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Abstract

In the ever-evolving landscape of advanced industries, free-form surfaces have become
ubiquitous, finding applications in aerospace, automobile, consumer products, and die and
mould manufacturing. The versatility of ball-end mills in machining these complex surfaces is
unquestionable. However, a persistent challenge arises when machining with such tools: the
dynamic change in working diameter due to variations in surface inclination.

When utilizing a ball-end tool, the machining process deviates from using the entire tool
diameter, giving rise to what is termed the "effective diameter.” This occurrence is a
consequence of the varying radius from one cutting edge to another in relation to the tool's axis
of rotation. The fluctuation in the effective diameter leads to alterations in cutting parameters.

The effective diameter is intricately linked to the depth of cut (ap), the nominal diameter of
the tool, and the surface slope. It exhibits an increase as the depth of cut grows. When the depth
of cut equals the radius of the tool, the effective diameter aligns with the nominal diameter.
Nevertheless, in certain finishing operations where the depth of cut typically falls within the
range of 0.1mm to 0.3mm, the effective diameter remains smaller than the nominal diameter.
While this challenge can be addressed through simultaneous five-axis milling, the associated
costs and complexity of this technology may present significant hurdles.

This thesis aims to address the challenges of machining free-form surfaces using ball-end
tools in 3-axis milling machine. Free-form surfaces exhibit varying inclinations, leading to
fluctuations in the tool's working diameter, which results in inconsistent cutting speeds and
milling parameters despite a constant spindle speed. Consequently, the machined surface lacks
uniformity.

Two approaches to solve this problem are discussed in this work. One approach introduced
here relies on the maintenance of a consistent cutting speed by continuously computing the
working diameter and subsequently adjusting both spindle speed and feed rates accordingly.
The algorithm employed for this purpose recalibrates the necessary spindle speed and feed rates
based on the real-time working diameter of the ball-end milling cutter, utilizing the STL file
which represents the machined surface's geometry and the APT format for the tool path.

The other method to overcome the change in the effective diameter is by optimizing the
tool path planning. Unlike conventional tool path planning techniques, the proposed method
calculates the working diameter at each adjacent point and guides the tool's movement toward
points where the smallest change in working diameter is expected. This approach effectively
reduces fluctuations in cutting speed, resulting in the generation of more homogeneous
surfaces.
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Nomenclature

ae Width of cut [mm]

As Feed direction [°]

ﬁg; Surface inclination angles [°]

ap Depth of cut [mm]

Dc Tool diameter [mm]

Def working diameter [mm]

f; Feed per tooth [mm]

n Spindle speed [rpm]

Ra The average roughness of a surface

Rq Standard deviation of the height distribution

Rz The difference between the tallest “peak” and the deepest “valley” in the
surface.

Ve Cutting speed [m/min]

Vi Feed speed [mm/min]

z Number of teeth of milling cutter [-]

Vi



1 Contents

1. INEFOAUCTION ...ttt bbbttt 1
1.1 Introduction to CNC machining and milling ..........ccccoecvvvevieiiesiiese e 1
1.2 ENA M CULEEIS ... 1
1.3 Importance of tool path OptimIZation............ccccceiieii i 2
1.4 Challenges in 3-axis ball end milling of free-form surfaces.............cccccceevinenenn 2

141 EFfeCtiVe dIAMELEr ..o s 3
1.5 SUMTACE FOUGNNESS ...t sre s 3
151 Experimental approach ...........cccecoeiieiieie e 5
152 Artificial intelligence approach...........cccceveiiiiiiiiiicc e 5
153 Machining theory-based approach...........c.cccovvevieiiiciiccec e 6
1.6 Objective of the theSIS:.......covcii i 7
1.7 Scope and HMITALION ......cooiiiiiiicie s 8
1.7.1 R ol0] oL TPRUPRUPRIN 8
1.7.2 LIMITALIONS: ...t bbb 8
1.8 REVISEd reSEArCH GaP: . .ue i 9

2 SHALE OF tNE AT ... 11
2.1 Influence of CUtting ParamMeters: ..........cocveveiieie e, 11
2.2 Modeling and analYSIS: .........cooviiiiiiiere e 12
2.3 TOOI Path StrAtEQIES ... eeveeieciiece e 14
2.4 Classifying milling studies in light of the use of design of experiments........... 15

24.1 FUll factorial deSIGN .........ccooiiiiieiee s 15
24.2 Fractional factorial ............ccoooveiiieiiece e 18
2.4.3 TaguChi MELhOd .......c.ooviieee e 20
244 Response surface Methodology.........ccoeveiiiiiiiiniieeie e 22

3 Comparison of surface roughness when turning and milling ...........ccocooovoviiiinnnn 25
3.1 ODJECTIVE ... 25
3.2 Materials and MENOAS .........cvviieiiee e 26
3.3 T TESUILS ...ttt et enre e aneenneas 27

331 Characterization of surface roughness..........ccccevvveiiiiiic e 28

3.3.2 The ratio 0f RZ/R@.......ccoiiieieee et 29

3.3.3 Comparison of cusp height and surface roughness............ccccoeevvvniiinnenen, 29

34 (070] 0 [0d [V (o] o HO SRRSO 31

4 The effect of the surface inclination and the cutting speed on the surface roughness
When Ball-end MITTING .....ooooi e e 32

vii



4.1 ODBJECLIVE ...ttt 32
4.2 Materials and MELNOS .........cveiiiiieie s 32
4.3 RESUILS aNd AISCUSSTON .....cviiuiiiiieiieie ettt 34
4.4 CONCIUSION ... ettt sttt 36

5 Simulation of the working diameter in 3-axis ball-end milling of free-form surface..37
5.1 ODJECTIVE ...t 37
5.2 EffeCtive dIamMeter ..o 37
5.3 The effect of the depth of cut and the width of cut. ..., 41
54 The effect of the feed direCtioN.........cccveii e 42
55 The effect of the surface INClINALION ..., 44
5.6 (©00] 0 0] 111 [ o PSP 47

6 Regression analysis and neural network model of working diameter of ball-end mill49
6.1 ODJECLIVE ...t ettt ra e 49
6.2 MELNOM ... et enes 49
6.3 RESUITS ... ettt enes 50
6.3.1 The regression Model:..........cooviiiiiie i 50
6.3.2 The artificial neural network (ANN) model ..., 52
6.3.3 Comparison of the MOEIS ..o, 55

6.4 CONCIUSIONS ...ttt ettt r e nens 58

7 Controlling the spindle speed when milling free-form surfaces using ball-end cutter 60
7.1 OBJECTIVE ...ttt 60
7.2 Spindle speed control CONCEPL .........covveiiiiiiecce e 60
7.2.1 STL ile FOrMAL ..o 60
7.2.2 APT FIlE e 61
7.2.3 The algorithm desCription..........coooi e 62

7.3 The results and the SIMUIATION ........cooiiiiiiii e, 66
74 (O70] 0] 111 [ o ST STSS 69

8 The effect of the spindle speed control when milling free-from surfaces ................... 70
8.1 ODJECTIVE ... 70
8.2 Materials and MENOAS .........cvviieiiee e 70
8.3 RESUIES ...t e 73
8.4 (070] 0 [0d [V (o] o HO SRRSO 78

9 Tool path planning of ball-end milling of free-form surfaces as a search algorithm ..79
9.1 ODJECTIVE ... 79
9.2 The tool path planning as a search algorithm ...........c.ccco i, 79
9.3 RESUITS ...t bbbt 82
94 (070] 0 10d [V o] HS SRR 87



10
11

Summary of new scientific results

Publication list .........cccoovveeeeii,



1. Introduction

1.1 Introduction to CNC machining and milling

CNC machining is a precise cutting process that employs a rotating cutter to remove a
predetermined amount of material from a workpiece. There are fundamental milling operations,
including facing and peripheral milling. In peripheral milling, the generated surface is parallel
to the axis of rotation, while face milling results in a surface perpendicular to the axis [1].

Beyond these operations, specific techniques such as profile milling, sculpture milling
using ball end tools, slot milling for part cutting, and pocket milling for creating rectangular or
circular pockets are employed [2].

Milling operations can be classified as down (climbing) or up (conventional) milling. In up
milling, the cutter rotation opposes the feed direction when the cutter axis and workpiece do
not intersect. Conversely, in down milling, the cutter rotation and feed direction align [1].

Milling machines are categorized based on spindle orientation into horizontal and vertical
types. Vertical mills, where the spindle is oriented vertically, are more common and are used
for machining flat parts. Horizontal mills, with a horizontally oriented spindle, are preferable
for machining heavy box-shaped parts, such as gear housings [3][4].

Various types of milling machines exist in the industry. The knee and column milling
machine, available in both horizontal and vertical configurations, is the most common.
Additionally, the universal mill allows the spindle head to rotate at a 90° angle to the
longitudinal axis of the table, enabling both vertical and horizontal spindle orientations [1].

1.2 End mill cutters

End mill cutters stand out as the go-to tools in CNC milling, widely employed in both
horizontal and vertical milling machines to perform a variety of operations such as slotting,
profiling, and facing. Available in diverse materials and styles, including ball end mills, flat
mills, and fillet mills, end mills offer versatility to meet specific machining requirements [5].

The use of ball end mills has become pervasive in manufacturing, particularly in high-speed
machining processes. This tool's distinctive cutting edge, featuring configurations such as
helix-type or S-type, plays a pivotal role in sculpting surfaces, commonly referred to as free-
form surfaces [6].

Free-form surfaces find widespread applications across industries, including aerospace,
automobile manufacturing, consumer products, and the die/mold industry. The ball end mill
takes center stage in machining these complex surfaces due to its extended product life, high
machining precision, cost-effectiveness in the manufacturing process, and its capability to feed
axially, making it an indispensable tool in various industrial applications [6].

The ball end mill typically exhibits a cylindrical shape with a helix angle ranging from 20°
to 45° in the former and a spherical shape in the latter. This unique geometry along the cutting-
edge results in variable helix angles but a constant lead. During the milling process, a special
generation occurs by projecting the helix angle perpendicular to the tool's axis onto a sphere.
This variability in helix angles is a distinguishing feature of the ball end mill, contributing to
its versatility in machining applications [2].

Ball end mills are available in both single and double-ended configurations, with diameters
ranging from 1/32 to 2 1/2 inches, providing a broad spectrum of options to cater to different
machining needs [7].



1.3 Importance of tool path optimization

CNC machining has revolutionized manufacturing processes by providing unparalleled
precision and efficiency. Within this realm, tool path optimization stands out as a critical aspect
that significantly influences the overall performance of milling operations, especially in tasks
like ball end milling of free-form surfaces.

Tool path optimization ensures that the cutting tool follows an optimized trajectory,
minimizing unnecessary movements and optimizing the sequence of cuts. This not only reduces
machining time but also enhances overall process efficiency. In free-form surface milling,
where intricate shapes demand precision, every movement of the cutting tool contributes to the
final product's quality [8].

On the other hand, the selection of an optimal tool path directly impacts the surface finish
of the machined component. By strategically planning the tool path, the milling process can
minimize tool marks, vibrations, and other imperfections on the free-form surface. This is
crucial in industries such as aerospace and medical manufacturing, where smooth and flawless
surfaces are non-negotiable requirements [9].

Optimized tool paths help manage the wear and tear of cutting tools more effectively. By
avoiding unnecessary stress on the tool, the lifespan of the cutting tool can be extended. This
not only reduces the frequency of tool changes but also contributes to cost savings and
uninterrupted manufacturing processes [10].

Free-form surfaces often present intricate geometries that require meticulous attention
during machining. Tool path optimization algorithms can adapt to the complexities of these
surfaces, ensuring that the cutting tool navigates smoothly without compromising precision.
This adaptability is crucial for meeting the increasingly sophisticated design requirements
across various industries [11].

In essence, tool path optimization is not merely a technicality within CNC machining; it is
a strategic approach that impacts the core aspects of manufacturing, from efficiency and surface
finish to tool longevity and material utilization. As we delve into the specific challenges of ball
end milling for free-form surfaces, the role of optimized tool paths will become even more
apparent in achieving superior results.

1.4 Challenges in 3-axis ball end milling of free-form surfaces

Ball end milling is a versatile machining process widely used for its ability to produce
complex shapes and contours. However, when applied to free-form surfaces, unique challenges
arise that necessitate careful consideration and specialized approaches.

Free-form surfaces inherently exhibit irregularities and complex geometries. Achieving a
smooth and precise surface finish during ball end milling becomes challenging due to the
varying curvatures and intricacies of the workpiece. Tool path optimization must account for
these irregularities to minimize deviations and ensure a high-quality final product.

On the other hand, the nature of free-form surfaces often leads to regions where standard
tools struggle to engage effectively. These accessibility issues can result in incomplete
machining or compromise the structural integrity of the cutting tool. Addressing tool
engagement challenges requires innovative tool path planning to navigate intricate features
without sacrificing efficiency [12].

Beside that free-form surfaces typically require intricate tool paths that may extend the
overall machining time. Balancing the need for precision with the desire for efficient
production becomes a critical challenge. Tool path optimization strategies must find the right
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compromise, minimizing machining time without compromising the quality of the machined
surface [13].

Ball end milling relies on spherical cutting tools, and selecting the appropriate tool for a
specific free-form surface can be a complex decision. Moreover, due to the often-intricate tool
paths, the cutting tools may experience accelerated wear. Managing tool selection and wear is
crucial for maintaining the desired surface quality throughout the milling process [14].

Programming CNC machines for ball end milling of free-form surfaces demands advanced
algorithms and computational methods. The complexity of generating tool paths that accurately
represent the desired surface, while also optimizing for efficiency and tool life, requires a
comprehensive understanding of both machining principles and software capabilities.

Free-form surfaces may be composed of a variety of materials, each with its own machining
characteristics. The challenges in ball end milling extend to adapting the milling process to
different materials, considering factors such as hardness, brittleness, and thermal conductivity.
Tool path optimization should be versatile enough to accommodate these material variations.

Addressing these challenges requires a holistic approach that combines advanced tool path
optimization algorithms, an understanding of material properties, and a keen awareness of the
intricacies of free-form surfaces. The subsequent sections of this thesis will explore
methodologies and strategies to overcome these challenges and enhance the effectiveness of
ball end milling for free-form surfaces. It is worth noting that a primary focus of this study is
the optimization of the milling process, with particular emphasis on the crucial factor of the
effective diameter.

1.4.1 Effective diameter

When utilizing a ball end tool, the machining process involves the effective diameter rather
than the entire diameter. This concept arises due to the variation in radius from one cutting
edge to another concerning the rotation axis of the tool. This change in effective diameter
introduces modifications in cutting parameters, impacting the overall machining process [2].

The effective diameter is intricately linked to the depth of cut (ap), nominal diameter, and
surface slope. Notably, it increases proportionally with the depth of cut. At the critical point
where the depth of cut equals the radius of the tool, the effective diameter aligns with the
nominal diameter. However, in certain finishing operations where the depth of cut ranges from
0.1 to 0.3mm, the effective diameter will be less than the nominal diameter [2].

When engaging in milling operations on inclined surfaces using a ball end tool, three
distinct types of milling operations come into play: downward milling, upward milling, and
horizontal milling at a constant Z-level. These operations follow one another in sequence,
contributing to variations in actual cutting speed during the machining of free-form surfaces.
The selection of an appropriate toolpath becomes crucial in minimizing the differences in
cutting speed and optimizing the machining process.

1.5 Surface roughness

Surfaces are defined as material boundaries, possessing intrinsic properties like color and
measured attributes such as hardness [15]. Conversely, surface texture pertains to the
geometrical form of a surface, encompassing waviness, roughness, and form. The surface
wavelength distinguishes these characteristics. Roughness typically arises from the
manufacturing process, exhibiting periodicity and often manifesting as tool and grit marks.
Waviness, meanwhile, is linked to machine factors such as irregularities in tool feed or chatter



vibrations. Form errors can stem from factors like inadequate workpiece rigidity during
manufacturing, high residual stress on the surface, or material strains [16].

Regarding surface roughness, multiple perspectives emerge. Firstly, there's the matter of
defining it, followed by determining methods for its measurement. In the design phase of a
machine, numerous factors must be weighed to establish the appropriate surface roughness
value, including functionality, tribology, fitting, lubrication, and aesthetic considerations.
Subsequently, consideration shifts to how the surface can be manufactured to meet these
requirements, culminating in an inquiry into estimating surface roughness based on production
process parameters.

Many parameters are used to describe the surface roughness based on standards (like 1ISO
21920), such as Rt which represents the maximum depth of the roughness Figure 1-1 (a), this
parameter is sometimes replaced with Rp and Rv which represent respectively, the height of
the highest peak and the depth of the lowest valley with respect to the mean Figure 1-1 (b). Rz
is another parameter of surface roughness, which can be defined as the sum of the average of
the five lowest valleys and the average of the five highest peaks Figure 1-1 (c). The parameter
that has a significant mathematical influence is the root mean squared Rg. Ra, on the other
hand, represents the arithmetic average Figure 1-1 (d) [15][17].
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Figure 1-1: Cusp height in case of a longitudinal turning and Z-level milling

The stylus stands out as one of the most prevalent tools for measuring surface 2D profiles
or 3D surfaces. Renowned for its reliability, versatility, and ease of construction, the three-
dimensional stylus remains a favored choice [18]. Its fundamental principle involves
converting the vertical movement of the stylus into electrical signals via a transducer. Equipped
with a pickup, the stylus traverses the surface at a consistent speed. Subsequently, the
transducer signal undergoes amplification, and the device duly records the signal [19].

The vertical range of a stylus is determined by the dynamic range of its transducer, while
the horizontal range relies on the length of the pickup traverse. Horizontal resolution, in turn,
is governed by the dimensions of the stylus. One of the primary advantages of the stylus lies in
its electrical signal output. However, this versatile tool is not without its drawbacks.
Complexity and fragility are among its notable disadvantages, along with its reputation for
being relatively costly [15].

In industrial settings, the quality of produced surfaces is a pivotal factor, influenced by
various parameters such as cutting conditions, workpiece material, cutting tool characteristics,
and the chosen cutting strategy [20]. Specifically, in ball end milling operations, cutting
conditions wield a profound impact on the machining process and directly influence surface



roughness. For instance, the axial depth of cut plays a crucial role in determining surface
roughness parameters such as Ra and Rt, particularly in the milling of hardened steels [21].

Furthermore, the width of cut and feed rate significantly affect surface roughness when the
milled part is perpendicular to the machined surface [22]. In Z-level milling of S355 steel, the
parameter Rz increases with the augmentation of feed and depth of cut [23].

Surface inclination angle also emerges as a key determinant of surface texture, with the
selection of an appropriate angle capable of reducing roughness [24]. Conversely, horizontal
surfaces may exhibit poor roughness due to suboptimal cutting conditions [23]. Additionally,
the chosen milling strategy has a notable impact on the final surface quality, with up-milling at
high tool feed and cutting width resulting in reduced surface roughness [22]. These factors
collectively underscore the intricate relationship between cutting conditions, milling
parameters, and the resulting surface characteristics in the ball end milling process.

Approaches for predicting surface roughness can be classified into three main categories as
follows:

1.5.1 Experimental approach

In this method, multiple factors are selected, and corresponding experiments are conducted.
Subsequently, the results are meticulously analyzed to discern the impact of each factor and its
influence on the observed characteristics. Typically, the gathered data is utilized to construct a
model employing regression analysis. Such an approach proves invaluable when cause-and-
effect relationships among the factors lack an analytical formulation. [19].

Kovac et al. [25] developed a power function-based model specifically for turning stainless
steel. The model considered parameters such as cutting speed, feed rate, and depth of cut.
Notably, feed rate exerted the most significant influence on surface roughness, while the effects
of cutting speed and depth of cut were comparatively minor.

The Taguchi method for Design of Experiments (DoE) and Response Surface Methodology
(RSM) stand out as the most commonly employed approaches for defining factors and levels
and predicting surface roughness.

The Taguchi method encompasses a predefined set of standard arrays, which dictate the
number of experiments to be conducted based on the factors and their respective levels. This
method offers the capability to explore both the linear effects of factors and certain interactions
among them[19] . TIhabadira et al. [26] employed this approach to optimize surface roughness
during milling operations. They utilized linear regression to analyze the Ra surface roughness,
considering factors such as feed rate, spindle speed, depth of cut, and cutting speed. Similarly,
Sharma and Dwivendi [27] investigated the impact of specific cutting parameters on surface
roughness during slot milling using the Taguchi method. Their findings revealed that feed rate
exerted the most significant effect, followed by spindle speed and depth of cut.

Response Surface Methodology (RSM) seamlessly combines statistical and mathematical
techniques to develop, refine, and optimize processes. This methodology is instrumental in
both process design and formulation. Typically, first and second-order models are employed
in RSM to effectively capture and analyze process behavior [28].

