning and measurement enables the entire cutting 
edge of the blade to be fully utilised, so that the total lifespan of the tool as an assembly is 
significantly extended; 

• The proposed solution also allows measurement and analysis of wear mechanisms, which 
significantly extends the possibilities of angular positioning of the RCI, taking into account its 
macro- and micro- geometric. 
The results obtained allowed to direct further research in the area of tool wear and, more 

specifically, the prediction of ‘notching’ wear, which in this work was identified as the highest value 
of the defect between the worn edge and the nominal outline of the RCI from the measurements. 

The research leading to these results was carried out within the framework of international 
cooperation and Michał Gdula’s research internship abroad. 
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