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Abstract

In already optimized processes it may be challenging to find room for further improvement. The
solution can be found in the advanced software and tools that support the digital manufacturing,
all the way from planning and design to in-machining and machining analysis. This project the-
sis focuses on developing a process methodology to transcribe Sandvik Coromant’s theories and

knowledge about machining operation grooving into machine-readable formats.

Various software development models have been analysed and a particular model inspired by the
incremental and iterative process model was developed to match the context of this project. This
project thesis describes the working methodology for gathering theories and translating them into

machine-interpretable format.

A working methodology developed in this project thesis succeeded in transcribing different human-
readable theories such as people’s minds (experts within the field) and handbooks into a machine-
interpretable format. The proposed algorithms for tool path generation was developed and imple-
mented successfully through the integration of mathematical modelling. MATLAB® and Siemens

NX has been used to build a proof of concept environment.
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Chapter 1

Introduction

1.1 Sandvik Coromant

S. C. (Sandvik Coromant) is a part of global industrial engineering group, Sandvik. Sandvik Coro-
mant is at the forefront of developing manufacturing tools and machining solutions, with knowledge
that drives the industry standards and innovations demanded by the metalworking industry now
and in the next industrial era. Collaborations with educational institutions, extensive investment
in research and development and strong partnerships with customers support the development of
advanced machining technologies and systems that will change, lead and drive the future of man-
ufacturing. Sandvik Coromant owns over 3100 patents worldwide, employs over 8,000 staff, and is

represented in 130 countries.

1.2 Background

The interests of migrating the analog knowledge or data into the digital platform are more in
interest for companies providing technologies for different markets across the world. S. C. is
one of the leading companies that is participating in these digital transformations. The software
CoroPlus®Tool Path provided by S. C. is a digital solution for smarter machining solutions.
CoroPlus®Tool Path supplies and generates correct NC programming codes and machining tech-
niques for various applications [1]. CoroPlus®Tool Path is specially designed to provide a correct
tool path and also at the same time optimizing cutting data. The result will be optimal produc-

tivity, tool life, and process security[1].



Implementing the best practical knowledge into S. C.’s software CoroPlus®Tool Path, where the
customers can customise input parameters and overcome challenges and minimise the waste of
resources, time and data to ultimately become more profitable. S. C. is continuously working on
making its products sustainable, which delivers quality and durability. S. C believe in high quality
products which leads into long-lasting customer’s experiences which results in devotion to the
company. Besides the quality of their products, another important factor that affects the duration
of their products, is how the tool is used in machining. S. C. has for a long time through research
and testing gained knowledge of the optimal ways to use metal cutting tools in order to make them
last as long as possible. A way of sharing this knowledge to their customers is with their software
CoroPlus®Tool Path where the customers have easy access to an optimal tool path e.g. Which

will improve the tool’s durability and therefore will result in satisfaction with the customer.

S. C. have already a few machining techniques implemented into CoroPlus®Tool Path such as
PrimeTurning™ and Threading [1]. Increasing the number of digital machining operations
within the CoroPlus@®Tool Path demands different types of expertise. Expertises such as mechan-
ical, software, and IT engineers are demanded. New efforts by S.C attempts to keep knowledge
within the company and thereby reducing outsourcing tasks. In this thesis project, the focus will
be on creating a methodology that transcribes S. C.’s theories and knowledge about the machining
technique external grooving into machine-readable formats. This working method intends to fur-
ther apply this procedure to implement other types of metal cutting techniques into CoroPlus® Tool
Path software in the near future. As mentioned, CoroPlus®Tool Path currently offers PrimeTurn-

T™and thread turning. The company’s future goal is hereby to extend the number of machining

ing
techniques within the CoroPlus®Tool Path meaning implementing more types of metal cutting

techniques.

1.3 Problem Definition

Industries are developed daily towards future improvement, thus, the demand for special skills will
continue to rise. Digitization is one of the reasons that demand a high level of professionalism
within the concerned technology. Within the machining solution, the lack of knowledge has been
raised. This because people with expertise within the area are retired. The lack of knowledge
within the machining solutions has been noticed by the business stakeholders, thus, the interest

to collaborate and evaluate potential solutions to compensate for this lack of knowledge is high.



Ideally, the user of CoroPlus®Tool Path only needs to define its desire feature on its component,

and as output, the NC-code is provided.

It is an interest in digital machining operation External grooving that this project thesis was
found. The digital machining solution within the software CoroPlus®Tool Path contains the
machining operation such as PrimeTurning"™and Threading. The proposal is then, to find the
potential working methodology where theories around grooving operations are gathered and then
implemented into executable algorithms. These algorithms aim to represent the gathered data and

theories.