1.5.2 Artificial intelligence approach

Advancements in genetic algorithms (GAs), artificial neural networks (ANN), expert
systems, and fuzzy logic have facilitated the integration of artificial intelligence into surface
roughness prediction. Notably, among researchers, artificial neural networks (ANNs) and
genetic algorithms (GAs) emerge as the primary methods employed for this purpose. [19].
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Artificial neural networks (ANNSs) serve as mathematical modeling tools that mimic
biological neural networks. With their capacity to establish relationships between inputs and
outputs, ANNs have found widespread application in engineering for tasks such as
optimization, prediction, and classification. Typically composed of multiple layers of neurons
[29]. ANNs have been adopted by numerous researchers for various applications.

For instance, Deshpande et al. [30] utilized artificial neural networks to forecast the surface
roughness of Inconel 718 during turning, considering parameters such as cutting speed, feed
rate, and depth of cut. Similarly, Vasanth et al. [31] employed ANN to predict the surface
roughness of SS410 steel during hard turning.

The Genetic Algorithm (GA), rooted in evolutionary theory, synthesizes principles of
natural selection and genetics to solve optimization problems and achieve optimal solutions
with high probability. This mechanism, characterized by its simplicity, initiates by forming a
set of chromosomes. In the reproduction phase, favorable strings are selected. Subsequently,
each chromosome undergoes splitting, followed by recombination with halves from different
chromosomes. Mutation, involving the flipping of chromosomes, introduces variation. GA
generates offspring from selected parents, progressively evolving the population towards the
optimal solution. The process culminates when a chromosome with the best fitness criteria is
reached [32].

Li et al. [33] utilized the Genetic Algorithm to predict the surface roughness of GH4169
during turning. Specifically, the GA was employed to determine the parameters of the power
function of Ra, enhancing predictive accuracy.

Zhou et al. [34] conducted an investigation into the turning process, varying parameters
such as cutting speed, feed rate, and depth of cut. They developed a surface roughness
prediction model using the genetic-gradient boosting regression tree method, based on
measured data.

In a similar vein, Savkovic et al. [35] proposed a neural network-based model to predict
surface roughness in face milling. They considered input parameters including cutting speed,
feed per tooth, and depth of cut, each explored across five levels. Utilizing measured data, they
compared the efficacy of fuzzy logic and power function models against the neural network-
based approach, which demonstrated superior performance.

1.5.3 Machining theory-based approach

In this approach, emphasis is placed on various aspects of machining theory, including
cutting tool properties, process kinematics, and chip formation. Utilizing computer-aided
design (CAD) methods, models are constructed to simulate the formation of machined surface
profiles. This process typically yields a geometric model based on rigorous mathematical
equations. Subsequently, computer algorithms are employed to implement these models and
manage complex calculations. However, due to inherent limitations, these models may lack
accuracy, necessitating the introduction and examination of additional parameters in many
cases. [19].

Kundrak and Felh¢6 [36] introduce a geometric modeling approach for face milled surfaces
using CAD systems. This method enables the consideration of geometric errors, such as runout,
associated with the milling cutter [37]. The theoretical Ra parameter can then be calculated
based on the CAD model of the machined surface, factoring in the number of teeth and potential
errors.



In a similar way, Meijer et al. [38] present an analytical geometric model for face milled
surfaces. Their model incorporates the contour of the cutting edge and is compared against a
simulation-based model that accounts for the entire path of the cutting edge.

1.6 Objective of the thesis:

The principal objective of this thesis was to optimize the tool path for end ball milling of
free-form surfaces. The specific goals were pursued through two distinct strategies:

1. Dynamic Spindle Speed Control:

I.  Investigated the impact of dynamically changing the spindle speed during the
milling process, taking into account the milling diameter at each point.

ii.  Assessed how varying the spindle speed influenced the cutting speed, with the
aim of ensuring minimal changes in the working diameter throughout the
machining operation.

iii.  Developed and implemented a methodology, utilizing a Python program, to
dynamically adjust the spindle speed along the tool path for optimal milling
performance.

2. CAM System Tool Path Optimization:

i.  Explored the utilization of a Computer-Aided Manufacturing (CAM) system to
generate a tool path that minimizes the change in the tool's effective diameter.

ii.  Investigated the selection of appropriate milling directions from point to point
on the path to achieve a smoother and more consistent machining process.

iii.  Developed a systematic approach, possibly through the enhancement of a
Python program, to integrate CAM-generated tool paths that prioritize minimal
changes in the tool's effective diameter.

To visually illustrate the concepts of these two strategies, Figure 1-2 presents a schematic
representation of the dynamic spindle speed control and CAM system tool path optimization
methods. As shown in the figure, a key step in both strategies involves calculating the working
diameter for each point. In the context of spindle speed control, this calculation aids in
determining the spindle speed required to maintain a constant cutting speed. Conversely, in
tool path planning, this calculation assists in selecting the next point on the path, ensuring
minimal changes in the working diameter and, consequently, minimizing variations in cutting
speed.
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Figure 1-2:1llustrating the Concept of Tool Path Optimization Strategies.

By addressing these objectives, the thesis aimed to contribute to advancements in tool path
optimization for free-form surface milling. While the dynamic spindle speed control strategy
was fully implemented and analyzed, the CAM system tool path optimization, although
explored conceptually, did not undergo experimental validation.

The result of the project signifies a step forward in understanding and implementing
advanced tool path optimization strategies for ball-end milling. Future work may involve
further experimentation and refinement of the CAM system tool path optimization, building
upon the groundwork laid in this thesis.

1.7 Scope and limitation

1.7.1 Scope

The scope of this thesis encompasses the optimization of tool paths for end ball milling of
free-form surfaces, focusing on two primary strategies: dynamic spindle speed control and
CAM system tool path optimization. The research aims to advance understanding and
implementation in these specific areas, contributing insights and methodologies for improving
machining efficiency and surface quality.

1.7.2 Limitations:

1. Experimental Validation: While the dynamic spindle speed control strategy has
been fully implemented and analyzed, the CAM system tool path optimization is
conceptual, lacking experimental validation in the current study.

2. Specific Milling Context: The findings and recommendations are tailored to the
context of end ball milling for free-form surfaces, and their direct applicability to
other milling processes or machining contexts may require further investigation.

3. Software and Hardware Constraints: The effectiveness of the proposed
methodologies is influenced by the capabilities and limitations of the software tools
and CNC hardware used in the study. Generalization to different platforms may
necessitate adjustments.

4. Material Specificity: The research primarily considers the milling of free-form
surfaces in various materials. The applicability of the proposed strategies may vary
based on specific material properties and cutting tool considerations.



5. Single-Tool Focus: The study predominantly concentrates on optimizing tool paths
for end ball milling using a specific type of cutting tool. The extension of findings
to other tool types may require additional exploration.

By acknowledging these limitations, the study ensures a focused and realistic approach
while providing valuable insights within the defined scope.

1.8 Revised research gap:

1. Sparse Attention to Dynamic Spindle Speed Control: While various tool path
optimization methods have been discussed, there is a scarcity of research
specifically addressing dynamic spindle speed control in the context of end ball
milling. This study aims to fill this gap by investigating the implications and benefits
of adjusting spindle speed dynamically during the milling process.

2. Limited Insight into Working Diameter Calculation and Its Impact: Existing
literature lacks in-depth exploration of the working diameter calculation and its
direct impact on tool path optimization. This research addresses this gap by delving
into the intricacies of working diameter calculations, emphasizing their role in
determining optimal spindle speeds and influencing overall machining efficiency.

By identifying and addressing these research gaps, this thesis aims to contribute a more
nuanced understanding of tool path optimization for end ball milling of free-form surfaces,
with specific emphasis on dynamic spindle speed control, CAM system tool path optimization,
and the intricate effects of working diameter calculations on machining outcomes.

To provide a visual overview of the comprehensive work done, Figure 1-3 represents a
roadmap outlining key milestones throughout my research. Each node represents a pivotal step,
interconnected to trace the path of my contributions. As we delve deeper into the following
chapters, this graphical representation will guide the reader through the dynamic landscape of
my work.
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2 State of the art

Free-form surfaces, unlike typical surfaces, lack translational symmetry or axes of rotation
and are extensively used in industries such as automotive, aerospace, consumer products, and
die/mould manufacturing [39][40]. These surfaces can be produced through forming methods,
cutting methods, and additive manufacturing [41]. In mass production, forming methods often
require moulds and dies, which are primarily manufactured using cutting methods like milling
or electric discharge machining (EDM). Milling methods are also employed in machining EDM
electrodes [42] [43]

Despite advancements in science and technology, milling free-form surfaces remains
challenging due to the continuous change in contact between the cutting tool and the workpiece,
leading to fluctuations in the tool's working diameter and cutting speed, which in turn affect
surface quality [42], [43].

The primary tool for machining freeform surfaces, especially for finishing and pre-
finishing, is the ball-end cutter. This tool is favored for its extended product life, high-precision
machining, low manufacturing cost, axial feeding capability, and unique cutting-edge shapes
(Helix-type, S-type, etc.) [44], [45], [46], [47].

However, when using a 3-axis milling machine, distinctions arise between the nominal and
working (or effective) diameter of the ball-end cutter. This discrepancy is influenced by various
parameters, including cutting parameters, workpiece inclination, and cutting strategy.
Consequently, determining the working diameter that aligns with the process parameters is
crucial for achieving the desired product quality.

2.1 Influence of cutting parameters:

The productivity of the milling process for freeform surfaces is determined by various
machining conditions, such as the cutting tool properties, cutting parameters, and the applied
tool path strategy. These parameters significantly affect both the micro- and macro-accuracy
of the machined surface. To enhance machining performance and reduce production costs,
several optimization methods can be employed.

Radhwan et al. [48] investigated the impact of various cutting parameters, such as cutting
speed, feed rate, and depth of cut, on surface roughness. Their results indicate that both cutting
speed and feed rate significantly influence surface roughness. Similarly, De Souza et al. [49]
explored the influence of working diameter on cutting force, chip removal, and surface
roughness, highlighting a decrease in surface roughness with higher cutting speeds. Miké and
Beno [50] examined the impact of the inconstant effective diameter on surface roughness,
reinforcing the importance of optimizing cutting parameters. Seikh et al. [51] examined the
synergistic effects of cutting parameters on surface roughness in ball-end milling of oxygen-
free high conductivity (OFHC) copper, identifying axial and radial depth of cut as the most
influential parameters, followed by feed rate. Zhang et al. [52] delved into examining the
impact of ball-end tool speed on the milling process, elucidating the relationship between
cutting speed, feed direction, and inclination angle during free-form surface milling. Their
findings underscored the pivotal role of cutting speed in influencing cutting force and chip
formation. Varvruska et al. [53] proposed a method to regulate both cutting speed and feed
rate, ensuring a consistent cutting speed. This approach contributed to enhancing the milling
process efficiency by reducing machining time. Moreover, Késemodel et al. [54] successfully
reduced surface roughness and machining time by controlling spindle speed. In their
methodology, spindle speed adjustment was facilitated by an algorithm dependent on the
Grasshopper application within Rhino3D software, which obtained the normal vector of the
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surface. Moreover, Mali et al. [55] delved into investigating the impact of cutting parameters
and tool-path strategies on tool wear, cutting forces, and surface quality during the milling of
curved surfaces.

Additionally, the orientation and inclination of the tool play critical roles in machining
outcomes. Wojciechowski et al. [56] analyzed forces and process efficiency during the
machining of hardened 55NiCrMoV6 steel using ball-end milling, finding that surface
inclination notably affects cutting forces. Yao et al. [57] studied the influence of tool
orientation on the surface of the TC17 titanium alloy, emphasizing the importance of tool
orientation on surface roughness during ball-end milling. Gao et al. [58] investigated the effect
of the tool inclination angle on surface roughness when machining the titanium alloy Ti-6Al-
4V using a ball-end mill. They noted that tilting the tool significantly affects groove quality
and employing an appropriate inclination angle can reduce surface roughness and improve
form. Daymi et al. [59] emphasized the importance of inclination angle in ball-end milling
when machining the titanium alloy Ti-6Al-4V. Additionally, Habibi et al. [60] and Burek et al.
[61] emphasized tool orientation and directional changes to improve machining accuracy.
Wojciechowski et al. [24] examined the effect of tool inclination on working diameter during
ball-end milling, revealing that larger working diameters result in minor surface roughness,
which decreases with increased cutting. Belguith et al. [62] explored the effect of tool bending
on cutting force magnitude in ball-end milling, observing a decrease in uncut thickness with
increasing tool bending due to equivalent radius diminution. Sadilek et al. [63] compared the
quality of the surface roughness in the case of 3-axis and 5-axis milling machines, noting
smaller deviations in accuracy with 5-axis milling. However, this deviation is higher in the case
of 3-axis machines.

Building upon these insights into cutting parameters, the optimization of milling parameters
has become a key focus in recent studies. Mersni et al. [64] used the Taguchi method to
optimize the milling parameters to obtain a better surface finish using ball-end milling of a
titanium alloy Ti-6Al-4V. They pointed out that the radial depth of cut (ap) is the most
important factor followed by the cutting speed (vc) and then the feed per tooth (f;). Matras and
Zebala [65] optimized the cutting data and tool path pattern for machining the freeform surface
of hardened steel using a ball-end mill, demonstrating that surface roughness and cutting-force
components can be controlled by adjusting the feed rate based on the locally machined cross-
sectional area. Fan [66] investigated the variation in cutting speed during the machining of
sculptured surfaces using 3-axis ball-end milling, noting its significant impact on surface
quality and tool longevity. Krajnik and Kopac [67] proposed a method to calculate the working
diameter when using a ball-end milling cutter, emphasizing feed rate optimization to minimize
tool load, with modifications made directly to the G-code.

2.2 Modeling and analysis:

In the realm of the manufacturing process, engineers grapple with two primary practical
challenges. The initial challenge involves determining the values of process parameters that
guarantee the desired product quality, aligning with technical specifications. The second
challenge revolves around the optimization of manufacturing system performance, ensuring
efficient resource utilization. In this context, researchers typically strive to create a model for
the machining process, a mathematical equation illustrating the relationship between process
parameters (decision variables) and machining performance (responses). Essentially, models
fall into three categories: geometric models, analytical models, and Artificial Intelligent (Al)
based models.

In the context of manufacturing industry, geometric models can be developed by
emphasizing one or more aspects of machining theory, such as cutting tool properties, process
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kinematics, and chip formation. Computer-aided design (CAD) methods are used to build the
model that simulates the machined surface profile formation. Vyboishchik [68] presented a
geometric model of the surface topology in the case of flat, concave (CV) and convex (CX)
surfaces, highlighting the significant impact of surface inclination. Lotfi et al. [69] utilized this
approach to compute cutting forces by determining the precise engagement region and
instantaneous undeformed chip thickness. Similarly, Forootan et al. [70] introduced a model to
calculate the cutter-workpiece engagement area and cutting forces for a ball-end tool. Feng and
Su [71] proposed a model for calculating instantaneous cutting forces, incorporating static
cutting system deflection feedback in 3D ball-end milling. Ko and Cho [72] utilized
instantaneous cutting force parameters to develop a model for forces in ball end cutter
applications. Ghorbani and Movahhedy [73] presented a model for calculating cutter-
workpiece engagement boundaries in ball-end milling. In their study, Wei et al. [74] introduced
a cutting force prediction approach for 3-axis ball end milling of sculptured surfaces with Z-
level contouring tool paths. Addressing challenges in sculptured surface machining, Wei et al.
[75] presented a unique method for predicting cutting forces in three-axis ball-end milling.
Nishida et al. [76] introduced a distinctive approach to calculating uncut chip thickness,
utilizing a voxel model to describe both the workpiece and cutting edge. In the realm of
predicting working diameter, Miko and Zentay [77] presented a geometric model, later
simulated using Matlab by Mgherony and Miko [78].

Analytical models, utilizing conventional approaches like the regression technique, have
been applied innovatively in various studies. Cheng et al. [79] employed this approach to
develop a new model predicting surface residual stress. In a similar vein, Lu et al. [80] utilized
a Gaussian process regression model for accurate prediction of Ra surface roughness in
compacted graphite cast iron. Addressing the intricacies of three and five-axis ball-end milling,
Xu et al. [81] introduced a model to develop surface topography. This innovative model
incorporates a discrete sweeping surface of the cutting edge, integrating time-varying feed
speed profiles, thereby overcoming limitations in existing models. Denkena et al. [82] applied
this method in their study, introducing a simulation approach that combines material removal
simulation (MRS) and an empirical model to predict post-milling surface topography.
Furthermore, Wojciechowski [83] contributed to this field by presenting a refined cutting force
model specifically tailored for finishing ball end milling. This model factors in various
elements such as cutting conditions, surface inclination angle, and cutter runout. Additionally,
Baburaj [84] developed a predictive model for estimating cutting forces during the machining
of free-form surfaces using a three-axis ball-end milling machine. Their model demonstrated
effectiveness, with predicted cutting forces falling within an acceptable range of error.

While Al-based models, incorporating non-conventional techniques like Artificial Neural
Network (ANN), have been instrumental in various studies. Santhakumar and Igbal [85]
employed a neural network to develop a model, focusing on predicting surface roughness,
specific cutting energy, and temperature during end milling operations with the trochoid
toolpath strategy for AISI D3 steel. Concurrently, Lin et al. [86] introduced a model for surface
roughness in end milling, considering cutting parameters and machining vibration. Xie et al.
[87] presented an ANN-based model for spindle speed power. Proposing an intelligent
prediction model, Kannadasan et al. [88] utilized the ANFIS model to predict performance
indexes like average surface roughness and geometric tolerances in milled products.
Additionally, Shankar et al. [89] employed artificial intelligence to forecast the wear of the
cutting tool during milling processes.
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2.3 Tool path strategies

The term “tool path” denotes the specific trajectory along which a machine’s cutting tool
moves to shape the desired surfaces [90]. Typically, Computer-Aided Manufacturing (CAM)
systems are employed to generate this tool path for guiding CNC machines. This process gains
even greater significance in the context of machining free-form surfaces, which have become
increasingly prevalent across various industries like die and mold manufacturing, aerospace,
and automotive production. Consequently, the automated generation of tool paths has assumed
paramount importance since surface quality and machining efficiency hinge on the chosen tool
path [91]. Various tool path planning strategies exist, including the iso-parametric line method,
iso-scallop method, and iso-metric section plane method, among others [92]. However, these
methods often lack clear guidance for selecting the optimal strategy. Thus, users are compelled
to rely on a trial-and-error approach, which not only consumes time but is also suboptimal and
prone to errors [93].

Hence, the paramount importance lies in devising an efficient and adaptable intelligent
method for the individualized generation of tool paths customized to each specific surface.
Nevertheless, the development of such a system presents a formidable challenge owing to the
multifaceted variables influencing the machining of free-form surfaces, encompassing factors
such as surface inclination, cutting speed, and various cutting parameters. This underscores the
imperative for an advanced tool path planning approach capable of effectively addressing these
intricate parameters to enhance surface quality and machining efficiency.

Many studies in this field primarily focus on optimizing cutting conditions through suitable
milling strategies. While these approaches work well for machining numerous parts, they face
challenges in achieving satisfactory surface quality on complex surfaces. For instance,
Magalhaes and Ferreira [91] investigated different tool path strategies for machining complex
geometries from hardened H13 steel, finding that tool path significantly affects surface
roughness of complex surfaces. Izol et al. [94] emphasized the importance of milling strategies,
suggesting that applied strategies exert a greater influence on surface roughness than the width
of cut. Buj-Corral et al. [21] investigated surfaces at various slopes, recommending
conventional milling for high-depth cuts and speeds, and ascendancy for reducing surface
roughness, while preferring climb milling for descendent trajectories. J. Varga et al. [95]
conducted a comparative study on four milling strategies using a ball-end tool and found that
the constant Z strategy minimized shape deviations, resulting in an unoriented surface. D.-D.
Vu et al. [96] optimized tool paths for sculpted surfaces during three-axis end milling, reducing
tool path length by 20% compared to conventional methods. G. Huo et al. [97] introduced an
innovative approach for generating tool paths for free-form surfaces using a three-axis
machine, ensuring alignment with desired feed directions across the entire surface.

In a different approach, A. Kukreja and S. S. Pande [98] developed a machine learning
system that selects the best toolpath planning strategy for CNC machining complex surfaces
using performance parameters and a Convolutional Neural Network (CNN), achieving 96.8%
accuracy. Simultaneously, U. Zuperl et al. [99] presented a cloud-based system for real-time
tool condition monitoring during end milling, employing 10T, an optical system, and Al to
detect cutting chip size and analyze cutting force trends, achieving 85.3% accuracy in
identifying tool breakage. Furthermore, J. Zhang et al. [100] developed an optimization model
to plan tool paths, aiming to minimize path length while considering tolerance and complete
milling constraints. In the study by Kukreja and S. Pande, [101], an optimized tool path was
introduced utilizing the iso-scallop approach. Furthermore, the algorithm in the research offers
two distinct strategies: iso-scallop and hybrid iso-scallop. This methodology involves the
stitching and refinement of overlapping toolpaths. Meanwhile, in the study by Liu et al. [102],
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a highly efficient method for generating iso-scallop tool paths was presented. This method
directly computes scallop points and cutter location (CL) points for iso-scallop paths from
scattered data points using iterative algorithms, eliminating the need for point offsetting surface
fitting. Remarkably, this new approach has highlighted superior efficiency when compared to
their previous method [103]. These distinct research endeavors collectively contribute to
advancing tool path optimization and machining efficiency.

2.4 Classifying milling studies in light of the use of design of
experiments

The design of experiments (DOE) is a powerful statistical methodology used to plan,
conduct, analyze, and interpret controlled tests to evaluate the factors that may influence a
particular outcome or set of outcomes. In the context of milling studies, DOE helps in
systematically investigating the effects of multiple variables and their interactions on the
milling process. This section classifies milling studies based on their use of DOE, highlighting
the various approaches and their contributions to optimizing milling processes [104].

Selecting the right design of experiments helps achieve the goal of gaining the most
information from these experiments. In manufacturing, it is not always possible to study all
parameters and their effects on the output due to constraints such as time and cost. This
necessity makes the use of Design of Experiments essential in investigating output parameters
and obtaining the required manufacturing information through a minimal yet appropriate
number of experiments [105].

In Figure 2-1, you can observe the various factors and the corresponding output response
of the process. Each factor is associated with multiple levels. The number of levels may vary
based on the specific experimental objectives, typically ranging from 2 to 5. Conversely, the
number of factors and their respective levels play a crucial role in determining the appropriate
approach for conducting Design of Experiments [105]. In the next chapters, four approaches
of Design of Experiments will be discussed.

Controllable
Factors

\ 4

Input ‘ Process ‘ Output

Uncontrollable

Factors

Figure 2-1: Factors and output of a process.

2.4.1 Full factorial design

In the case of full factorial design method, all the factors and their interactions are
investigated. The number of levels is usually 2 and rarely 3. If the number of levels equals 2,
the linear effect of the factors should be investigated. In case of 3 or more, not only the linear
effects but also the quadratic effects of each factor should be studied.

The number of required experiments is calculated as n¥, where (k) represents the number of
factors, and (n) signifies the number of levels for each factor. For instance, if we have three
factors, each with two levels, the total number of experiments amounts to 8. In this scenario,
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all potential combinations of factors at all levels are thoroughly examined. A full factorial
design is well-suited when the number of factors is four or less. [106].

Many researchers rely on this method to identify the most influential factors that have a
significant impact on the output. For example, in a study conducted by Noorani, Farooque and
loi [107], the effect of four factors, namely spindle speed, depth of cut, feed rate, and tool size,
on the surface roughness of aluminum alloy 6061 was investigated. Their findings revealed
that feed rate and tool size have a substantial influence on surface roughness. The least surface
roughness occurs when spindle speed and depth of cut are set to their highest levels, and the
feed rate is kept low.

In a separate study focusing on tool life using the same workpiece material, M. Kasim et
al. [108] identified cutting speed as the most critical factor affecting tool life. They observed
that increasing cutting speed leads to a decrease in tool life. An optimum tool life of 97 minutes
was achieved with a cutting speed of 115 m/min, a feed rate of 0.15 mm/tooth, and a depth of
cut of 0.5 mm.

Furthermore, Kiran and Kumar [109] conducted a multi-objective optimization study. They
found that the lowest total cost and the maximum tool life of 170.19 minutes could be achieved
by setting the feed rate to 0.3 mm/rev, cutting speed to 50 m/min, and depth of cut to 0.3 mm.

In another investigation, Lakshmi and Subbaiah [110] explored the impact of cutting speed,
feed rate, and depth of cut on surface roughness. Their results indicated that feed rate had the
primary effect on surface roughness, followed by cutting speed. Additionally, they performed
a multi-objective optimization with the aim of maximizing metal removal rate (MRR) and
minimizing surface roughness (Ra). The optimal conditions were found to be a feed rate of 800
mm/min, a cutting speed of 160 m/min, and a depth of cut of 0.5 mm.

Shahrajabian and Farahnakian [111] explored the influence of several factors on surface
roughness and machining forces in CFRPs, maintaining the same factors but replacing cutting
speed with spindle speed. Their findings were as follows: as the feed rate increased, surface
roughness also increased, whereas it decreased with spindle speed. Likewise, when the feed
rate increased, machining forces rose, but they decreased with spindle speed.

In a similar vein, Abbas et al. [112] investigated the impact of these same factors on the
surface roughness of high-strength steel and conducted a multi-objective optimization aimed
at maximizing metal removal rate while minimizing surface roughness (Ra). They determined
the optimal parameters to be a depth of cut of 1.0 mm, spindle speed of 1250 rpm, and feed
rate of 67 mm/min, resulting in a composite desirability of 0.83, which yielded Ra = 0.15 um
and MRR = 233.3 mm3/min.

On the other hand, Vipindas et al. [113] obtained different results based on tool diameter.
When using a 0.5 mm tool diameter, they found that the most significant factor affecting
surface roughness was the depth of cut, followed by spindle speed and feed rate. The interaction
between feed rate and spindle speed had a notable impact. However, when using a 1 mm tool
diameter, their results aligned with those of other studies. In both cases, the interaction between
feed rate and spindle speed significantly affected surface roughness.

Deshmukh et al. [114] delved into material removal rate and found the following outcomes:
surface roughness is predominantly influenced by feed rate, while material removal rate is most
affected by the depth of cut. They observed a proportional relationship between material
removal rate and surface roughness. Notably, the minimum surface roughness (Ra = 1.2 um)
was achieved with a feed rate of 250 m/min, a depth of cut of 0.2 mm, and a spindle speed of
600 rpm. Conversely, maximum material removal (29.214 mm3/s) occurred at a feed rate of
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300 m/min, a depth of cut of 0.6 mm, and a spindle speed of 800 rpm. They also determined
the minimum time required for maximum material removal rate to be 13.03 seconds.

Bolar, Das and Joshi [115] explored the impact of tool diameter, feed rate, and axial and
radial depth of cut on surface roughness, revealing several findings:

1. The best surface finish was achieved with lower values of feed rate, axial depth of
cut, and radial depth of cut when using an 8 mm tool diameter.

2. Tool diameter had a significant effect on both surface roughness and cutting force.

3. Tool breakage was observed when using a 4 mm diameter tool with high depth of
cut and feed rate.

Miko and Nagy [116] focused on the effect of tool corner radius, feed rate, and depth of cut
on surface roughness, and summarized their results as follows:

1. The impact of depth of cut and feed rate was similar.

2. A higher feed rate had a minor effect on surface roughness but slightly improved
surface accuracy.

3. Increasing the depth of cut negatively affected both investigated parameters.

4. A larger tool corner radius reduced surface roughness but increased surface error.

Table 2-1 provides a summary of studies utilizing full factorial design. It is evident that the
number of input factors is three in eight studies, with only two studies incorporating four input
factors. However, the number of levels varies across the research; some studies have 2 levels,
others 3 levels, and one study employs 4 levels. Notably, the highest number of required
experiments across these studies is 3 (81).

In the context of milling machines, feed rate, depth of cut, spindle speed, and cutting speed
emerge as the most crucial factors. Furthermore, surface roughness (Ra) is the predominant
output variable in the majority of these investigations. Using full factorial design helps studying
all the possibilities of the levels of the factors. It gives enough information about the output
response of the process. However, a limitation of this method is that the number of experiments
required increases with the number of factors and their levels. This can make applying the
method impractical in some cases due to constraints on time and cost. In such cases, another
method could be chosen like fractional factorial design which will be discussed in the next
chapter.

Table 2-1: Full factorial design in milling machine experiments

Work piece No. No. Response
Author/ year Materr)ial Input Factors levels | Experiments Var?ables
Noorani AL 6061 Spindle Speed 2 24 Surface
Farooque Depth of Cut 3 replications | roughness Ra
loi Feed Rate
2009 [107]. Tool Size
Lakshmi EN24 alloy Cutting speed 3 33 Surface
Subbaiah steel Feed rate no replication | roughness Ra
2012 [110] Depth of cut Material removal
rate
Kiran AISI 304 Cutting speed 3 33 Tool life
Kumar Stainless Feed rate Total cost
2013 [109] Steel Depth of cut
Kasim et al. AL 6061-T6 Cutting speed 2 23 Tool life
2015 [108] Feed rate no replication
Depth of cut
Shahrajabian CRFP Spindle speed 3 33 Surface
Farahnakian Feed rate no replication | roughness Ra
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2015 [111] Depth of cut Machining force
Vipindas Titanium Spindle speed 3 332 Surface
Kuriachen alloy Ti-6Al- | Feed rate no replication | roughness Ra
Mathew 4V Depth of cut Top burr
2016 [113] Tool type 2 formation
Abbas et al. High strength | Spindle speed 4 33 surface roughness
2016 [112] steel Depth of cut no replicate Ra and Rt
Feed rate Material removal
rate
Deshmukh et al. | AISI 1020 Cutting speed 4 3%x4 Surface
2017 [114] Mild Steel no replication | roughness Ra
Depth of cut 3 Material removal
Feed rate rate
Bolar AL 2024-T35 | Tool diameter 3 34 Surface
Das Feed rate no replication | roughness R,
Joshi Axial depth of Cutting force
2018 [115] cut
Radial depth
of cut
Miké C45 steel Tool’s corner 3 2%%3 Surface
Nagy radius no replication | roughness Ra
2019 [116]
Feed rate 2
Depth of cut

2.4.2 Fractional factorial

In the industry, the constraints of time, resources, and budget are of paramount importance.
This practical consideration often renders full factorial experiments unfeasible, especially
when dealing with a large number of factors. As an alternative, fractional factorial design is
implemented, allowing researchers to conduct a reduced number of experiments to obtain
crucial information about main effects and desired interaction effects. This approach involves
omitting the investigation of certain interactions that are considered less significant[106].

The number of experiments in a fractional factorial design can be calculated using the
formula nP, where 'n' is the number of levels, 'k' is the number of factors, and 'p' is the exponent
indicating the fraction of the full factorial design being used. For two-level factors, the formula
simplifies to 2k, Here, %P denotes the fraction of the full factorial design being conducted. For
example, when 'p' equals 1, it results in a half-fractional factorial design. Thus, with 3 factors
at 2 levels, only four experiments are needed, which is half the number required for a full
factorial design.[117].

Below, we review some studies that have employed fractional factorial design in the context
of milling machinery:

Saini and Pradhan [118] applied this method to investigate the impact of four machining
parameters (speed, feed, depth of cut, and coolant) on high carbon alloy steel. Their findings
revealed that the depth of cut had the most significant effect on material removal rate, followed
by feed, the interaction effect of depth of cut and feed, and, lastly, the impact of coolant. The
optimal result for material removal rate was achieved at 52.1512 gm/min, with a depth of cut
of 3.0 mm, a feed rate of 0.15 mm/tooth, and the use of coolant.
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Conversely, Catherine, Ma’arof and Suresh [119] considered five factors (depth of cut, feed
rate, step-over, spindle speed, and plunge rate) in their study on surface roughness. They found
that step-over had the most significant influence on surface roughness.

Tseng et al. [120] employed a half fractional design to explore the impact of five factors
(cutting speed, feed rate, depth of cut, nose radius, and cutting fluid) on surface roughness.
Their research highlighted that the most critical factors were feed rate, cutting speed, and depth
of cut.

El-Taybany et al. [121] conducted a study involving two levels for six factors, focusing on
the cutting forces and moment as the experiment outputs. Their findings can be summarized as
follows:

e The application of cutting fluid had a significant impact on cutting forces. It was
observed that when cutting fluid was used, the moment decreased while cutting
forces increased. A similar effect was noted when ultrasonic vibration was applied,
resulting in a reduction in moment and an increase in cutting forces.

e Feed rate, spindle speed, and depth of cut were identified as key factors affecting
cutting forces. Increasing the depth of cut and feed rate led to higher cutting forces,
while decreasing the spindle speed had a similar effect.

Table 2-2 presents five studies that employed fractional factorial design. It is apparent that
the number of factors considered in these studies exceeds the number of factors in Table 1.
Three of these studies utilized half fractional factorial designs, with two of them having 5
factors and one with 6 factors.

Fractional factorial design proves to be an invaluable tool for investigating the most
influential factors with primary effects on the output. When time and cost constraints are
present, this approach becomes necessary, as it provides a wealth of information with fewer
experiments compared to a full factorial design. However, it is worth noting that this method
may Yield insufficient information processes, and a prior understanding of the main factors to
be studied is essential.

Table 2-2: Fractional factorial design in milling machine experiments

Author/ year Work No. Input Factors No. Fractional Response
piece Fact levels Design Variables
material | ors

Saini EN-31 4 Speed 2 241 Material
Pradhan Feed no removal rate
2014 [118] Depth of cut replication

Coolant
Catherine etal | PE board 5 Depth of cut 2 2571 Surface
2015 [119] Feed rate no roughness R,

Step-over replication

Spindle speed

Plunge rate
Tseng AL 6061 5 Cutting Speed 2 2571 Surface
Konada T6 Feed rate 3 roughness Ra
Kwon Depth of cut Nose replications
2015 [120] radius

Cutting fluid
El-Taybany Soda 6 Spindle speed 2 2671 Cutting forces
Hossam glass Feed rate 2 and the moment
El-Hofy Depth of cut replications
2017 [121] Ultrasonic

vibration
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Grain structure
Cutting Fluid

2.4.3 Taguchi method

This method, developed by Dr. Taguchi, a renowned Japanese engineer, has gained
widespread popularity for its revolutionary approach to enhancing product quality in the
industry. Central to Taguchi's methodology is the concept of the "loss of society," emphasizing
that both society and individual firms suffer when well-made products do not perform as
effectively as they could [117].

According to Taguchi's perspective, the journey to improving product quality commences
with bringing the population distribution closer to the target value. Subsequently, the focus
shifts to minimizing variation around this target [122].

Dr. Taguchi's approach incorporates a set of standard orthogonal arrays, which serve to
determine the number of experiments to be conducted. The choice of the most suitable array
depends on the number of factors and their respective levels [117]. By using these arrays, it
becomes possible to examine the linear effects of the factors and relevant interactions among
them.

Taguchi's method also accounts for noise or uncontrollable factors, often disregarded due
to economic constraints and their perceived minimal impact on process responses. However,
by including these factors, Taguchi developed a robust design [19]. In this robust design, an
outer array represents the noise variables, integrated with an inner array that represents the
main factors [117].

Now, let's delve into some research examples where this approach was employed in
investigations within the field of milling machines.

Singh and Mall [123] conducted a study to optimize the surface roughness of aluminum by
investigating the effects of cutting speed, feed rate, and depth of cut. Their findings indicated
that the most crucial factor for surface roughness was the feed rate, followed by cutting speed
and depth of cut.

In a separate study, Ramesh [124] focused on minimizing cycle time during the machining
of stainless steel AISI 304 by examining the spindle speed, feed rate, and depth of cut. The
results of this research revealed that, for cycle time, the spindle speed emerged as the most
significant factor, followed by feed rate and depth of cut, while in terms of surface roughness;
the feed rate was identified as the primary influencing factor.

Malay et al. [125] explored the same factors to optimize the milling process for machining
Al 6351. Their results diverged from previous findings as they highlighted that spindle speed
was the most critical factor in modeling surface roughness. However, Ghalme, Mankar, and
Bhalerao [126] emphasized that achieving the optimal surface roughness was contingent on
specific values: spindle speed = 200 rpm, depth of cut = 1.2 mm, and feed = 40 mm/min.

In a study by Ratnam et al. [127] the effects of process factors on surface roughness, surface
hardness, and tool vibrations were investigated. Their findings can be summarized in the
following three points:

1. The most influential factors for surface roughness were the feed rate and tool speed.
2. For surface hardness, tool speed and depth of cut played the most significant roles.
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3. In the context of orthogonal turn-milling, depth of cut had a vital impact on surface
hardness and tool vibrations, while in tangential turn-milling, tool speed emerged
as the most crucial factor.

In their research, Gupta, Krishna and Suresh [128] concentrated on the flatness of the
workpiece. Their study revealed that increasing spindle speed and feed rate led to a reduction
in flatness, while an increase in depth of cut resulted in higher flatness values. In their study
Kumar et al [129] found that, the most important factor is spindle speed, then depth of cut and
feed.

Conversely, Sosa, Makwana and Acharya [130] not only considered surface roughness but
also examined material removal rate. They found that feed rate had the most significant effect
on material removal rate, while cutting speed primarily influenced surface roughness.

In another investigation conducted by Kim and Lee [131], cutting force and tool wear were
studied alongside surface roughness. The key findings are as follows:

1. Spindle speed played a major role in tool wear.
2. Depth of cut had the most significant impact on cutting force.
3. Feed rate was the primary influencing factor for surface roughness.

In an attempt to minimize energy consumption while maintaining surface roughness,
Ahmed and Arora [132] concluded that spindle speed was the most important factor for surface
roughness, while feed rate had the most significant effect on energy consumption.

Table 2-3 shows that the L9 orthogonal array is the most commonly used, especially when
dealing with three levels and either four or three factors. This choice aligns well with
investigating surface roughness, given that the most critical factors for surface roughness are
spindle speed, depth of cut, and feed rate, as indicated in Table 2. For a higher number of factor
levels, orthogonal arrays such as L16 and L25 are more suitable.

The Taguchi method emphasizes achieving a target value rather than merely conforming to
specified limits, which has significantly improved product quality. It enables the analysis of
multiple factors with a minimal number of experiments and allows for a focus on key factors
while ignoring less important ones.

Table 2-3: Taguchi design in milling machine experiments

Author/ year Work No. Input factors No. Ortho- Response variables
piece factors levels gonal
material matrix
Singh AL 3 Cutting speed 3 Lo Surface roughness
Mall Feed rate
2015 [123] Depth of cut
Ramesh AISI 304 3 Spindle speed 3 Lo Surface roughness
2015 [124] Stainless Feed rate Cycle time
steel Depth of Cut
Malay et al. AL 6351 3 Spindle speed 3 Lo Surface roughness
2016 [125] Feed rate
Depth of cut
Ghalmel GFRP 3 Spindle speed 3 Lo Surface roughness
Mankar Feed rate
Bhalerao Depth of cut
2016 [126]
Ratnam et al. Extruded 3 Tool speed 4 Lis Surface roughness
2016 [127] brass Feed rate Surface hardness
(leaded) Depth of cut Tool vibrations
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Gupta AL/Si 4 Spindle speed 3 Lo Flatness
Krishna alloy Feed Rate
Suresh Depth of Cut
2017 [128] Step over ratio
Kumar et al. Al2024- 4 Spindle speed 3 L27 Surface roughness
2017 [129] SiC Feed Rate

Depth of Cut

Number of

Flutes
Sosa Medium 3 Spindle speed 5 L2s Surface roughness
Makwana carbon Feed Rate Material removal rate
Acharya steel Depth of Cut
2108 [130]
Kim Inconel 3 Spindle speed 3 Lo Tool wear
Lee 718 Feed rate Cutting force
2019 [131] Depth of cut Surface roughness
Ahmed Low 4 Spindle speed 3 Lo Surface roughness
Arora carbon Feed rate Energy consumption
2019 [132] steel Depth of cut

A36 Cutting speed
K02600

2.4.4 Response surface methodology

Response Surface Methodology (RSM) is an integrated approach that combines
mathematical and statistical techniques to enhance, develop, and optimize processes. It also
plays a crucial role in formulating and designing new products [133]. In most RSM problems,
both first and second-order models are utilized. Linear terms are associated with the first-order
model, while the second-order model incorporates quadratic terms.

This method has been employed in numerous research studies to optimize cutting
parameters in machining operations. Subramanian et al. [134] developed a second-order
quadratic model to predict vibration amplitude. Their research revealed that increasing the feed
rate led to an increase in vibration amplitude, while decreasing the cutting speed also resulted
in higher vibration amplitudes. These increases in vibration amplitudes were observed at low
nose radii and low radial rake angles, whereas decreases in vibration amplitudes occurred at
high nose radii and high radial rake angles.