S. C. provides vast experience within metal cutting tools and machining operations. Over many
decades they have defined theories and best hands-on experiences to achieve the wanted result from
a workpiece to a final component. The objective of this thesis is to transcribe these theories and
best practice knowledge into a machine-interpretable format that makes it possible to implement
into a user-friendly computer-aided manufacturing software and CoroPlus®Tool Path. It is also
in terms of interest to clarifying a certain working methodology where S.C. in the future can be
able to implement more digital machining operations into CoroPlus®Tool Path. The working
methodology describes generally how S.C. can implement more digital machining operations from

gathered theories into CoroPlus®Tool Path.

These machining methods or strategies are described in different human-readable formats such as
handbooks and the website. These knowledge has also been past between expertise within the field
of metal cutting. The purpose of this work is to develop a working methodology for gathering data
and theories around different operation strategies and translating these into a machine-readable
format, an algorithm. Developing a working methodology or a software development life cycle model
aims to apply a systematic and disciplinary approach for future expansion within CoroPlus® Tool
Path. Another part of the work is to practically perform translating this collection of machining

theories and implementing them into a user-friendly environment.

1.4 State of Art

The relevant papers and studies concerning each scope of this project thesis is presented in this

section.

Andrea C. and Tadele B. in paper [2] presented an automated unsupervised 3D Tool-Path Gen-
eration Using Stacked 2D Image Processing Technique. The works were done in MATLAB by



importing CAD model into MATLAB’s working space and extracts vertices, edges and facets data.
There is potential using image processing for generating tool-path for non-complex geometries re-
garding [2], and also simulate and visualize the machining tool operations. In [2], the STL CAD file
format was selected due to its simplicity and reliability to generate and parse tool path coordinate

points.

An similar effort is done by Ke Xu, Yingguang Li and Bingfei Xiang in paper [3]. Paper [3] has
presented a novel framework of tool-path generation for packet milling utilizing image processing
methods. Reference [2, 3] has contributed useful information in terms of using the image processing
methods to analysing the component geometry. It is in term of interest to analyze and to define

the pocket geometry parameters when grooving.

Mats A. and Morad B. in paper [4] demonstrated successfully the implementation of a feature-
free turning process planner based on configuration space methods used for spatial reasoning and
artificial intelligence (AI) search for planning. The study has provided techniques that open the
opportunity for seamless integration of turning actions into a mill-turn process planner that can
handle arbitrarily complex shapes with or without a prior knowledge of feature semantics [4]. The
key ingredients of the workflow for the study to achieve the result described shortly are, by first
identifying the turning axes, then fixturing considerations, then turning action generation (toolpath

generation) and at the end turning process planning in case of using different tools.

Serkan B. and Abdullah K. in paper [5] presented the effects of variations in cutting parameters
used in grooving operation on deformation and stresses of the cutting tool were analyzed using the
FEM-based Ansys software, and then an artificial neural networks (ANN) model was developed
to predict them. Having in mind that this variation of cutting parameters affect the machining
operation contribute to optimizing the tool-path generation. The inputs such as width, cutting
speed, feed rate, radial force, and primary cutting force were uses in the simulation model, and as
a result of the simulation deformation and stresses of the grooving tool were seen. The research
has provided significant information regarding, consequential cutting parameters and the meaning

of selecting the correct cutting parameters while grooving.

In the masters thesis [6], different algorithms for the generation of five different tool-path was de-
veloped. Regarding to this research [6], tool path is the most significant parameter to be considered

while performing the evaluations for surface quality and control in finishing processes.



A. Banerjee and Young-Keun C. in paper [7] has been focusing on developing algorithms that
generate tool paths for free-form surfaces based on the accuracy of a desired manufactured part.

A manufacturing part is represented by mathematical curves and surfaces.



Chapter 2

Theory

Different software development methodologies have been investigated to clarify the most suitable
methodology model for this project thesis. This section starts by briefly describing different modern
software development methodologies. Using a suitable methodology helps to plan the project
sustainably, and it is also easier to achieve the goals of the project. Choosing a suitable development
methodology helps the project to identify its tasks and clarification of the action steps. The
software development methodologies section aims to, integrate the understanding of the topic as a
foundation for the taxonomy model for engineering processes. The following keywords have been

applied: ”software development”, ”engineering process research” and ”process research” [8].

Theories describing the machining operation grooving defined by S.C. are gathered under the groov-
ing section. The grooving section describes generally how different grooving operations function.
The gathered theories define the requirements when designing the algorithms for generating a tool
path and translating into the language to control automated machine tools (G-code/CNC-code).
Furthermore, different gathered data, such as cutting parameters and insert geometric parameters

will be briefly described and presented.