In another study, Jeyakumar et al. [135] investigated the influence of machining parameters
on cutting force, tool wear, and surface roughness. Their findings were as follows:

1. The z-component of the cutting force exhibited a significantly higher magnitude
compared to the other components in the x-direction.

2. Tool wear rates were higher at low cutting speeds.

3. Lower feed rates were associated with higher surface roughness, while higher
speeds led to reduced surface roughness.

4. Machining with a high depth of cut resulted in increased tool wear, cutting force,
and surface roughness.

Patel et al. [136], explored the effect of cutting parameters on workpiece temperature. They
discovered that increasing the depth of cut, feed rate, and speed also increased the workpiece
temperature. However, the depth of cut was identified as the most critical parameter. To
minimize temperature, a lower depth of cut was found to be desirable.

Kumar and Rajamohan [137] studied the effects of spindle speed, feed rate, axial depth of
cut, and radial depth on surface roughness and flatness. Their research highlighted the
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significance of the feed rate in surface roughness. Increasing the feed rate or axial depth of cut
resulted in higher surface roughness, while increasing cutting speed or spindle speed led to
reduced surface roughness. In terms of flatness, axial and radial depth of cut significantly
influenced the outcome.

In their study, Rao and Murthy [138] used a multi-response optimization technique to
minimize surface roughness and workpiece vibration velocity by optimizing cutting
parameters. The optimal parameters identified were a cutting speed of 210 m/min, a nose radius
of 0.6828 mm, and a feed rate of 0.10 mm/min.

Khairusshima et al. [139] developed a statistical model to investigate the impact of cutting
parameters on tool wear. They found that the most critical factor influencing tool wear was the
feed rate. The optimal parameters for minimizing tool wear were identified as a feed rate of
200 mm/min, a cutting speed of 3510 rpm, and a depth of cut of 0.5 mm, resulting in a tool
wear of 0.0267 mm.

On the other hand, Basar, Kahraman and Onder [140] delved into the impact of cutting
parameters on surface roughness and developed a model for estimating surface roughness.
They determined that spindle speed and feed rate had the most significant effects on surface
roughness. In their model, the minimum surface roughness was achieved at spindle speed of
5981 rpm, feed rate of 3008 mm/min, and a depth of cut of 0.54 mm.

Singh, Samad and Saraf [141] the effects of machining parameters on surface roughness
during turning of AL6061 were analyzed. Their model closely matched experimental values
with a 95 percent confidence level. The minimum surface roughness parameters—Ra= 0.6943
um, Rq =1.0314 um, and Rz = 4.1229 um— were achieved with a feed rate of 73.37 mm/min,
cutting speed of 187.84 m/min, and a depth of cut of 0.48 mm.

Based on the data presented in Table 2-4, several key points emerge:

1. Surface roughness has been a common response variable in numerous research studies,
with efforts aimed at reducing roughness using various machining parameters.

2. In addition to conventional factors like cutting speed, feed rate, and depth of cut,
researchers have also explored the influence of nose radius.

3. Various response variables beyond surface roughness have been investigated, including
tool wear, vibration, and cutting force.

Table 2-4: Response surface methodology in milling machine experiments

Author/ year Work piece No. Input factors No. Type Response
material factors levels Variables
Subramanianetal. | Al 7075-T6 5 Radial rake angle 5 CCD vibration
2013 [134] Nose radius amplitude

Cutting speed
Cutting feed
Axial depth of cut

Jeyakumar Al6061/SiC 4 Spindle speed 3 CCD Cutting force

Marimuthu Feed rate Tool wear

Ramachandran Depth of cut Surface

2013 [135] Nose radius roughness Ra

Patel et al. Mild steel 3 Speed 3 CCD Temperature of

2014 [136] Feed rate work piece
Depth of cut

Kumar AL 6063-T6 4 Spindle speed 5 CCD Surface

Rajamohan Feed rate roughness Ra

2015 [137] Axial depth of cut Fatness
Radial depth
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Rao; Murthy AISI 316 Nose radius CCD Tool wear
2016 [138] Vibration of
Cutting speed work piece
Feed rate
Khairusshimaetal. | CFRP Cutting speed CCD Tool wear
2018 [139] Feed rate
Depth of cut
Bagar AL 5083 Feed rate Spindle FCD Surface
Kahraman speed roughness Ra
Onder depth of cut
2019 [140]
Singh; AL 6061 Feed CCD Surface
Samad Depth of cut roughness Ra, R;
Sara; Spindle speed and Rq
2019 [141] Nose radius

Following the state-of-the-art review and the introduction of design of experiment
techniques in the milling process, with an emphasis on key input and output factors, the
subsequent two chapters will delve into surface roughness analysis. Initially, a comparison will
be made between longitudinal turning and constant Z-level milling technologies, focusing on
the Ra/Rz ratio. In the following chapter, the impact of surface inclination on roughness will
be explored, assessing concave and convex workpieces machined under identical cutting

parameters.
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3 Comparison of surface roughness when turning and
milling
3.1 Objective

This chapter presents a geometric model of surface roughness in both turning and contour
milling processes, addressing these two cutting procedures based on a common theoretical
foundation. Through the meticulous measurement of workpiece surface roughness, this chapter
provides an insightful examination, comparing results between turning and milling operations.

The aim of this chapter is to highlight the importance of the Ra (arithmetic average
roughness) and Rz (average maximum height of the profile) parameters in accurately
describing surface roughness. These parameters are crucial for evaluating and ensuring the
quality of machined surfaces. By understanding their significance, we can better assess the
performance and effectiveness of different machining processes. This chapter will delve into
the definitions and applications of Ra and Rz, demonstrating how they provide a
comprehensive understanding of surface roughness.

In the case of turning, two turning tools with different corner radius were used. The effect
of the feed and depth of cut were studied. The same in milling, two different cutters with
different corner radius were used. The depth of cut is investigated on two levels.

Figure 3-1 shows the geometric model of the cusp height (CH), which is the base of the
estimation process of surface roughness.

lCH

P el [ "l e

/N O\

RE — CH)

Figure 3-1: Cusp height in case of a longitudinal turning.
Based on Figure 3-1 the cusp height in turning can be calculated from equation:

RE? = (0)? + RE (3-1)

Because of the small value of CH, the square of it is small too, so it is negligible. The cusp
height is:

f2
cH =L (3-2)
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Figure 3-2: Cusp height in case of the Z-level milling.

Because of the similarity of the geometric model Figure 3-2, in case of Z-level milling the
cusp height can be calculated in the same way:

RE? = (=)’ + (RE — CH)? 3-3
- (Z-SinA) + ( a ) ( B )
CH = %2 3-4

= 8-RE-sin?A (3-4)

3.2 Materials and methods

The workpiece material used for the present study was C45 (1.0503) medium-carbon
unalloyed steel. C45 steel is utilized in the manufacturing of parts with high strength
requirements, such as gears, shafts, piston pins, etc., as well as parts subjected to lower stress
levels, such as machined parts, forgings, stampings, bolts, nuts, and pipe joints. The tensile
strength of C45 steel ranges from Rm=650 to 800 MPa. The chemical composition of C45 is
provided in Table 3-1.

Table 3-1: Chemical composition of C45 steel (analysis in %)

C Si Mn P S Cr Mo Ni
0.42-05| <0.4 | 0.5-0.8 | <0.045 | <0.045 | <04 <0.1 <0.4

During the experiments turning and milling technologies were compared. The turning test
parts were machined by the type E400 conventional lathe engine (tuning machine). Two
different turning tools were used with varying corner radii (RE): CNMG 120404-PM and
CNMG 120408-PM inserts. The same cutting speed was maintained, and three different feed
rates were applied (Table 3-2).

Surface roughness was measured using the Mitutoyo SJ-301 instrument. The Ra and Rz
parameters were measured in 8 positions around the test part, and the presented values were
calculated as their averages.
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Table 3-2: Cutting parameters in case of turning.

T1 T2 T3 T4 T5 T6

Cutting speed v¢ (m/min) 100 100 100 100 100 100
Depth of cut a, (mm) 1.0 1.0 1.0 1.5 15 1.5
Feed rate f (mm/rev) 0.1 0.15 0.2 0.1 0.15 0.2
Corner radius RE (mm) 04 04 04 0.8 0.8 0.8

In the case of milling, the test parts were machined using a Mazak 410-All CNC machining
center. The surface inclination was 80°. Two different milling cutters were employed with the
same cutting speed (vc = 160 m/min), but two values of the depth of cut were utilized (Table
3-3). The diameter of solid carbide milling cutters was 8 mm, with a 4-tooth configuration
(type: Fraisa U45319.388 and U45319.391). The Z-level milling strategy was implemented,
wherein the milling cutter moves solely in the x-y plane, machining the surface slice-by-slice.

Surface roughness was assessed using the Mitutoyo SJ-301 instrument. The Ra and Rz
parameters were measured at 3 positions, and the presented values were calculated as the
averages of these measurements.

Table 3-3: Cutting parameters in case of milling.

M1 M2 M3 M4
Cutting speed vc (m/min) 160 160 160 160
Depth of cut ap (mm) 0.15 0.25 0.15 0.25
Feed per tooth fz (mm/rev) 0.05 0.05 0.05 0.05
Corner radius RE (mm) 0.5 0.5 1 1

3.3 The results

Table 3-4 contains the values of the calculated cusp height and the measured surface
roughness. The measured data was analyzed by three aspects: (1) visual inspection of the
surface profile, (2) the ratio of Rz/Ra and (3) the relationship between the cusp height and the
surface roughness.

Table 3-4: Values of cusp height and the measured surface roughness.

Part ID CH [pm] Ra [pm] Rz [um]
T1 3.13 1.36 7.69
T2 7.03 2.00 10.17
T3 12.50 3.06 15.10
T4 1.56 1.09 7.06
T5 3.52 1.46 8.50
T6 6.25 1.99 10.31
M1 5.80 2.40 9.66
M2 16.11 4.84 19.25
M3 2.90 1.38 6.15
M4 8.06 2.50 10.63
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3.3.1 Characterization of surface roughness

Representative surface profiles obtained from turning and milling operations are presented
in Figure 3-3 and Figure 3-4 respectively.

From a practical standpoint, the comparison of maximum surface height (Rz) and arithmetic
mean height (Ra) is of fundamental importance, commonly used by technologists and
constructors.

Based on Figure 3-3, it can be observed that the surface appears smoother at smaller feed
rates, with roughness increasing as feed rate increases. This trend holds true for both values of
the depth of cut, with the optimal scenario occurring at the smallest feed rate (f; = 0.1 mm). At
smaller feed rates, the profile appears irregular and becomes progressively more regular with
increasing feed rate. However, with larger corner radii (RE), the profile remains irregular. This
irregularity can be attributed to factors beyond geometric parameters, including machining
environment conditions such as vibration and chip removal processes.

In the case of milling (Figure 3-4) the smoothest surface can be achieved with larger depth
of cut (ap = 0.25 mm) and larger corner radius (RE = 1.0 mm). The profiles exhibit regularity,
with identifiable cusps.

R profile - Turning; RE=0.4 mm; f = 0.10 mm R profile - Turning; RE=0.8 mm; f=0.10 mm
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Figure 3-3: Surface profiles at turning operation.
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R profile - Milling; RE=0.5 mm; ap = 0.15 mm R profile - Milling; RE=1.0 mm; ap = 0.15 mm
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Figure 3-4: Surface proflles at milling operation.

3.3.2 The ratio of Rz/Ra

In the machine design, both Ra and Rz parameters are utilized, with certain design steps,
such as fitting and lubrication, placing more emphasis on either Ra or the Rz. Although the
conversion between Ra and Rz is important, the ratio of Rz/Ra is not a constant value, it
depends on the production technology.

Rz/Ra - Turning Rz/Ra - Milling
7.00 7.00
6.50 B 6.50
6.00 — 6.00
s 5.50 — © 5.50
€ 500 S 5.00
= 4.50 = 4,50 C—
4.00 4,00 pe A
3.50 3.50
3.00 3.00
0.10 0.15 0.20 0.15 0.25
f[mm] ap [mm]
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a) b)

Figure 3-5: The ration Rz/Ra

During turning, both the workpiece material and cutting conditions exert significant
influence on surface roughness. The average ratio of Rz/Ra is 5.52, with an increase in corner
radius (RE) leading to a higher ratio, while an increase in feed rate results in a decrease in this
ratio (Figure 3-5 a). Notably, the feed rate has a greater impact on the ratio.

In milling operations, the average ratio is 4.18, with the ratio of Rz/Ra decreasing as the
depth of cut increases (Figure 3-5 b). However, the difference between smaller and larger
corner radii (RE) is less pronounced compared to turning. Specifically, with a smaller corner
radius (RE = 0.5 mm), the change is minimal.

3.3.3 Comparison of cusp height and surface roughness

Based on the machining theory-based approach, there is relationship between the cusp
height and the surface roughness. Figure 3-6 shows the measured surface roughness that is
machined with different cutting conditions and the calculated cusp height at turning. In the case
of Ra and Rz the linear regression works with good R2 factors (R2Ra=99.62%;
R2Rz=98.33%). The relationship can be described with a linear regression:

Ra = 0.1794 - CH + 0.8108 (3-5)
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Rz = 0.7341- CH + 5.6444 (3-6)
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Figure 3-6: Measured Ra and Rz in function of cusp height in case of the longitudinal turning.

If surface roughness is analyzed in the case of milling, the relationship between cusp height
and surface roughness can be described by linear regression (Figure 3-7). The R2 coefficients
are highly satisfactory (R2R.=98.21%; R2R,=99.15), indicating a strong correlation and
precise estimation.

Ra = 0.2557-CH + 0.6793 (3-7)
Rz =0.9762-CH + 3.4013 (3-8)
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Figure 3-7: Measured Ra and Rz in function of cusp height in case of the Z-level milling.

Let’s combine the measured data from both the turning and milling experiments to
investigate the general application of the cusp height parameter. Figure 3-8 shows the
regression of the united database. In case of Ra surface roughness, the regression is satisfactory
(R2R2=93.66%), while the Rz parameter can be estimated with even greater accuracy using the
cusp height. The R2Rz value is 96.61%, and the corresponding calculated equation is:

Rz = 0.8495 - CH + 4.7714 (3-9)

The surface roughness can be estimated based on cusp height, taking into account the tool
and cutting parameters. In the investigated case, the following form was utilized:

Rx = C(RE,p) - CH (3-10)

where:
- RE represents the corner radius of the tool, and
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- p denotes the feed in the case of turning and the depth of cut in the case of contour

milling.
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Figure 3-8: Ra and Rz surface roughness in function of cusp height
in case of turning an z-level milling.

Based on the measured data, the results of the hybrid estimation approach are:
Ra = (194 —1.68-RE +11.6-p)-CH (3-11)

Rz = (0.24 — 0.37-RE + 3.45-p) - CH (3-12)

The coefficient of determination for C(RE, p) is R2C_Ra=70.0% in case of Ra parameter
and R2C_Rz=88.8% in case of Rz parameter.

Based on all measured data and statistical analyses, it appears that the Rz parameter is more
suitable for the estimation method based on cusp height.

3.4 Conclusion

This chapter provides a comprehensive review of the significance of surface roughness and
the various approaches utilized for predicting it. In recent years, there has been a growing
interest in predicting surface roughness to develop more precise models, despite the multitude
of uncontrollable factors that influence the machined surface. Notably, cutting conditions and
cutting tool parameters wield a significant impact on surface roughness.

In this chapter, a comparison between longitudinal turning and Z-level milling technologies
is conducted. For turning, the effect of corner radius and feed is investigated, while for milling,
the impact of corner radius and depth of cut is studied. The presented geometric model of cusp
height highlights the logical equivalency between the feed in turning and the depth of cut in
milling. The research aims to demonstrate the application of cusp height as a geometric
parameter in estimating surface roughness, taking into account both geometric and
technological parameters.

Analysis of the measured data reveals that increasing feed in turning or increasing depth of
cut in milling results in higher surface roughness, whereas increasing corner radius of the tool
leads to a decrease in surface roughness. Furthermore, the calculated cusp height exhibits the
same trend as the measured surface roughness parameters. Although both Rz and Ra
parameters show a strong correlation with cusp height, the hybrid model indicates that the Rz
parameter is more suitable for estimating surface quality based on cusp height. These findings
underscore the importance of optimizing cutting parameters to achieve the desired surface
roughness.
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4 The effect of the surface inclination and the cutting
speed on the surface roughness when ball-end milling

4.1 Objective

This chapter examines how changing the surface inclination affects cutting speed and
explores the consequences of varying cutting speed on surface roughness. It also provides
insights into the importance of feed rate and width of cut in the machining process when using
a 3D ball-end mill.

4.2 Materials and methods

The machining experiments were conducted on both concave (CV) and convex (CX)
surfaces made of the same material, namely low-alloy steel 42CrMo4. 42CrMo4 is commonly
employed in the manufacturing of parts requiring high tensile strengths, such as compressors,
turbines, and working elements of heavy equipment used both aboveground and underground,
as well as components of agricultural machinery. The chemical composition of 42CrMo4 is
provided in Table 4-1.

Table 4-1: Chemical composition of the low-alloy steel 42CrMo4: (analysis in %)

C Si Mn P S Cr Mo Cu
0.38-0.45 0.10-0.40 0.60-0.90 <0:025 <0:035 0:9-1:2 0:15-0:3 <0:4

The CV and CX parts consist of a cylindrical surface with a 45 mm radius connected to a
horizontal plane with a 10 mm radius. Figure 4-1 shows both workpieces and Table 4-2 shows
the angles of the normal vector of the surface.

Sl
Figure 4-1: The CV and CX workpieces.
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Table 4-2: Angles of the normal vector of the surface

Measuring 2% 20 15 10 5 0 5 10 15 20 25
position (y)
CXangles(°) 30 236 175 115 57 0 57 -115 -175 -236 -30°

CVangles(°) —-38.7 -30 —22 145 7.2 0 7.2 14.5 22 30 38.7

The machining was performed by a Mazak Vertical Center Nexus 410A-11 CNC vertical
machining center. The surface roughness was measured by a Mahr’s MarSurf GD120
instrument. The Ra and Rz parameters were measured in the x-direction perpendicular to the
milling direction at 11 different positions. The milling was done using a Fraisa X7450.450 ball-
end milling cutter with a diameter of 10 mm (Dc = 10 mm) and 4 teeth (z = 4).

Five test surfaces were created by ball-end milling with different feed rates and widths of
cut.

Table 4-3 shows the applied cutting parameters in machining these surfaces.
Table 4-3: Cutting parameters used in the test.

Testid. Cv-01 | CVv-02 | CV-05 | CV-03 | CV-04
CX-01 | CX-02 | CX-05 | CX-03 | CX-04

Cutting speed vc [m/min] 1600

Spindle speed n [rpm] 5100

Feed per tooth f, [mm] 0.08 0.08 0.08 0.12 0.16

Feed speed vs [mm/min] 1630 1630 1630 2450 3260

Depth of cut a, [mm] 0.3

Width of cut a. [mm] 0.35 0.25 0.15 0.15 0.15

Since the surface inclination changes, the effective diameter also changes. A geometrical
model is presented by Miké and Zentay [77] to calculate the effective diameter was
implemented. Figure 4-2 shows the calculated effective diameter at each measured point in
the case of the CV and CX workpieces.

The actual cutting speed can be calculated depending on the effective diameter at each
measured point using the following formula:
Deff*n*n'

’[] =
¢ 1000

(4-1)
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Figure 4-2: The Effective d-iameters at each Figure 4-3: shows the actual cutting speed
measured point for CV and CX surfaces.

Figure 4-2 and Figure 4-3 show the effective diameter and actual cutting speed. Even
though the diameter of the tool is 10 mm, the actual cutting diameter is smaller. In the case of
the CV surfaces, it changes between (3.4 and 6.8 mm), while in the case of the CX surfaces, it
changes between (3.4 and 5.8 mm). On the other hand, the effective diameter and, as a result,
the cutting speed are the smallest in the middle of the workpieces, where the value of the normal
vector is 0° and. In addition, although it can be seen from Figure 4-3 that the value of the cutting
speed is higher in the case of the CV surfaces compared to the CX equivalents. However, the
cutting speed curve is similar for both CV and CX test pieces.

4.3 Results and discussion

Figure 4-4 illustrates the average surface roughness of the test specimens. The graph
indicates that the surface quality of the CV test specimens surpasses that of the CX counterparts
under identical cutting parameters, owing to the higher actual cutting speed achieved in the
case of CV surfaces compared to CX equivalents.

Conversely, when the feed rate is set at 0.08 mm and the width of cut is 0.35 mm, the
surface roughness is observed to be poorest for both CV and CX surfaces.

The surface roughness of the workpieces was measured at several points revealing a notable
influence of surface inclination on surface quality, as evident in Figures (Figure 4-5, Figure
4-6, Figure 4-7, Figure 4-8, Figure 4-9), This effect is particularly pronounced at the center of
the test pieces, where the cutting speed is at its minimum, resulting in lower surface quality.
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§
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Mumber of the test part

Rz [pm]

Figure 4-4: Average Rz of each test piece.

In the case of CX-01 and CX-02, the surface roughness is inferior, compared to the other
three pieces. On these two pieces, Rz measures approximately 16 pum at the middle, whereas it
is around 10 pum at the middle of the other pieces. In contrast, among the CV pieces, CV-05
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demonstrates the best surface roughness, with Rz measuring less than 8 um at the middle. In

comparison, it is approximately 12 um on the other pieces.

18
16

Rz[pm]

15 20 25 30 35 40 45 50 55 60 65

mesured points positon:y [mm]

e O

Figure 4-5: Rz surface roughness in the
case of CX-01 and CV-01
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Figure 4-6: Rz surface roughness in the case of
CX-02 and CV-02
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Figure 4-8: Rz surface roughness in the case of

Figure 4-7: Rz surface roughness in the
CX-04 and CV-04
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Figure 4-9: Rz surface roughness in the case of CX-05 and CV-05

The variation in surface roughness from piece to piece can be attributed to changes in the
feed rate and width of cut. The feed rate is at its minimum during the machining of CX-01 and
CV-01 but increases to its maximum during machining of CX-04 and CV-04. Conversely, the
width of cut gradually decreases to its minimum during machining of CX-04 and CV-04.

Figure 4-10 and Figure 4-11 depict the main effect of changing the width of cut and feed
rate on surface roughness for CV and CX surfaces. It is evident that the width of cut
significantly affects surface roughness, with an increase in width of cut leading to higher Rz
values of surface roughness. However, the feed rate has a minor effect on surface roughness,
particularly for CV surfaces.

The actual cutting speed and the effective diameter exhibit the same effect on the surface
roughness, as illustrated in Figure 4-12 and Figure 4-13. The Rz value of surface roughness
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decreases with increasing the effective diameter and the cutting speed. However, in the case of
CX surfaces, surface roughness increases by approximately 1 um at a cutting speed of 70
m/min.
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Figure 4-10: The effect of the width of cut Figure 4-11: The effect of the width of cut
and feed rate in the case of CV surfaces. and feed rate in the case of CX surfaces.
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Figure 4-12: The effect of the effective Figure 4-13: The effect of the effective
diameter and actual cutting speed in the case of  diameter and actual cutting speed in the case of
CV surfaces CX surfaces

4.4 Conclusion

Throughout this chapter, the impact of cutting speed on surface roughness has been
thoroughly examined. The data obtained indicate that, under identical cutting parameters, the
surface roughness of CV test pieces outperforms that of the CX counterparts. However,
variations in surface inclination led to fluctuations in the actual cutting speed, thereby
influencing surface quality. Notably, the cutting speed diminishes significantly when the ball-
end mill's normal axis is applied to the workpiece surface. Given that fluctuations in cutting
speed pose a significant challenge in 3-axis milling machines, adjusting the cutting speed
during the milling process can mitigate this issue and ensure higher surface quality.

Furthermore, surface roughness is also influenced by other cutting parameters, such as feed
rate and width of cut. It has been observed that increasing the width of cut results in higher
surface roughness, whereas changes in the feed rate have only a minor effect.

Upon examining surface roughness, the subsequent chapter centers its discussion on the
effective diameter. This chapter introduces a geometric model alongside a MATLAB
simulation.
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5 Simulation of the working diameter in 3-axis ball-end
milling of free-form surface

5.1 Objective

The previous chapters emphasize the predominant focus of optimization procedures in ball-
end milling on factors such as surface quality and tool path planning. However, they also
highlight the need to emphasize the significance of cutting depth and surface geometry, given
their direct impact on the working diameter, which subsequently influences cutting speed and
surface quality.

In this chapter, a geometric approach is proposed to calculate the effective diameter during
the finishing of free surfaces using a ball-end tool. The objective is to determine the working
diameter across the surface and investigate the influence of surface inclination angles, axial
and radial depth of cut, and feed direction on the working diameter. To achieve this, a Matlab
simulation was used to illustrate the variation in working diameter with respect to the
aforementioned factors.

5.2 Effective diameter

The nominal and effective diameters differ in ball-end milling operations. For a horizontal
surface, the effective diameter, as illustrated in Figure 5-1, can be calculated by Eq 5-1

| ™ D
! D 2
! ——d;
! 2
Dajﬂ'
— T -
L Deff -

Figure 5-1: Definition of the effective diameter in the case of a horizontal surface.

D=2+ (&) +(2-a)° (51)

Whereas ap is the depth of cut, and D is the cutter’s nominal diameter.

As previously discussed, the diameter of the cutting tool varies due to changes in surface
inclination, resulting in different sections of the tool's edge being engaged. Figure 5-2 depicts
an inclined surface alongside a ball-end milling cutter.
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Figure 5-2: Ball-end milling of an inclined plane surface.

The working (effective) diameter can be defined as the distance between the intersection
circle and the tool axis. This intersection circle is generated by parallel surface to the machined
surface, with the distance between surfaces representing the depth of cut (ap). According to the
geometric model proposed by Mik6 and Zentay [77], the intersection circle can be described.
However, relocating the coordinate system's origin to the center of the ball simplifies further
transformations. The equation of the intersection circle, in case of horizontal surface, can be
described by Eq (5-2).

Ref * cos(2mt)

R.¢f - sin(2mt)
Crorr=| "¢ ,te[01 5-2
Crery ‘R+a, [0,1] (5-2)
1

Surface inclination can be characterized by the angular position of the normal vector. Ant
denotes the angular position relative to the x-axis, while Anz refers to the z-axis. With this
information, two rotation operators are sufficient to compute the current equation of the
intersection circle.

Utilizing the intersection plane instead of the offset surface facilitates calculations but may
lead to slight differences in results.
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Figure 5-3: Tangent points on the transformed circle.
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The current working diameter can be determined by considering the feed direction. To find
the needed point to measure the working diameter, the tangent plane perpendicular to the xy
plane must align parallel with the feed direction, as depicted in Figure 5-3. The central circle
represents the original section curve, while the other one illustrates the view of the transformed
circle. Mathematically, the description of the transformed curve can be generated using two
rotation matrices (Eq 3-4, 3-5). On the transformed circle, two points can be defined by the
tangent line aligned with the feed direction of the milling (Ar) (Eq 3-6).

cos(Ayy) - cos(Ay,) —sin(Ay1) —cos(Ayq) *sin(Ay,) O
Tr = sin(Ayq) -cos(Ay,) cos(Ay,) —sin(Ayq) -sin(Ay,) O (5-3)
sin(Ays) 0 cos(Ayz) 0
0 0 0 1
cos(Ayq) - cos(Ay,) —sin(Ay,) —cos(Ayq) -sin(Ay,) O
CT.. =Tr-Cr... = sin(Ay1) " cos(Ayz)  cos(Ay1)  —sin(Ayq) - sin(Ayz) 0],
eff erf sin(Ayz) 0 cos(Ayz) 0
0 0 0 1
Ress - cos(2mt)
[Reff - sin(Znt)} (5-4)

(-R +ay)

L
The location of the tangent point can be calculated by first differential of the curve:

aChy _
prai tgA (5-5)
Considering the width of cut, additional 4 points can be identified, indicating the starting
or ending point of the cutting (Figure 5-5).

The step-over parameter (a.) defines two additional points per side, depending on the
milling process, whether it is down-milling or up-milling. By drawing a parallel line to the
tangent line at a distance equal to the width of cut, two points can be identified on the
transformed circle (Figure 5-4).

Depending on the direction of the width of cut, the milling cutter can operate on side 1 or
side 2. In the case of up-milling, the cutting cycle begins at point 1 and ends at point 1’ (Figure
5-5 a), while in the case of down-milling, the cutting process starts at point 1’ and ends at
point 1 (Figure 5-5 b). If the tool operates on side 2, in the case of down-milling, chip removal
begins at point 2’ and ends at point 2 (Figure 5-5 c), while in the case of up-milling, chip
removal occurs between points 2 and 2” (Figure 5-5 d)
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Figure 5-4: The extreme points defined by the width of cut.

With a larger width of cut (ae), the variation in the effective diameter will be more
pronounced. This implies that the cutting speed fluctuates throughout a single chip removal
process, leading to inconsistencies in cutting speed and potentially resulting in inadequate

surface roughness.

of cut
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Figure 5-5: Extreme points.

The simulation was implemented in Matlab. The pseudo-code of the Matlab program is the
next:

Set the tool parameter: De.

Set the input cutting parameters Ay, ae, ap, N.

Set the surface inclination: Anz, Ano.

Calculate the effective diameter in horizontal plane.

Create the transformed circle considering the inclination of the surface.

Find the two tangent points (1, 2) when the slope of the tangent line is equal to the

feed direction (As).

oakrwnE
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7. Find the parallel line to the tangent line with a distance equal to the width of cut.

8. Find the intersect between the transformed circle and the parallel line (1°, 17, 2”, 2”)
9. Calculate the distance between the tangent points and the tool center.

10. Calculate the distance between the tool center and the intersecting points.

11. Output Working diameters: Defr and current v¢

5.3 The effect of the depth of cut and the width of cut.

The cutting diameter is contingent upon the tool diameter, surface inclination, and depth of
cut (ap). Their impact was explored through simulations. Initially, the influence of the tool
diameter, depth of cut, and width of cut was demonstrated for a specific surface position and
feed direction. The values of these cutting and tool parameters were selected according to
industrial norms to illustrate the individual effect of each parameter.
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c¢) Tool diameter D = 10 mm
Figure 5-6: The effective diameter in the function of depth of cut.

The depth of cut, or axial depth of cut (ap), signifies the extent to which the tool penetrates
the workpiece along the z-axis. Consequently, defining a greater depth of cut enhances the
material removal performed by the tool. This is evident in Figure 5-6, where An1=35°, An2=25°
and As=30°. As the depth of cut increases, so does the working diameter. When milling is
conducted from bottom to top, the working diameter is larger, the disparity depending on the
surface inclination. The figure illustrates the impact of depth of cut on the working diameter,
using various tool diameters (6, 8, and 10 mm). At a, = 0.1 mm, the tool operates with half its
diameter.
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Figure 5-7 demonstrates how changes in the width of cut (ae) affect the working diameter
in the context of up milling and down milling, employing different tool diameters (6, 8, and 10
mm) when a, = 1 mm at cutting point.
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Figure 5-7: The change of the working diameter during chip removal.

As depicted in Figure 5-7, the variations in working diameter exhibit similar ranges despite
employing different tool diameters. This outcome is anticipated since increasing the nominal
diameter of the tool augments the working diameter but does not influence the magnitude of
change in the working diameter for the same tool. This change is linked to the cutting
parameters such as depth and width of cut, as discussed earlier, as well as the surface
inclination, which will be elaborated upon in the subsequent section.

5.4 The effect of the feed direction

The working diameter is also impacted by the feed direction. Therefore, in addition to
considering the tool diameter, depth of cut, width of cut, and surface inclination, the feed
direction must also be taken into account. Figure 5-8 illustrates the alteration in the working
diameter resulting from variations in the feed direction, with the following parameters: D = 10
mm; Ant = 35°% An2 = 25°% ap =1 mm; a. = 1 mm.
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Figure 5-8: The effective diameter as a function of the feed direction (a,=1 mm).

The working diameter undergoes significant variations with changes in milling direction.
At point 2, this change falls within the range of 2.5 to 4.5 mm, while at point 1, it fluctuates
between 1 to 4 mm. Interestingly, the working diameter at point 1 with Ar = 180° matches the
working diameter at point 2 with Ar = 0°. When the feed direction angle exceeds 180°, points
1 and 2 are switched. In this simulation, the width of cut does not play a role.

With a depth of cut of 0.3 mm, which is a realistic value for machining, the overall character

of the curves remains consistent, albeit with lower values. The effective diameter ranges from
0.5 to 3.5 mm in this scenario.
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Figure 5-9: The effective diameter as a function of the feed direction (a,=0.3 mm).

Figure 5-8 and Figure 5-9 highlight the critical role of selecting the appropriate feed
direction to minimize fluctuations in the working diameter. This visualization can be generated

for any point on a surface, allowing for the selection of the optimal feed direction based on the
working diameter criterion.
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5.5 The effect of the surface inclination

As mentioned earlier, the working diameter undergoes variations during the milling process
due to changes in the surface inclination (Ani, Anz). In this case study, we examine the effect
of surface inclination and its impact on the cutting speed. Throughout the simulation, the tool
diameter remained constant at 10 mm, with a nominal cutting speed of vc = 120 m/min and a
spindle speed of n = 3820 1/min.

In Figure 5-10, the fluctuation of the working diameter of the ball-end mill is depicted when
the depth of cut is set to 1 mm, and the feed direction is As= 30°. It's evident that the surface
inclination exerts a significant influence on the working diameter, resulting in substantial
changes from one point to another. The changing of the surface normal vector (Ani, Anz)
means changing the character of the surface. In Figure 5-10 a), the working diameter is
calculated between the center of the tool and point 1 on the transformed circle, whereas, in
Figure 5-10 b), it is calculated between the center of the tool and point 2 on the transformed
circle. The lowest value is 0.055 mm at An: = 120°, An2 = -37.5° in the case of points 1, and
An1 = 120°, An2 = 37.5° in the case of point 2. The highest diameter is 4.950 mm at Any =
120°, Anz = 45° in the case of point 1, and Ani = 120°, Anz = - 45° in the case of point 2. The
minimum and maximum values of the Des 1 and Desr 2 are the same, the role of point 1 and 2
changes by the changing of An: and Ang, and the two diagrams are symmetrical.
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a) At cutting point 1 b) At cutting point 2

Figure 5-10: The change of the effective diameter
as a function of the surface inclination (As= 30°)

Figure 5-11 demonstrates the variations in cutting speed resulting from changes in surface
inclination. The actual cutting speed at each point is determined by the effective diameter,
calculated using the formula:

Defr* nxm
1000

v, = (5-6)

Certainly, the positions with the highest and lowest cutting speeds align with those of the
minimum and maximum values of the working diameter, resembling the trends observed in the
Defr diagrams. For instance, at point 1, the highest speed of 59.4 mm/min occurs at Ani = 120e,
Anz = 45° and the lowest speed of 0.66 mm/min is recorded at An: = 120°, An2 = -37.5°,
Similarly, for point 2, the highest and lowest speeds are attained at An1 = 120°, An2 = -45° and
at An1 = 120°, Anz = 37.5°, respectively.
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a) At cutting point 1 b) At cutting point 2
Figure 5-11: The change of the cutting speed
as a function of the surface inclination (As = 30°)

When the depth of cut is reduced to 0.3 mm, resulting in a smaller working diameter, the
surface's characteristics remain similar to those observed previously, and both the point 1 and
point 2 surfaces exhibit symmetry. Table 5-1 presents the data obtained from these simulations.

Table 5-1: The data of the simulation.

As[°] 30 60
Cutting point 1 2 1 2
Detr min [mm] 0.005 0.005 0.005 0.005
Ve min [m/min] 0.06 0.06 0.06 0.06
An [°] 120 120 150 150
Anz [°] -20 20 -20 20
Detr max [mm] 4.530 4.530 4.530 4.530
Ve max [m/min] 54.36 54.36 54.36 54.36
An [°] 120 120 150 150
Anz [°] 45 -45 45 -45

In this simulation, two different feed directions were employed: As= 30° and Ar = 60°.
Figure 5-12 illustrates the change in working diameter. The minimum working diameter is
recorded at 0.005 mm, and the maximum at 4.530 mm, both smaller than those observed with
3 = 1 mm. While the minimum and maximum values remain consistent across both
investigated cases, their respective locations differ. The surface of the diagram is shifted along
Anz by 30°. Additionally, the cutting speed changes proportionally with the working diameter,
ranging from 0.05 to 54.5 m/min.
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When comparing the actual cutting speed to the nominal cutting speed, the impact of
surface inclination becomes evident. The highest actual cutting speed reaches half of the
nominal cutting speed, while at certain points, the speed decreases significantly, nearing zero.
This variation in cutting speed directly influences the surface roughness and quality,
highlighting the importance of considering surface inclination in machining processes.

The Figure 5-13 shows additional examples for the changing of the working diameter of
the ball end milling cutter and the cutting speed in case of different surface inclination and feed
direction. As shown, the feed direction shifts the data, the result surface is the same, but the
position is different.
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Figure 5-13: Cutting speed and working diameter at different cases.

5.6 Conclusion

This chapter delves into the dynamic changes of the working diameter of a ball-end milling
cutter, examining how alterations in surface inclination and feed direction influence the
uniformity of the machined surface. Additionally, it explores the influence of depth and width
of cut on the working diameter with the goal of devising an optimization algorithm to enhance
surface quality for milled free-form surfaces by controlling the working diameter of the milling
cutter.

A simulation model was constructed to compute the working diameter in a general setting.
The results of this simulation, conducted using Matlab, were presented. By leveraging the
geometric method proposed by Miké and Zentay [77] adjustments were made to facilitate
easier implementation within the Matlab environment. This simulation application allowed for
a more comprehensive investigation of each parameter. The steps undertaken in implementing
the simulation model are outlined as follows:

The intersection circle formed by the milling cutter and the surface is initially defined in
the horizontal plane to establish the theoretical effective diameter.

e Considering the surface inclination at the contact point, the intersection circle can
be transformed accordingly.

e The effective diameter at each point is represented by the distance between the
center of the milling cutter and a point on the transformed circle.

e Two points on the transformed circle, corresponding to the cutting points, are
determined by parallel tangent lines aligned with the feed direction.

e Additionally, the width of cut designates two points on the transformed circle,
signifying the start or end of the chip removal process.

The findings shed light on how cutting parameters affect the effective diameter and offer a
clear understanding of how feed direction and surface inclination influence both the effective
diameter and cutting speed. Employing a relatively high depth of cut enhances the effective
diameter, promoting greater tool engagement with the workpiece, albeit at the expense of
increased cutting tool load. Conversely, widening the cut augments the variation in effective
diameter across the chip removal section, underscoring the importance of considering this
parameter to mitigate fluctuations in working diameter.

The impact of the feed direction and surface inclination is demonstrated. However, while
nothing can be done related to the surface inclination, the feed direction is the parameter that
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can be chosen carefully to achieve a constant working diameter. The change in the working
diameter leads to a change in the real cutting speed, which will affect the changing of the
surface roughness of the milled surface. Therefore, as a solution, the milling speed should be
controlled and adjusted at each point to keep the cutting speed at the same value. During the
optimization algorithm of the ball-end milling process, the working diameter must be
calculated point-by-point. The geometric information and the technological data are
determined by the connection of the CAD model of the surface and the NC program.

Building upon of what has been presented in this chapter, the next chapter will emphasize
the importance of the working diameter by employing both a regression model and an Artificial
Neural Network (ANN) to predict it during milling operations with a ball-end cutter. This
approach will take into account several influencing factors, including the tool diameter, depth
of cut, feed direction, and surface inclination, thus offering a more dynamic and accurate
estimation method.
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6 Regression analysis and neural network model of
working diameter of ball-end mill

6.1 Objective

This chapter aims to underscore the importance of the working diameter by employing both
a regression model and an Artificial Neural Network (ANN) to predict it during milling
operations with a ball-end cutter. The effective (working) diameter is contingent upon several
factors including the tool diameter (D), depth of cut (ap), feed direction (Af), and surface
inclination, described by the angular position of the surface normal vector (An1, An2). Notably,
Anz can be eliminated if the feed direction is treated as a relative parameter, indicating the feed
direction to the Anz angle. In the analysis, this relative feed direction is applied.
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Figure 6-1: Orientation of the surface normal vector and the interpretation of the tool working
diameter.
6.2 Method

For deeper analyses of effective diameter, it is essential to establish a mathematical model
that describes effective diameter concerning cutting parameters. Two different methods were
compared, regression modeling and the artificial neural network.

The base of the analysis is the set of data, which was generated by the geometry-based
algorithm.

The tool diameter and the depth of cut were varied in 4 levels, the surface inclination, and
the relative feed direction in 13 levels, as the Table 6-1 shows. The full factorial plan was used,
because of the fast and easy calculation of the working diameter, so 2704 data were generated
(4x4x13x13=2704).

Table 6-1 Input parameters

Parameter Values

D 6 8 10 12

ap 0.15 0.25 0.35 0.45
A 40 30 20 15 10 5 1 -5 -10 -15 -20 -30 -40
Ar 8 74 61 44 31 14 1 -14 -31 -44 -61 -74 -89
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The statistical analysis of the data and the regression analysis were performed by MiniTab
v14 and Excel. The neural network model was created by Matlab.