2.1 Software Development Models

The software development process can be executed in different ways and according to different
approaches. A process model represents a development process and indicates the form in which
it must be organised. The process models aim to help the engineers in establishing the relations
among the activities and the techniques that are part of the development process [9]. Below here,
different process models are presented and all the models aim to reach different objectives such as:

6



e to identify the activities that must be followed to develop a system;

e to introduce consistency in the development process, ensuring that the systems are developed

according to the same methodological principles;

e to provide control points to evaluate the obtained results and to verify the observance of the

deadlines and the resources needs;

e to stimulate a bigger reuse of components, during the design and implementation phases, to

increase the productivity of the development teams.

2.1.1 Waterfall model

One of the simplest and oldest process models is the waterfall model. Each gate of the waterfall
model process must be completed to be able to enter the next gate, and this is the reason why the
model is called the waterfall. Waterfall as a name indicates the irreversibility of the process model.
As Figure 2.1 depicts, the model is built in such different gates as analysis, design, implementation,

and testing [10].

7 N /2N /N YN
analysis design implemen- L testing
| — 1

tation

N 2N NG NG J

FIGURE 2.1: The waterfall process model [9].

During the analysis gate, the functioning of the system is specified in such a way where the various
requirement is identified. A requirement identifies an attribute, a capacity, a characteristic or a
quality that a system should exhibit to have value for the users and customers [9]. The specified
requirement serves further on as a ground material to the next gates which is the design gate.
In designing gate the process of transforming the specification into architecture or a flow chart
begins. Once the architecture of the system is complete the implementation gate takes it as the
input and the first developed small programs are grounded. The implementation (codification or
programming) [9] gate, transforms the system model defined in the design gate into executable
code. Once the implementation gate is complete, the testing of the software begins. This gate

consists of debugging the code and making sure there are no disturbances.



2.1.2 Incremental and Iterative model

The incremental development model is based on the waterfall characteristics model in such a
way where it introducing the iterations to permit incremental development [9]. The idea of the
incremental model is that it creates an easier beginning to create a simple artefact than a complex
one and also that it is simpler to modify an existing artefact than to create a new one from scratch.
Figure 2.2 illustrate an example of the incremental model where the process model applies linear

sequences of development in gateways. Each development sequence is taking place at each iteration.

1st iteration

YN YN YN YN
| analyse —-{ design }—v—| implement —-»:I test |
\ AN DN N

2nd iteration

o )

e N N NS
| analyse +—  design }—» implement }—- test |
N D

/ N 4 .

3rd iteration

TN VR 7N TN

Y

‘I analyse }—>-| design II|—>-( implement }—-—| test I
NN N N

FIGURE 2.2: The incremental and iterative process model [9].

2.1.3 Spiral model

The spiral model combines both design and prototyping-in-stages to combine advantages of top-
down and bottom-up concepts [11]. The spiral model was defined by Barry Boehm [9] based on
experience with various refinements of the waterfall model as applied to large software projects.
The four main stages or phases of the spiral model is to determine objectives, identify and solve

risks, develop and test as it depicts in Figure 2.3.
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\
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FIGURE 2.3: The spiral model made by Barry Boehm (1988) [9].

2.2 Cutting parameters

Due to the cutting quality, using the optimum and recommended cutting data is very important.
Generally, the cutting data is defined in terms of cutting speed v, feed rate fn,_, and depth of cut
ap. Correct cutting data will have a significant role on the finished surface and tool wear, which

has been proven in various types of research [12].

Cutting speed v, is defined as the speed at the workpiece surface, which tangents the insert
surface, that is, how fast the material moves past the cutting edge of the insert [13]. Figure 2.4
illustrate the schematic definition of the v.. Cutting speed has a very important role in terms of

an insert lifetime. It affects the insert’s wear significantly.

Feed rate, f,, as it is illustrated in Figure 2.4 and 2.5 is defined as the velocity which the insert is
fed, advanced against the workpiece [13]. The research showed in [12] indicates that the feed rate

parameter is often chosen rather to be high in order to have low tool wear.

Depth of cut, a,, describes the depth in which the insert operates in the axial direction while
side turning. This value is more of the recommendation value, in order to have a controlled chip
break and maximum insert lifetime. Figure 2.5 illustrate the geometrical definition of the depth of

cut, a,
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FIGURE 2.5: Schematic illustra-
tion of the different cutting pa-

FIGURE 2.4: Schematic illustra-
rameters [14]

tion of the different cutting pa-
rameters [14].