The regression model and the ANN model were compared based on statistical parameters.
The coefficient of determination (R2) is the percentage of variation in the response that the
model explains. The R2 is between 0 and 1, the higher R2 value indicates the better model.

RZ — 1 _ (Z?:l(xi_fl.)z) (6_1)

Z?:l(xi_f)z
Where:

x;: original (measured) value

X,. estimated value

x: mean value of x;

n: number of data

Root means square error (RMSE) measures the accuracy of the regression model also. The
RMSE is the root square of the average value of the square of the difference of the original and
estimated values.

RMSE = 231, (x - 7 (62)

Mean absolute percentage error (MAPE) means the average of the absolute value of the
relative difference of the original and estimated values.

1 i—%

wave = 2L

(6-3)

6.3 Results

6.3.1 The regression model:

The main effects plot shows the importance of each input parameter on the output
parameter. The graphs show the mean values for each factor level connected by line. The
surface inclination (An2) has the largest effect on the working diameter as the Figure 6-2 shows.
In the case of the shallow section, this effect is smaller, but at the steep region, the working
diameter is larger, and the relationship is not linear. The diameter of the tool and the depth of
cut have increasing and linear effect on the working diameter. The smallest effect can be seen
in the case of the feed direction.

Main Effects Plot (data means) for Deff_1

D ap
6
5 /
4 .//.
- /
o5
= : . - .
© L) N \J » $H \2]
2 h i o7 N ? 4
S
c
@
g 5 AN2_rad Af_rad
5 /
)—J/‘—.—L_‘\
) \\‘\-_.__-/‘// — T
S
g D o o D O D > & 0 o » &
A ﬁz&«ﬁ"q’b@b&"mﬁ«&%/\q o;i"q/@(gbw”’&%w"’ob@q@l&l&’i&rﬁ%&f@%@@&»if
T T T TP BT T o 57 5 a7 87 97 9V PV 7 S A AV

Figure 6-2: The main effects plot.
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The Figure 6-3 shows how the relationship between one factor and the continuous response
depends on the value of the second factor. This plot displays the average of one factor level on
the x-axis, and a separate row for each level of another factor. If the lines of the diagram are
parallel, there is no interaction between the factors, if the lines are not parallel, an interaction
occurs and then in this case, the multiplication of the factors must also be included in the model.

Interaction Plot (data means) for Deff_1
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Figure 6-3: The interaction plot

Based on the Main effects plot, the Interaction plot and iterations, the following equation
was defined (marked as r1 model):

Deff=C+c1-D+c2-ap+c3-AN22+C4-AN24+C5-Af2+c6-AN2-Af+c7-AN2-Af3+
g  ANG® - Ar + co AN, - Af® + 10 - AN, - Ap + ¢qq - AN, - Af° (6-4)

The value of the coefficients of the r1 model are the next:

Deff 1 = - 0.696 + 0.342 D + 3.29 ap + 6.55 AN2"2 - 1.61 AN2"4
- 0.282 Af*2 + 7.78 (AN2xAf) - 0.741 (AN2xAf"3)
- 19.9 (AN2"3xAf) + 3.46 (AN2"3xAf"3)
+ 18.5 (AN2 rad”5xAf rad) - 4.36 (AN2 rad”5xAf rad”3)

Predictor Coef SE Coef T P

Constant -0.69634 0.05688 -12.24 0.000
D 0.341616 0.004844 70.52 0.000
ap 3.28969 0.09688 33.96 0.000
AN2"2 6.5483 0.2513 26.05 0.000
AN2"4 -1.6055 0.5047 -3.18 0.001
Af"2 -0.28226 0.01303 -21.67 0.000
(AN2 x Af) 7.7777 0.2868 27.12 0.000
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(AN2 x Af"3)
(AN2"3xAf)
(AN2"3xAL"3)
(AN275xAf)
(AN275xAL"3)
S = 0.563235

In the case of the two values of the working diameter the regression model is the same, only

R-Sg =

-0.7411
-19.900
3.456
18.542
-4.363
91.9%

0.1577
2.335
1.283
3.852
2.117
S

the values of the coefficients are different.

In order to improve the accuracy of the regression model, four separated equations were
created for the different tool diameter (marked as r2 model). The structure of the regression

-4.70 0.000

-8.52 0.000

2.69 0.007

4.81 0.000

-2.06 0.039
= 91.8%

equation was the same. Table 6-2 shows the values of the coefficients.

The accuracy of the regression is improved, the values of the R2adj parameter are up to
95% in every case. However, the result is better, but instead of one equation four equation
should be used, and the tool diameter is not taken into account. The suggested solution is to
use a linear function of the tool diameter instead of constant coefficients. As the Table 6-2
presents, the coefficients show linear regression in function of the tool diameter (D) with good

accuracy, so the separated equations could be unified in the next form:

Desr =2 fi(D) " C; (6-5)
Table 6-2: The coefficients in r2 regression model for Des 1
Ci D=6 D=8 D=10 D=12 fi(D) R-Sq(adj)
C 1.88518 2.23381 2.54862 2.84520  0.1597D+0.9405 99.87
a 2.89268 3.20990 3.44240 3.61380 0.1198D+2.2116 98.17
Anz’ 2.63420 498210 7.76160 10.81520 1.3661D-5.7468 99.66
Anz? 0.61640 -0.46070 -2.20430 -4.37350 -0.8357D+5.9155 97.89
Af -0.21801 -0.26535 -0.30474 -0.34095 -0.0204D-0.0986 99.62
Anz X At 525760 6.98720 8.64290 10.22300 0.8276D+0.3293 99.96
Anz X Af -0.65230 -0.71700 -0.77200 -0.82310 -0.0284D-0.4858 99.70
Anz® X Ag - - - - -2.6548D+3.9930 99.99
12.00600 17.17600 22.48100 27.93600

An2® X Af? 3.66500 3.62800 3.36800 3.16300 -0.0883D+4.2507 93.46
An2® X Ag 10.40900 15.60000 21.10500 27.05200 2.7717D-6.4038 99.91
An2® X Af? -4.83400 -4.73600 -4.17300 -3.70900 0.1969D-6.1351 94.01
R-Sq(adj) 95.7 96.3 96.8 97.1

6.3.2 The artificial neural network (ANN) model

Another way of mathematical modeling is the use of Artificial Neural Networks (ANN).
The ANN is a multi-layered structure comprising one or more hidden layers positioned between
the input and output layers. Each of these layers consists of numerous processing units called
neurons, which are interconnected with adjustable weights. Within the network, every neuron
receives input from all the neurons in the previous layer [142], and this is calculated as follows:

Whereas:

netj =

X

J

N
j=0 Wij * Xi
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- netj represents the total or net input, N is the number of inputs to the j" neuron in
the hidden layer.

- wij is the weight of the connection from the i neuron in the forward layer to the j
neuron in the hidden layer

- xiis the input from the i neuron in the preceding layer.

Each neuron in the network generates its output (out;) by processing the net input through
an activation (transfer) function. In this study, the logistic sigmoid transfer function (also
known as the sigmoid or logistic function) was used for hidden layers and a linear transfer
function for the output layer in a regression task [143].

The logistic sigmoid transfer function, often used in artificial neural networks, is defined
by the following formula:

fO) ==

1+e™*

(6-7)

- X represents the input to the function.
- e is the base of the natural logarithm (Euler's number), approximately equal to
2.71828.

The logistic sigmoid function maps any real-valued number x to an output in the range (0,
1), making it suitable for problems that require modeling probabilities or introducing non-
linearity in the neural network.

The sigmoid function's characteristic S-shaped curve is typically used in the hidden layers
of feedforward neural networks for tasks like classification. It helps transform the weighted
sum of inputs into a range where the network can learn complex relationships between features.

For this study, we have designed an optimal neural network architecture using the Matlab
Neural Network Toolbox. In the first case (marked as al model) the network architecture
comprises one input layer, one hidden layer, and one output layer. 10 neurons in the hidden
layer, while the input layer has four neurons, and the output layer contains two neurons during
both the training and testing phases. The input layer neurons correspond to the tool diameter
(D), the depth of cut (ap), the surface inclination (Anz) and the relative feed direction (As), while
the output layer represents effective diameter (Desr_1 and Dest_2). While in the second case
(marked as a2 model) the network has two hidden layers, 10 neurons in the first hidden layer,
and 5 in the second.

In Figure 6-4 and Figure 6-5, it is evident that more than 1000 samples, in addition to
approximately 400 validation and test samples, exhibit an error of 0.01034 in the context of a
neural network configuration with a single hidden layer.

In contrast, when employing a model with two hidden layers, approximately 1200 samples
and 400 validation and test samples display a notably reduced error of 0.001365. This implies
that by increasing the complexity of the model, achieved by adding more neurons and hidden
layers, the model's performance has been enhanced.
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Figure 6-4: Histogram error in the case of 1 Figure 6-5: Histogram error in the case of 2
hidden layer. hidden layers.

The discernible distinctions in accuracy are apparent in Figure 6-6 and Figure 6-7 presented
below, where the performance of the two-layer configuration surpasses that of the single-layer
arrangement. In the first case, the accuracy for training data stands at 0.99512. In contrast, the
second case exhibits superior accuracy with a value of 0.99892. This pattern is similarly
reflected in the validation data, where the initial scenario registers an accuracy of 0.99408,
while the second case excels with a higher accuracy score of 0.99886. The trend continues in
the testing data, with the first case recording an accuracy of 0.9949, while the second case
excels further with an accuracy of 0.9989.

Training: R=0.99512 _ Validation: R=0.99408

Output ~=0.99*Target + -0.0013
Output ~= 0.99*Target + -0.0023

Target

Test: R=0.99449

Qutput ~= 0.98*Target + -0.00033
Output ~= 0.99*Target + -0.0012

Target

Figure 6-6: Training, testing and validation data in the case of 1 hidden layer.
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Training: R=0.99892 Validation: R=0.99886
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Figure 6-7: Training, testing and validation data in the case of 2 hidden layers.

Consequently, when utilizing a neural network architecture featuring two hidden layers, we
observe enhanced performance in comparison to the one-layer counterpart. This improvement
is particularly evident in the validation results, achieved within a reduced number of training
epochs. In case of two hidden layers, the learning process was faster (Figure 6-8 and Figure
6-9).

Best Validation Performance is 0.0044271 at epoch 466 Best Validation Performance is 0.0022847 at epoch 145
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Figure 6-8:Validation performance in the Figure 6-9:Validation performance in the
case of 1 hidden layer (al). case of 2 hidden layers (a2).

6.3.3 Comparison of the models

The base of the comparison is the analysis of the error. Figure 6-10 and Figure 6-11 present
the calculated and the estimated values of the effective diameter and the distribution of the
differences. The data of Dess1 is presented only, the results of Desr2 Shows similar tendencies.
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Figure 6-10: The calculated and the estimated values of the effective diameter and the distribution of
the error of regression models

In case of r1 model, as shown in Figure 6-10 a) and b), the estimated values have remarkable
error. The point clouds follow the ideal line, but the area is too wide. Moreover, some negative
values are also included. The inaccuracy of the regression can be seen in the histogram of the
differences. The range of the differences is 3.899 mm, and the histogram is flat, the standard
deviation is 0.562 mm. Four peaks can be seen at the top region, which correspond to the four
different tool diameters.

The r2 regression model shows better accuracy (Figure 6-10 c) and d)). The point cloud is
narrower, and the histogram has a higher peak. The range is little bit smaller (3.118 mm), and
the standard deviation is 0.329 mm. The larger deviation can be observed under 6 mm.

The artificial neural network models show better performances. The al model (Figure 6-11
a) and b)) has narrow point cloud, but some outlier data can be observed. In the case of small
working diameter, the error is larger; a small curve can be seen in the diagram. The histogram
of the error shows normal distribution, the range is 2.601 mm, and the standard deviation is
0.194 mm.

The a2 neural model shows the best accuracy. The point cloud in Figure 6-11 c) is very
thin, but under 1 mm a similar pattern can be observed in case of al model. The histogram is
narrow and tall, the range is 1.113 mm, and the standard deviation is 0.080 mm only. The a2
ANN model results in the smallest error in all cases.
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Figure 6-11: The calculated and the estimated values of the effective diameter and the distribution of
the error of ANN models.

The improving accuracy of the different methods is shown in the previously presented
diagrams, but the statistic parameters can describe it more precisely (Table 6-3 and Figure
6-12). The range of the error values indicates the inaccuracy of the methods, but it means just
a rough characterization. The standard deviation can describe the nature of the histogram, the
distribution of the values of the error. In the case of the presented models, the range and the
standard deviation had smaller and smaller values.

The coefficient of determination (R?) is 91.9% in the case of the r1 model, which is a good
regression generally, but as the previous analysis shown, the error can be large in some cases.
In the case of artificial neural network model, the R? values are 99.0% and 99.8%, which means
a very good regression for both cases.

The standard deviation, the relative mean square error (RMSE) and the mean absolute
percentage error (MAPE) changed in parallel (Figure 6-12). The relative values of the standard
deviation, the RMSE and the MAPE changed in similar way. In the case of the r2, the values
are 58% - 58% - 59%; in the case of the al: 35% - 37% - 42% and in case of the a2: 14% - 14%
and 19% comparing to the r1 model. Although these parameters measure the different aspects
of the deviation, their values changed in parallel.

Table 6-3: The values of the statistical parameters of the differences

Model rl r2 al a2
Range 3.899 3.118 2.601 1.113
St.Dev 0.562 0.329 0.194 0.080
R? 0.919 0.972 0.990 0.998
RMSE 0.562 0.329 0.194 0.080
MAPE 0.194 0.114 0.082 0.038
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Figure 6-12. The range, the standard deviatlon, the R?, the RMSE and the MAPE values of the
differences.

6.4 Conclusions

In the case of ball-end milling of free-form surfaces, the working diameter changes parallel
with the surface inclination. The working diameter depends on the tool diameter, the depth of
cut, the surface inclination and the feed direction. In this chapter two types of regression models
and two artificial neural network models were compared based on the statistical parameters of
the error values. The base of the investigation was a set of data, which contains 2704 variations
of input parameters. The performance of the models was compared by the range of the error,
the standard deviation, the coefficient of determination (R2), the relative mean square error
(RMSE) and the mean absolute percentage error (MAPE).

The results can be summarized as follow:

e Introducing the relative feed direction allows us to reduce the number of input
parameters due to the periodic nature of the geometric model. Using the relative feed
direction in the regression equation for the working diameter has proven beneficial. To
create an effective regression model, we need to multiply the first, third, and fifth
powers of the surface inclination and the relative feed direction.

e A separate regression model based on the tool diameter improves accuracy, as the
coefficients can be calculated according to the tool diameter. This method helps create
a unified regression model, making the modeling process simpler and consistent for
different tool diameters.

e Integrating Artificial Neural Networks (ANNS) into prediction models aims to use their
learning abilities to create accurate and reliable models for predicting the working
diameter in ball-end milling. This approach ensures precision and dependability in real-
world milling by using relevant cutting parameters. The ANN-based model performed
the best, with the standard deviation, RMSE, and MAPE values all improving
consistently.

e The working diameter of the ball-end milling cutter is crucial for the adaptive
modification of cutting parameters to maintain a constant cutting speed and feed rate.
During the tool path planning for finishing milling of a free-form surface, the current
value of the working diameter can be utilized to minimize its variations. These
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applications require a fast and accurate calculation method to effectively adjust the
cutting parameters in real-time.

The exploration of working diameter concludes with this chapter. Subsequent chapters
unveil suggested algorithms aimed at tackling the thesis problem. First, the next chapter delves
into the algorithm for speed control, accompanied by a Matlab simulation. This is followed by
an experimental study highlighting the enhancements in surface roughness attained through the
implementation of this algorithm. Following that, an algorithm optimizing tool path planning,
along with its simulation, is presented.
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7 Controlling the spindle speed when milling free-form
surfaces using ball-end cutter

7.1 Objective

The chapter introduces a post-processing algorithm designed to control spindle speed
independently of CAD/CAM systems by modifying the NC code. It outlines the general
concept, algorithm steps, and data sources. Geometric surface data can be extracted from an
STL file, while tool path data can be retrieved from an APT format process file. These standard
file formats ensure CAD/CAM system independence.

The chapter illustrates the algorithm's functionality through an example, demonstrating its
effectiveness in modifying NC code to control spindle speed independently of the CAD/CAM
system.

7.2 Spindle speed control concept

To calculate the spindle speed and ensure effective machining, the working diameter of the
ball-end milling cutter needs to be determined point-by-point. This calculation relies on the
geometric model applied [77], necessitating the description of the free-form surface, the cutting
tool path, and cutting data.

To calculate the working diameter, both surface data and tool path data are essential. The
STL file format is commonly used for describing free-form surfaces, while the APT language
is utilized for describing tool paths. Briefly, the STL file format represents objects in CAD
systems by defining the surface geometry using a mesh of triangles. On the other hand, the
APT language provides a means to describe tool paths, including tool movements, feed rates,
and spindle speeds.

By utilizing the STL file format for surface geometry and the APT language for tool path
data, the algorithm can calculate the angle of surface inclination at each cutting point,
facilitating the determination of the working diameter of the ball-end milling cutter. This
comprehensive approach ensures accurate spindle speed control and effective machining,
independent of the CAD/CAM system used.

7.2.1 STL file format

For describing the geometric data of a free-form surface, various file formats are available,
ranging from native CAD system formats to neutral, standard formats. For the specific
application discussed, where only the orientation of surface normal vectors at different
positions is needed, different tessellation-based formats were examined.

CAD systems support numerous file formats, including STL, AMF, and OBJ. Each format
contains data such as texture, color, and geometry about the object to be manufactured.
However, the data encoded in these formats differs, with variations from file to file. For
instance, while an STL file solely describes surface geometry without color or texture
representation, AMF and OBJ can store information about texture and color [144], [145].

Furthermore, the difference between these formats extends beyond the type of information
stored; it also pertains to how the surface is represented. For instance, STL employs planar
triangles to describe the object, while AMF includes curved triangles alongside planar ones.
OBJ offers even more advanced representation options, such as free-form surfaces and curves
[144], [145].
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Given that surface geometry is the primary concern in the application and considering the
widespread use of the STL format, it has been chosen for this specific purpose. Its simplicity
and focus on surface geometry make it suitable for the task at hand.

STL stands for Standard Triangle Language / Standard Tessellation Language /
Stereolithography. This widely used file format is supported by many CAD systems [146]. It
comprises a list of triangle facet data, with each facet containing facet normal and three vertices
(see Figure 7-1). Both the facet normal and vertices are represented in the three-dimensional
Cartesian coordinate system. Below is an example of an STL file. The file begins with a
“SOLID” name, then a list of facets, and ends with an “ENDSOLID” followed by the name of
the solid. The STL file includes only surface geometry data, while other information such as
material, color, and texture are not stored in this file format.

solid

facet normal n; n; nx
outer loop
vertex vlx vi, vi,
vertex v2, v2, v2.
vertex v3x v3, v3;
endloop
endfacet 3

endsolid
Figure 7-1: Definition of a triangle in the STL language.

7.2.2 APT file

To acquire information about the tool path, the CNC code of the milling process needs to
be parsed. Presently, G-code serves as the most prevalent method for instructing numerical
control machines. Although G-code programming is standardized, different control
manufacturers use different variations or add their own code. Furthermore, obtaining the
precise location of the cutter directly from the G-code proves challenging for the requirements
of this application [147]. Hence, the APT language is preferred for retrieving the tool position
during the milling process. The Automated Programming Tool (APT) is a high-level computer
programming language developed by the Massachusetts Institute of Technology (MIT) in 1958
[148], [149]. It is primarily utilized for automating the generation of programs for NC
machines.

In the APT, all tool movement parameters, including contact points, vectors, cutting
information, and tool paths, are recorded comprehensively. By analyzing the data stored in the
APT program, the corresponding NC code can be generated [150]. This approach facilitates
precise extraction of tool path information, aiding in accurate calculation of the working
diameter for the milling process. The APT language offers the capability to retrieve the position
of the cutter at each point during the milling process. Below is an excerpt from an APT
program:
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$$-> MFGNO / MFG0002

PARTNO / MFG0002

$$-> FEATNO / 13

MACHIN / MILL, 1

$$-> CUTCOM_GEOMETRY_TYPE / OUTPUT_ON_CENTER

UNITS / MM

LOADTL / 37 $$-> D10 R5 FRISA

$$-> CUTTER / 10.000000

$$-> CSYS / 1.0000000000, 0.0000000000, 0.0000000000, -25.0000000000, $
0.0000000000, 1.0000000000, 0.0000000000, -25.0000000000, $
0.0000000000, 0.0000000000, 1.0000000000, 0.0000000000

SPINDL / RPM, 2000.000000, CLW

RAPID

FROM / -20.100, 25.249, 30.000

$$-> SETSTART / -20.100, 25.249, 30.000

RAPID

GOTO /-20.100, 25.249, 9.994

FEDRAT / 500.000000, MMPM

GOTO / -19.975, 25.249, 9.994

GOTO / -18.996, 25.249, 9.990

GOTO / -18.871, 25.249, 9.994

In this example, the APT program begins with metadata regarding the part, like the part
name (MFG0002), the machine tool ID (MILL, 1), the unit of measure (MM), the tool
properties (D10 R5) and the direction of the coordinate system. Comments are marked with
$$. The subsequent section contains machining information, including commands like SPINDL
for spindle speed control. RAPID denotes rapid motion, while FEDRAT initiates working
motion. The GOTO command specifies the X, y, and z coordinates of the endpoint for linear
motion. This explicit marking of tool positions in the APT program is advantageous,
particularly for distinguishing between cutting motions and rapid motions. As the location of
the cutter is crucial only during contact with the workpiece, the algorithm can effectively
differentiate between cutting and rapid motions. Furthermore, additional process data such as
cutting tool diameter, nominal cutting speed, feed speed, depth of cut, width of cut, and milling
direction can be derived from the APT file or provided as user inputs. This comprehensive
approach ensures accurate calculation and control of the machining process.

7.2.3 The algorithm description

To achieve the objective of this study, an algorithm has been developed to control and adjust
the spindle speed point-by-point to maintain a constant cutting speed. Figure 7-2 illustrates the
functioning of this algorithm in calculating the spindle speed required at each point of the
surface.

62



Tool path: APT

‘ Dc; Vzl; V[t; ap; ae +

Triangle data:
ﬂtl’ I; EII'I

Surface
Technology geometry: STL

Cutting position

A 4

Calculate working diameter

|
 J y
Calculate spindle
speed

I I
3

/ Modified APT /

Figure 7-2: Diagram illustrates the algorithm.

Calculate feed

The algorithm initiates by reading the STL file (Figure 7-3), which is generated by the CAD
system to describe the workpiece surface. It parses the file and computes the incentre point for
each triangle by averaging the coordinates of its three corners. Subsequently, the algorithm
stores a list of incentre points (Ptr i) of the triangles along with their corresponding normal
vectors (Ntr i). To enhance efficiency, triangles that do not belong to the machined surface are
eliminated. This elimination process involves examining the normal vector of each triangle. If
the normal vector is parallel to the coordinate axes, except for the Z+ direction, the triangle is

disregarded.
Surface geometry:
/ ey /Lb Read STL

'

Triangle data: Calculate the normal vector
N is Py and the centre point

N
\1
3 C Stop STL processing >

Figure 7-3:Processing of the STL file.

A

The algorithm proceeds by reading the APT file (Figure 7-4). This file includes coordinates
of tool locations, although these points do not precisely represent the actual contact between
the tool and the surface. Nonetheless, they serve as useful data for calculations. The disparity
between the tool nose point and the actual tool/surface contact point is minimal, particularly
for shallow surfaces. In the APT file, machining points are specified following the "FEDRAT"
command, while "RAPID" designates points of rapid tool motion. By analyzing these
keywords, the algorithm can differentiate between various tool locations and determine the
appropriate spindle speed adjustments accordingly.
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Figure 7-4: Processing of the APT file.

The subsequent step involves determining the normal vector at each tool position. This is
achieved by connecting the tool position to the corresponding triangle. To accomplish this, the
algorithm computes the distance between the tool location and all the incentre points, returning
the incentre point with the shortest distance to the tool position. This indicates that the tool is
within the triangle associated with that incentre point and shares the same normal vector as the
triangle.

It's worth noting that depending on the resolution of the STL file, one triangle may be
assigned to multiple tool positions. While this could introduce some error in the calculation of
the working diameter, its impact is typically minimal and can be mitigated by increasing the
resolution of the surface description.

By determining the normal vector of the surface at each tool position, the surface inclination
angles Anz and Anz can be calculated as depicted in Figure 7-5.

Ay1 = arctg(x—i’) (7-1)

= arccos (N,) (7-2)

oS
=
N

|

/

| / -.-:;fl

Figure 7-5: Calculation of the inclination Figure 7-6: Calculation of the feed direction
angles (AN1, AN2) (Af)

If the cutter location is known, the feed direction can be calculated as well (Figure 7-6).

A= arctg(imy (7-3)
N g ij_Px

j-1

The feed direction can be constant, like in the presented example. In this case, there is no
need to calculate it point-by-point, it can be input data.
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This data is necessary to calculate the working diameter at each tool position, which is an
important step to calculate the required spindle speed Figure 7-7. To calculate the working
diameter, a geometric model presented by Mik6 and Zentay [77] was used. At technology
parameters the t means the theoretical (nominal) values, and the o is the optimized.

Y

Read the tool Tool position:
position Pinj
{ Triangle data:
{ - Z Calculate the Niri Py

feed directi
megsieeon Seek the closest I

triangle
i e ——
Calculate the P Technology
inclination angles N1z N2 Dg; V' Ve ap; 3.
E—
Calculate the working

diameter

Figure 7-7: The algorithm segment responsible for computing the working diameter.

In this model, the working diameter is defined as the distance between the tool center line
and an intersection circle. This intersection circle is generated by a plane with the same normal
as the current surface point, and the distance is equal to the depth of cut. The transformation
required to calculate the working diameter is determined by the inclination angles Ani and Ans.
The direction of the working diameter is defined by the feed direction.

In this approach, the geometry of the machined part of the free-form surface is locally
approximated. This method aligns well with the use of the STL description of the surface
geometry, which allows for efficient handling of complex surface geometries by approximating
them with triangles.

Technology
EYRIRTAS :
De; Ve Vf; @ e

Deff I

l |

Ca.lculate the Calculate the feed Ve ©
spindle speed /[ )

f g '
ne '
Modify the APT

row
T

]
; Modified
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Figure 7-8: Updating the APT file.

In order to ensure the constant cutting speed, the spindle speed has to be calculated point-
by-point. The required spindle speed at each point is calculated by the following formula:
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1000+, .
= W [1/m|n] ( 7-4)

For constant cutting condition, the feed rate must be modified parallel with the spindle
speed:

vp = f, * z* n[mm/min] (7-5)

7.3 The results and the simulation

A simulation was conducted to investigate the variation in cutting speed and the
corresponding adjustments in spindle speed necessary to maintain a constant cutting speed,
utilizing the presented algorithm. Table 7-1 outlines the cutting parameters, which were utilized
in this simulation. Additionally, Figure 7-9 depicts a simulation of the down milling process
within CAM software.

Table 7-1: Cutting parameters.

Cutting speed vc [m/min] 63

Spindle speed n [rpm] 2000

Feed per tooth fz [mm]  0.125

Feed rate vf [mm/min] 500
\ Feed direction A[] 0

Depth of cut ap [mm] 0.30

Width of cut ae [mm] 0.25

Figure 7-9: Down milling process in CAM Tool diameter D [mm] 10.0
simulation. Number of teeth z[-] 2

The STL file describes a workpiece with dimensions of 50x50 mm (Figure 7-10).
Meanwhile, the APT file contains instructions for a down milling process. By parsing this file,
the algorithm can determine the tool location, as illustrated in Figure 7-11.

z-axis
3

-10 &
2 56 y-axis

Figure 7-10: The STL file, representing the Figure 7-11: The tool position determined by
workpiece. reading the APT file.

However, it is important to note that the resolution of the STL file may be lower than the
resolution of the tool path description. While this difference in resolution could introduce some
errors, it is typically not significant for the spindle speed adjustment process.

Additionally, it is essential to recognize that the coordinates of the tool position differ from
those of the surface points because the tool contact point is located at the nose point of the tool.
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Therefore, the tool position may not perfectly align with the surface geometry, but this
discrepancy is accounted for in the algorithm's calculations.

The working diameter and cutting speed were calculated in the case of feed direction A =0.
Figure 7-12 and Figure 7-13 show the change in the working dimeter and cutting speed from
point to point along the surface of the workpiece. Notably, these changes occur in parallel.

When the surface normal close to vertical direction (the surface is horizontal), the working
diameter is small, resulting in a decrease in cutting speed. As depicted in Figure 7-12, the
working diameter drops to the lowest value (about 1.5 mm) when the surface is horizontal, in
this section of the workpiece, the axis of the tool is normal on the surface.

Conversely, in the middle section, the diameter of the work increases as the tool engages
more deeply into the workpiece. Similarly, the actual cutting speed varies from point to point
along the surface, mirroring the changes observed in the working diameter.

50
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:ﬁ:} %zo
[(a] =)
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=
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-20
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30 0 o S ” 2 30
. 20 30 20 a0 0
y-axis x-axis y-axis
Figure 7-12: The working diameter Figure 7-13: The cutting speed

Similarly, Figure 7-14 and Figure 7-15 show the working diameter and cutting speed as a
function of the surface slope. When Anz = 0 and Anz = 0, the working diameter is of low value.
As the surface slope increases, the working diameter also increases, indicating that more work
is being done by the cutter. This relationship holds true for cutting speed as well higher surface
slopes correspond to higher cutting speeds.

: Deff [mm]

o

Figure 7-14: Working diameter versus Figure 7-15: Cutting speed versus surface
surface inclination. inclination.

Although despite the constancy of cutting parameters, including spindle speed, the actual
cutting speed fluctuates from point to point during the milling process due to variations in the
tool's working diameter, which in turn varies with different surface inclination angles.
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Although the nominal cutting speed is set at 63 [m/min], the actual cutting speed varies
significantly, ranging from a maximum of 42 [m/min] at certain points to a minimum of about
21 [m/min] at others. To maintain a constant cutting speed, adjustments to both spindle speed
and feed rate are necessary. The presented algorithm offers a solution to this challenge by
controlling both spindle speed and feed rate. Figure 7-16 and Figure 7-17 illustrate the modified
spindle speed and feed rate at each point, ensuring a constant cutting speed of 63 [m/min].
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Figure 7-16: Modified feed rate. Figure 7-17: Modified spindle speed.

At certain points, an increase in spindle speed is necessary to compensate for the decrease
in cutting speed resulting from a decrease in the working diameter. The spindle speed required
at these points can reach up to 5877 [rpm]. Conversely, the lowest spindle speed required is
3002 [rpm]. Similarly, to maintain a constant cutting speed, the feed rate must also be adjusted.
The increase in the required feed rate is directly proportional to the spindle speed. Therefore,
both parameters exhibit similar characteristics, with the increase in feed rate reaching 1500
[mm/min], three times greater than the nominal feed rate. The feed rate ranges from 750 to
1469 mm/min.

With the presented algorithm, it becomes possible to fix the cutting speed to a specific
value. Figure 7-18 illustrates the theoretical cutting speed as a function of surface slope,
demonstrating a constant cutting speed of 63 [m/min] regardless of changes in surface angles.
In simulation, a small difference in cutting speed may occur depending on the resolution of the
calculation, which is influenced by the density of the tool path points and the STL surface
model.
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Cutting Speed [m/min]
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Figure 7-18: Resulting cutting speed.
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7.4 Conclusion

In this chapter, the primary challenge encountered in manufacturing free-form surfaces
using a three-axis ball end mill is the variation in the working diameter of the cutter. This
variation leads to fluctuations in cutting speed, subsequently affecting cutting parameters and
surface quality.

The chapter presents an algorithm designed to address this issue by controlling spindle
speed to achieve a constant cutting speed. Unlike other approaches, this algorithm does not
require pre-processing and operates independently from any CAD or CAM system. It
introduces a novel method for obtaining the normal vector at each surface point by parsing STL
format files and APT language NC files, establishing a connection between cutter locations
and STL file triangles.

A simulation demonstrates the algorithm's functionality, illustrating changes in working
diameter and cutting speed during milling processes due to variations in surface slope angles.
Additionally, it showcases how spindle speed and feed rate adjustments ensure a constant
cutting speed throughout milling.

The next chapter presents the results obtained from applying the described algorithm. It will
include a detailed comparison of the surface quality achieved with adjusted spindle speed
versus constant spindle speed. This comparison aims to highlight the effectiveness of the
algorithm in enhancing surface finish and overall machining performance.
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8 The effect of the spindle speed control when milling
free-from surfaces

8.1 Objective

The primary objective of this chapter is to thoroughly investigate and validate the algorithm
introduced in the preceding chapter. Through systematic experimentation and analysis, this
study aims to assess the algorithm's effectiveness and reliability. By conducting rigorous
validation tests, the chapter seeks to provide robust evidence of the algorithm's capability to
optimize machining processes and achieve superior outcomes compared to traditional methods.

This chapter presents results from milling tests conducted on a free-form surface using ball-
end milling with five different feed directions. Two test series were executed: one with constant
spindle speed and the other with controlled spindle speed. The surface roughness of these parts
is then compared to assess the effectiveness of the proposed adaptive spindle speed control
method within the context of 3-axis milling.

8.2 Materials and methods

The workpiece material used for the present work was C45 (1.0503) medium-carbon
unalloyed steel. C45 steel is commonly utilized in the manufacturing of parts with high strength
requirements, such as gears, shafts, and piston pins, as well as less stressed components like
machined parts, forgings, stampings, bolts, nuts, and pipe joints. It possesses a tensile strength
range Rm=650-800 MPa. Table 8-1 presents the chemical composition of C45 steel

Table 8-1: Chemical composition of C45 steel (analysis in %)

C Si Mn P S Cr Mo Ni
0.42-05 <04 05-08 <0.045 <0.045 <04 <0.1 <0.4

The size of the test part was 50x50 mm, it contains a sphere (R=106.25 mm), a toroid (R=25
mm) sections, and a horizontal plane surface (Figure 8-1). The height of the 3D surface is 10
mm.

Figure 8-1: The test part.

After the milling, the surface roughness was measured by a Mahr-Perten GD130
instrument. The Rz parameter was measured in 25 zones, 3 times on the surface, in
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perpendicular direction to the feed and the presented values calculated with the averages of
three measures. The value of the cut-off was 0.8 mm, the speed of probe was 0.5 mm/s.

The test parts were machined by a Mazak 410-All CNC machining center with a YG NC-
Mill G9F44100N ball-end milling cutter with 10 mm diameter (D) and 2 teeth (z). The cutting
parameters were the following: nominal cutting speed was vc = 63 m/min, and the feed per
tooth f; = 0.125 mm. In case of the determining of the cutting parameters, the recommendation
of the tool catalogue, the properties of the machine tool and the possible changing and the
maximum value of the spindle speed were considered. The depth of cut was a, = 0.3 mm and
the width of cut a. = 0.25 mm. In order to constant depth of cut, the pre-finishing 3D ball-end
milling was performed.

The test surfaces were machined by zig-zag 3D surface milling method with five different
feed directions comparing to the x axis. The feed directions were As = 0°, 22°, 45°, 67.5°, 90°.

In case of the first test set the constant spindle speed was applied, the spindle speed was n
= 2000 1/min, and the feedrate was vf = 500 mm/min. In the case of the second test set, the
spindle speed and the feedrate were modified along the tool path considering the actual cutting
diameter.

APT file STL file

~ Tool  Normal
position vector
L |
v
Working
diameter
Apidie —> Feed rate
speed :
New APT
file

Figure 8-2: The processing workflow.

The developed algorithm (which was presented in the previous chapter) changes only the
values of the spindle speed and the feedrate, the points of the milling tool path are not changed,
so the accuracy of the CNC program is unchanged.

Figure 8-3 shows how the spindle speed changes during the milling process to keep the
cutting speed constant. The diagrams show the spindle speed in the case of five different milling
feed directions (0°, 22.5°, 45°, 67.5°, 90°).
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Figure 8-3: The controlled spindle speed in case of the five feed directions.

As can see in the above figures, as the surface inclination changes, the effective diameter
changes. To make up for the decrease in cutting speed, the spindle speed must be increased. It
is evident that the effective diameter and cutting speed decrease to their lowest values at the
points where the tool is perpendicular to the surface. In these points, the algorithm calculates
the highest speed for the spindle. When the surface inclination changes fast (at the small
radius), the spindle speed changes fast also

The minimum and the maximum values of the spindle speed depend on the feed direction.
The minimum values are 3002, 3066, 3251, 3062 and 3002 1/min and the maximum values are
5877, 6308, 8066, 6308, 5877 1/min. Because of the symmetric surface (the diagonal plane is
a symmetric plane too), the minimum and the maximum values of the spindle speed show
symmetricity also.

The spindle speed changed point by point, and however the diagrams look similar (Figure
8-3), because of the different length and the different number of the points of the toolpaths,
there are some differences. These differences can be presented by the integral value of the
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spindle speed by path (the area under the function of spindle speed). This integral characterizes
the dynamic load of the spindle.
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Figure 8-4: The integral of the spindle speed by the path.

As Figure 8-4 shows, in case of constant spindle speed, the value of the integral is virtually the
same. The maximum difference in tool path length is 100 mm (Af = 0°: 10286 mm and Ar =
45°: 10383 mm), so it has a little effect on it. In case of the controlled spindle speed, the larger
spindle speeds because higher integral values and the effect of the different ways of the
changing can shows in the integral. The largest value there is at the feed direction 45°, and the
smallest at 0° and 90°. The difference is 17%.

8.3 Results

The investigation focused on the Rz parameter of surface roughness and its comparison.
The average Rz value of all measured data (5 feed directions x 25 sections x 3 repetitions) with
constant spindle speed was found to be 4.1 um, with a standard deviation of 1.3 pum.
Conversely, with controlled (compensated) spindle speed, the average Rz value was 1.7 um,
with a standard deviation of 0.4 pm.

If the actual cutting speed had no effect on surface roughness, the Rz values should have
been consistent across the five different feed directions. However, the results indicated that
controlled spindle speed and constant feed per tooth resulted in a more homogeneous surface
roughness, with smaller average Rz values and standard deviations.

Figure 8-5 and Figure 8-6 illustrate the surface roughness for milling processes with
constant spindle speed and controlled cutting speed, respectively. The figures reveal that
surface roughness values are smaller and exhibit less variation along the surface in the case of
controlled spindle speed.

Based on the diagrams, the values of the surface roughness in case of controlled spindle
speed are smaller, and the changing along the surface is smaller in every case.

Higher surface roughness values for uncontrolled milling were observed in horizontal
surface sections (Figure 8-5), where the working diameter and thus cutting speed were
decreased. In contrast, controlled parameters led to smoother surface maps (Figure 8 6), with
smaller differences.

The comparison of statistical data on surface roughness confirms the significant effect of
controlled spindle speed on surface roughness variation.
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Figure 8-5: The maps of surface roughness Rz — constant spindle speed.
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Figure 8-6: The maps of surface roughness Rz — controlled spindle speed.

Figure 8-7 compares the average values of surface roughness Rz for each milling direction.
The difference between the Rz surface roughness values after modification is small (2.0 um in
the case of milling direction 0° and 1.6 pm in the case of 45°) compared to milling under a
constant spindle speed (ranging from 4.5 pm in the case of feed direction 67.5° to 3.7 um in
the case of milling direction 0°). Maintaining a constant cutting speed reduces the effect of
milling direction on surface quality, ensuring similar surface roughness under different milling
directions and a more homogeneous surface regardless of surface inclination.

Surface roughness
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Figure 8-7: Average values of the surface roughness (Rz).

As depicted in Figure 8-8, the Rz parameter ranges (defined as the difference between the
maximum and minimum values) from 1 pum to about 2 um in the case of controlled surface,
varying based on feed direction. In contrast, with conventional milling methods (constant
spindle speed), the ranges are between 3.7 um and 5.3 pum in each direction. The smaller range
in controlled milling indicates a more homogeneous surface quality.
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Figure 8-8: The ranges of the surface roughness (Rz).

In Figure 8-9 the standard deviation of the Rz surface roughness is depicted for each milling
direction, comparing constant and controlled spindle speed conditions. The standard deviations
of workpieces machined with controlled spindle speed are smaller (less than 0.5 pm) compared
to those machined without optimization, which range from 1 to 1.5 um. This minimal standard
deviation implies that the surface maintains consistent roughness after the machining process,
regardless of milling direction. Conversely, similar values of standard deviation across
different milling directions underscore the effectiveness of the suggested method in mitigating
the impact of milling direction on surface quality.

Standard deviation of the surface roughness

1.60
1.40
1.20
T 1.00
= 0.80
& 0.60
0.40
0.20 -
0.00

0.0 225 45.0 67.5 90.0
Af - Feed direction [°]

M Constantnand vf M Controlled n and vf

Figure 8-9: Standard deviation of Rz surface roughness.

The visual comparison indeed confirms these differences, which are evident in the data.
Below are examples illustrating these disparities, with each picture representing a 4.5 x 3.75
mm area.

Figure 8-10 illustrates differences in various locations on the surface, with four examples
provided for a feed direction of 45°. Each pair of pictures displays the surface machined with
constant spindle speed on the left and the result of the proposed method on the right.

The four surface sections exhibit distinct characteristics:

1. Section 1.1 is positioned at the top of the test surface on a large radius section and is
nearly horizontal.

2. Sections 2.4 and 4.2 are situated at the bottom of the high radius, with a greater
surface slope in mirrored positions.

3. Section 4.4 is positioned at the transition between the small radius and the horizontal
surface section.

In section 1.1, the visible difference is minimal despite the significant difference in
roughness values. Conversely, the visual disparity is more noticeable for sections 2.4 and 4.2.
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In transition zone 4.4, while the flat section appears similar, the radial section exhibits
significant differences.
In horizontal sections where the working diameter is markedly reduced, the increased speed

fails to correct the unfavorable cutting conditions. However, on steeper sections, surface
aesthetics are also improved alongside roughness values.
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Figure 8-10: Pictures of the surface zones in case of constant (left) and controlled (right) spindle
speed (Af = 45°).

Figure 8-11 displays images of surface zone 3.4 for five different feed directions. The left
side depicts the result of milling at constant spindle speed, while the right side shows the result
of milling at controlled spindle speed.

AF=0°

A=67.5°

Figure 8-11: 3.4 surface zone in case of different feed directions (left: constant spindle speed; right:
controlled spindle speed).
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The differences in the surface roughness values (Figure 8-12) are also reflected in the visual
properties of the surface. The more advantageous chip removal conditions resulting from the
controlled machining parameters led to changes in the surface appearance.
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Figure 8-12: Rz surface roughness at the 3.4 surface zone.

8.4 Conclusion

In this chapter, the effectiveness of the method (which has been presented in the previous
chapter) is demonstrated through cutting experiments conducted on C45 steel test pieces using
a 10 mm diameter ball-end milling cutter, with different feed directions, constant and controlled
spindle speed, and feed rate. Surface roughness (Rz) measurements were taken at various points
on the surface with different characteristics.

Key findings and focuses of this chapter include:

1.

2.

Improvement in surface roughness observed when milling under a constant cutting
speed, with decreased average value and standard deviation of surface roughness.
Reduced dependency of surface roughness on milling direction when milling with
controlled spindle speed.

Implementation of controlled spindle speed resulting in greater dynamic stress on
the machine tool, with the integral value of spindle speed along the path indicating
dynamic spindle load, aiding in selecting the most efficient milling direction.

The presented method is suitable for post-processing a free-form surface finishing
CNC milling program to compensate for cutting speed variations, thereby
enhancing surface quality and visual appearance.

Further research is warranted to explore the integral value in detail, potentially
aiding in identifying the most favorable milling strategy considering surface
changes and dynamic spindle loading.

Overall, this chapter sets the groundwork for enhancing free-form surface milling
processes. It also proposes future research directions aimed at optimizing milling strategies and
improving surface quality, as detailed in the subsequent chapter, which focuses on introducing
a novel method to address changes in working diameter through optimized tool path planning.
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9 Tool path planning of ball-end milling of free-form
surfaces as a search algorithm

9.1 Objective

The aim of this chapter is to optimize the milling tool path of the ball end milling based on
the calculation of the working (effective, Detf) diameter. In the case of free-form milling, the
working diameter is changed because of the changing of the surface inclination. The changing
working diameter has an effect on the cutting speed and the surface roughness. During the
previous research stage, these effects were investigated, and an optimization algorithm was
developed, which modified the spindle speed and the feed in order to compensate the negative
effect of the working diameter. The algorithm requires the tool position data and the surface
inclination. The APT file format is used for tool path and the STL format for surface
description. The modified NC code contains the variable cutting parameters. The acceleration
and the dynamic load of the spindle can be high depending on the surface inclination [151].

In this chapter, a new concept is introduced that focuses on modifying the tool path based
on changes in the working diameter of the ball-end tool. The goal is to minimize variations in
working diameter, thereby reducing the required spindle speed adjustments needed to mitigate
changes in cutting speed when applying the previous algorithm.

9.2 The tool path planning as a search algorithm

The algorithm has been developed with a specific focus: generating an optimal tool path
for milling free-form surfaces. The primary objective is to minimize variations in the working
diameter of the ball-end tool during the machining process. By achieving minimal changes in
the working diameter, the resulting reduction in cutting speed fluctuations ensures a more
uniform and homogeneous machined surface.

The core objective of the algorithm is to perform path planning for CNC machining. This
involves determining the sequence of points (toolpath) that the CNC machine should follow
while milling the freeform surfaces. The developed algorithm solves the tool path re-planning
as a search algorithm. The algorithm uses the pre-generated NC code in APT form. The code
contains the points of the toolpath. The search algorithm reorders the points in order to equalize
the value of the working diameter and reduce the dynamic load of the spindle. The algorithm
implements a path planning that takes into account the difference in the effective diameter
between the current point and its neighbor points. Once a point is processed, it is marked as
visited (tabu) to prevent the algorithm from revisiting it. The overarching goal is to ensure that
the algorithm systematically covers all points without duplication while minimizing
fluctuations in the working diameter.

The algorithm begins by reading and processing data from an STL file, which represents
3D models using triangular facets and contains vital geometry information. Subsequently, it
extracts tool position coordinates from an APT file, a format used in CNC machining. To
enhance precision, the code generates additional tool positions as needed and calculates normal
vectors at each position based on facet data from the STL file. It also determines neighbor
points and computes the working diameter using an established mathematical model. Finally,
the code’s core objective is path planning for CNC machining, aiming to optimize toolpaths by
considering variations in the effective diameter while efficiently covering all points on the
surface.

Figure 9-1 shows the pre-processing of the tool path and the surface data. The algorithm
can be summarized in the following sequential steps:
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The developed algorithm uses APT file to determine the tool position coordinates at each
point of the surface. An APT (Automatically Programmed Tool) file is a file format used in
computer-aided manufacturing (CAM) and computer numerical control (CNC) machining.
APT is a high-level programming language specifically designed for defining toolpaths and
machining operations for CNC machines. By reading the file, the algorithm extracts tool
position coordinates.

Open APT file APT

v

Read the points’
coordinates

v

Calculate points’
distance

Generate
intermediate
points

Determine the
normal vector

STL

y

Points
List the points »| (coordinates
and normal
vector)

Figure 9-1 Pre-processing of the tool position and surface data.

The original CNC code contains the points of the tool path. The distance of the consecutive
points depends on the surface inclination. In the case of plane surface segments, which can be
horizontal or inclined, the distances can be large. But where the curvature of the surface is
greater, the distance between the points is smaller. In order to reconfigure the tool path, quasi-
equal density of the points is required. If the distance of points is larger than the defined limit
(chim), new points are added. The suggested limit is the value of the width of cut parameter (a),
which is the distance between two parallel paths. The procedure divides the line between two
points into pieces, where the distance is smaller than the defined limit. It has no effect on the
accuracy of the machining because the original tool path follows the same linear segment.

The distance between two points is:

di = /(= %42 + O = Yir)? + (7 — 2i41)? (9-1)

I = Roundup (L) (9-2)

diim

If I > 1, additional points must be added, the number of new points is (I-1). The coordinates
of the new points can be calculated by the next equation:
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Figure 9-2 Intermediate points.

The algorithm proceeds by processing data from the STL file, which is commonly used for
representing 3D models with triangular facets. STL file contains information that characterizes
the surface’s geometry. This file format presents the surface as a collection of triangles along
with their associated normal vectors within a three-dimensional coordinate system. It’s
important to note that the STL file does not contain any additional surface details, such as color
or texture information. As the algorithm reads the STL file, it accumulates a list of the normal
vectors, and calculates the incentre point of each triangle. The resolution of the STL file can
be adjusted. The STL file describes the free-form surface with some deviation, but this has no
effect on the accuracy of the method, because the normal vector of the machined area is
required only, and in case of technical free-form surfaces, the changing is limited.

The algorithm calculates the normal vectors at each tool position using the facet normal
obtained from the STL file. These normal vectors are associated with the corresponding tool
positions by identifying the nearest incentre point. Essentially, this process ensures that at each
position, the tool aligns with a specific triangle and adopts the same normal vector as that
triangle.

The search algorithm of the reordering the points of the tool path is started by the selection
of the starting point (Figure 9-3). It must be on the border of the machined surface. The point
can be defined by rules, like the lowest or the highest point of the contour or it can be a random
point.
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Figure 9-3 Search algorithm.

The next step is finding the neighbor points. Because of the non-uniform and non-regular
distribution of the tool points, an adaptive method must be used. This code then performs some
neighbor point calculations based on a distance threshold R. It iterates over tool position
elements and checks for nearby points. If the count of nearby points is less than a specific
number, it incrementally increases the distance threshold R until it reaches or exceeds a specific
number of points. The resulting points are stored in a list. If a point was chosen previously, it
is deleted from the neighbor set, as a taboo point.

The algorithm calculates the milling direction for each tool position based on the slopes
between the tool position and its neighbor points. Then it calculates the working diameter of
each neighbor point using a mathematical model presented by Miké and Zentay [77].

At the last step, the point is selected, which has the smallest difference value in the working
diameter. If there is no difference in the working diameter because the surface is horizontal,
the next point is selected in the feed direction.

The modified cutting parameters (cutting speed and feed) are calculated and added to the
list of the points of the new tool path. The algorithm starts again by the selection of the neighbor
points. The reordering of the points of the tool path ends when all points are selected.

9.3 Results

The algorithm was tested on a free-form surface (Figure 9-4), the size of the part is 50x50
mm, and the height of the profile is 10 mm. The machining parameter in the simulation is
shown in Table 9-1. The tool diameter was 10 mm, the nominal cutting speed was 63 m/min,
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the feed was 500 mm/min, the depth of cut was 0.3 mm, the width of cut was 0.5 mm, and the
feed direction was 90°.

Table 9-1 Parameters of the simulation.

Tool diameter (D) 10 mm
Cutting speed (v¢) 63 m/min
Feed (vi) 500 mm/min
Depth of cut (ap) 0.3 mm
Width of cut (ac) 0.5 mm
Feed direction (As) 90°

Figure 9-4 Test part geometry

Figure 9-5 illustrates the outcome of point processing. The first image displays the original
distribution of path points, while the second reveals the extended point cloud. This extension
of the point cloud provides valuable data for optimizing tool paths. Algorithms can leverage
this data to determine the most efficient and safe routes for the cutting tool. To maintain
relatively uniform point spacing, the width of cut (a) was used as a standard distance between
points. This approach ensures reasonably consistent inter-point distances. Moreover, extending
the original point cloud allows for a faithful representation of the complex free-form surface
geometry, thereby enhancing the precision of tool path planning and reducing the risk of errors
or defects in the final product.
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a) Original distribution of the points b) Extended point cloud
Figure 9-5 Original and extended distribution of the points.

In Figure 9-6 and Figure 9-7 a tool path comparison between the original and improved
versions is presented. The improved tool path originates from two positions: the point with
index 0, coordinates 50, 50, 10 (located in the top right corner of the workpiece), and the point
with index 4269, coordinates 28.500, 43.919, 10.00 (situated in the middle of the workpiece).
The improvement considers both 4 and 8 neighbor points.

It is important to note that the generated path contains jump points. These occur when all
adjacent points to the current position are marked as visited. In such instances, the algorithm
seeks the closest unvisited point in the tool-position list. However, this strategy involves a
trade-off; the tool may traverse a greater distance in the proposed path compared to the original
path.
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Figure 9-7 Optimized tool path.

The resulting toolpath depends on the position of the starting point, and the number of the
investigated neighbor points. Therefore, four cases were studied as presented in Table 9-2.
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Table 9-2 Comparative Analysis of Tool Path Optimization: Four Distinct Cases Investigated

. . Number of the

Case Starting point neighbor points
1 0 4
2 4948 4
3 0 8
4 4948 8

The comparison of the four tool path planning cases unveils distinct trends influenced by
the selected starting points and the number of neighboring points. Figure 9-8 a) illustrates the
traveling distance in the four cases. Cases 1 and 3, both originating from the top right corner
but differing in neighboring points, demonstrate that an increase in neighboring points leads to
a longer tool path (6183) for Case 1 with four neighbors and 8805 for Case 3 with eight
neighbors. Similarly, Cases 2 and 4, both starting from the middle but varying in neighboring
points, follow a similar pattern, with Case 4 (10645) having a longer tool path compared to
Case 2 (7097). Conversely, Figure 9-8 b) highlights the impact of starting points and
neighboring points on jumping points. Initially comparing Cases 1 and 2, both starting from
distinct locations but with four neighboring points, reveals a minimal difference in jumping
points (181 in Case 1 and 180 in Case 2). This suggests that the starting point's influence on
jumping points is relatively limited when the number of neighboring points remains constant.
A parallel trend is observed in Cases 3 and 4, where starting from the middle but with different
neighboring points results in comparable jumping points (426 in Case 3 and 432 in Case 4).
This underscores that the number of neighboring points plays a more significant role than the
starting point in determining the number of jumping points.

12000 500
10000 400
8000
300
6000
4000 200
0 0
1 2 3 4 1 2 3 4
H Travelling distance B jumping pints

Figure 9-8 Number of jumping points and travelling distance at each case.

On the other hand, the main objective of the proposed algorithm is to minimize changes in
effective diameter and regulate the spindle's dynamic load. This assessment involves two key
comparisons. Firstly, it examines the absolute change in effective diameter in two specific
scenarios: the original toolpath and the modified tool path in case 1. Secondly, the algorithm
calculates the spindle speed at each point to ensure a constant cutting speed, and it compares
the absolute change in spindle speed between these same two cases.

Figure 9-9 and Figure 9-10 provide a visual representation of the change in the working
diameter when employing two different milling strategies: the traditional down milling tool
path and an optimized tool path. The working diameter, a critical parameter in machining
operations, is analyzed to understand its variation and impact on the machining process.
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In the case of the traditional down milling tool path, Figure 9-9 illustrates a significant range
of change in the working diameter, spanning from 0 to 0.9155. This wide variation suggests
that the machining process under traditional down milling conditions results in a less consistent
effective diameter throughout the operation.

On the other hand, Figure 9-10 highlights the working diameter variation when utilizing a
modified tool path. In this scenario, the effective diameter fluctuates within a narrower range,
specifically between 0 and 0.6. This narrower range indicates that the proposed tool path leads
to a more controlled and predictable working diameter during the milling process.

The observed difference in the effective diameter range between the two milling strategies
has noteworthy implications, particularly in terms of surface homogeneity. A smaller variation
in the working diameter, as achieved with the modified tool path, contributes to enhanced
surface homogeneity.

Change in the effective diameter
Change in the effeictive diameter

40
y-axis of the tool position

40
x-axis of the tool position

60 60 y-axis of the tool position 60 60 X-axis of the tool position
Figure 9-9 The change in the working diameter Figure 9-10 The change in the working
in the case of original tool path diameter in the case of optimized tool path

Figure 9-11 illustrates the spindle speed change in the case of the traditional down milling
approach, showcasing a wide range from 0 to 622. This broad variation implies that under
traditional down milling conditions, the spindle speed undergoes significant changes
throughout the machining process. Such fluctuations may introduce challenges such as tool
wear, vibration, and inconsistent cutting conditions, potentially impacting the overall quality
of the machined surface.

Conversely, Figure 9-12 represents the spindle speed variation for the optimized tool path.
In this case, the spindle speed changes within a smaller range, specifically from 0 to 128. The
narrower variation indicates that the proposed tool path leads to a more controlled and stable
adjustment of spindle speed during machining.
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9.4 Conclusion

The presented algorithm was developed for improving toolpaths in CNC machining, with
a primary focus on minimizing variations in the working diameter of the ball-end tool during
milling of free-form surfaces. The algorithm reorders the tool points of the CNC program and
functions as a search algorithm. It systematically calculates the working diameter of
neighboring points and directs tool movement to points with minimal diameter differences,
ensuring minimal changes in the working diameter and the adjustment of the spindle speed to
maintain a constant cutting speed.

Key steps involve reading and processing data from an STL file to extract surface geometry
and tool position data from an APT file. Normal vectors are calculated and associated with tool
positions, aligning the tool with specific triangles of the STL file.

Neighboring point calculations consider a distance threshold, and working diameters are
determined for each point. The core path planning algorithm minimizes working diameter
fluctuations, preventing point revisits for efficiency.

The comparative analysis between the original and improved tool paths highlighted the
nuanced impact of starting points and neighboring points on the resultant tool path.
Successfully achieving the primary optimization goal - reducing the change in effective
diameter and moderating spindle dynamic loads - was evidenced in the controlled working
diameter variation observed in the improved tool path, contributing to enhanced surface.
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10Summary of new scientific results

The dissertation findings are summarized in seven thesis points. In square brackets are the
author's works in which the actual thesis points were published:

Thesis 1

| have created a simulation model to compute the working diameter of the ball-end milling tool
in a broader context. This simulation approach has allowed for a more comprehensive
examination of each tool and cutting parameters. | have found that the working diameter and
therefore the cutting speed varies during the chip removal. This variation is larger for larger
nominal tool diameters and down milling technology. Based on the simulation, | have found
that the feed direction has a significant effect on the value of the working diameter, therefore
this parameter is suitable for controlling the milling process from the point of view of the
working diameter.

The parameters of the simulation were: Tool diameter: D¢ = 6-8-10 mm; Depth of cut: ap = 0.1
— 1.0 mm; Width of cut: ae = 1 mm; Feed direction: As = 0-180°.

Related publications: [1]
Thesis 2

| have made a regression model for the calculation of the working diameter of free form ball-
end milling. | have demonstrated that to create an accurate regression model, it is essential to
include the first, third, and fifth powers of both the surface inclination and the relative feed
direction. | suggest a separated regression model based on tool diameter, which results in higher
accuracy. The general form of the proposed regression model is:

Desr =X fi(D) - C;
where: the fi(D) is a linear function of the tool diameter, and the Ci is the influential parameter.

Related publications: [4]
Thesis 3

| have designed a method for maintaining a constant cutting speed by regulating the spindle
speed, independent of any CAD or CAM system by using standard STL file for surface
representation and APT file for toolpath description. The algorithm utilizes the standard STL
file format to calculate the normal vector at each surface point considering the tool position
from the APT file. It establishes a connection between cutter positions and triangles within the
STL file, subsequently computing the working diameter at each point. Following the desired
cutting speed, the spindle speed is determined for each point. The algorithm then produces a
new NC file with adjusted spindle speed values.

I have verified that implementing controlled spindle speed introduces greater dynamic stress
to the machine tool. The integral value of spindle speed along the tool path serves as an
indicator of dynamic load, making it a useful parameter for selecting the most efficient milling
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direction. It allows for the compensation of cutting speed, leading to improved surface quality
and visual appearance.

Related publications: [2]
Thesis 4

By milling experiments, | have demonstrated that at a controlled variable spindle speed, taking
into account a constant cutting speed, the surface roughness is significantly improved in the
case of ball-end milling of a free-form surface compared to constant speed milling. Depending
on feed direction, the average values of Rz surface roughness parameters are 36-56% of the
original values, in the case of controlled spindle speed. The surfaces are more homogenous,
which is indicated by the values of the range and standard deviation of the surface roughness.
The ranges of the Rz values are 23-56% and the standard deviation are 23-39% of the original
values.

The parameters of the experiments were the next: workpiece material: C45 steel; Nominal
cutting speed: vc = 63 m/min; Feed per tooth: f; = 0.125 mm; Depth of cut: a, = 0.3 mm; Width
of cut: a. = 0.25 mm; Feed direction: As= 0 - 90°; Spindle speed: Nconstant = 1845 1/min; Ncontrolled
= 3002-8066 1/min.

Related publications: [3][7]
Thesis 5

| have developed a novel approach to plan a milling toolpath for free form ball-end milling,
focusing on variations in the effective diameter. The developed approach solved the tool path-
planning problem as a searching algorithm. The algorithm aims to find an optimal solution,
ensuring minimal changes in the working diameter. It reorders the points of the milling toolpath
considering the changing of the working diameter of the tool. Therefore, it minimizes the
spindle speed compensation in order to reduce the dynamic load of the spindle. The results
show that by adjusting the spindle speed, the optimized toolpath notably reduces the range of
spindle speed values. The implementation of this method involves developing an algorithm
that utilizes standard STL files and APT.

Related publications: [8]
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