2.3 External grooving

This section presents generally the gathered theories within the grooving operation. The theories
have been gathered during the project, through weekly meetings with experts within the field and
also the knowledge presented on the website of S.C and handbooks.

Machining operations that involve nonlinear and complex multivariate parameters are characterized
by many machining parameters. Cutting parameters (cutting speed, feed rate, depth of cut, cutting
tool geometry, workpiece material), cutting forces, surface roughness, cutting temperature, cutting
tool wear and cutting tool stresses are the machining parameters that interact dynamically in a
metal cutting operation. However, the machining parameters vary widely depending on the type

of operation such as grooving, turning, drilling and milling [5].

As mentioned in chapter one, this thesis work will mainly focus on machining operation grooving as
a test of designing a framework for software implementing the gathered theories and practical ex-
periences. There are several types of grooving operations existing. Each type of grooving operation
is used for different purposes. The operation is chosen based on the feature of the component and
also productivity factors. Below here, a brief description of different types of grooving operations

has been explained generally.

Grooving operation is one the most applied machining operation in the industry that has been
utilized in many purposes such as the base of the screw tooth, the end of the steps on stepped shafts

for grinding or threading operations, the slots of O-rings used for sealing, etc [5]. The grooving
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operation can be divided in different types of sub-operation such as external grooving, internal
grooving and face grooving. Figure 2.6 demonstrates way different grooving operations function
on a component. Most of the machining operations are processed in two steps of performance,
including the grooving operation. The first step contains a roughing operation of the product,
where the final dimensions are approached, while the second step contains a finishing operation,
where the final dimensions and the desired surface roughness are achieved [12]. A brief description

of how external grooving operation operates on the components is found in the following section.

FIGURE 2.6: Demonstration of different types of grooving operations [15].

The most significant indication of external grooving is when the insert is operating perpendicular
to the centerline of the component or the rotation axis. Figure 2.7 illustrates the significant
circumstances of the external grooving. According to the knowledge website of S.C the grooving
[14], external grooving is generally less demanding than parting off and because of this, process

security is easier to achieve.

FIGURE 2.7: Tllustration of external grooving[14].
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Single cut grooving is the most economical and productive method of producing grooves. However,
if the width of the groove is larger than the width of the insert, multiple grooving, plunge turning
can be used to make the groove. For external grooving, a tool with high precision coolant is first
choice according to the knowledge website of the S.C [14]. S.C. has specially designed more than
700 standard inserts which covers the grooving application in most materials and conditions. The
tool category called CoroCut®1-2 is providing different types of insert geometries which can be
utilized in different machining operation strategy described below here. Each machining operation

strategy appurtenant external grooving is briefly described below here.

2.3.1 Roughing

As it was mentioned earlier, the roughing operations are performed to approach the final specified
dimension of the component. Usually, the roughing operations are performed under a faster tool
feed rate. Mainly there are two types of roughing operation strategies recommended by S.C. The
recommended machining strategy depends on the dimensions of the groove. These strategies are
called multiple grooving and plunge turning. Below here, are these recommended strategies briefly

described.

Multiple grooving applies when the depth of the groove is greater than the width of the
groove. In the multiple grooving strategy, the insert only operates in the radial direction. Figure
2.8 illustrate a typical path of the insert when the multiple grooving is applied. The flanges left
(4 and 5) for the final machining, can not be thinner than a critical width. Due to the tool and
machine stability, the feed rate is recommended to be increased by 30%-50% when machining the
flanges. It is also recommended as the first choice utilising the insert geometry called grooving
medium (GM) which belongs to the tool category CoroCut®1-2. Other insert geometries such
as GF (grooving finishing) and GR (grooving roughing) are also available for a multiple grooving

strategy under the same tool category.

.

FIGURE 2.8: Overall scheme of the multiple grooving operation [14].
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Plunge turning has many similarities to side turning in such a way where the insert machines
along the axial direction. This operation strategy is applied when the groove desired has a greater
width than the depth of the groove. Figure 2.9 illustrates a typical tool path of the insert when the
plunge turning is applied. It is recommended to stop turning before the insert reach the shoulder,
as it is illustrated in Figure 2.9. This is recommended to avoid jamming chips and maintain chip
control. It is also recommended as the first choice utilising the insert geometry called turning

medium (TM) and turning finishing (TF) which also belongs to the tool category CoroCut®1-2.

—_

FIGURE 2.9: Overall scheme of the plunge turning operation [14].

Some other parameters must be considered while side turning a groove. One of the parameter to
be considered is the bending parameter 6. The geometric definition of the bending is illustrated in

Figure 2.12. The bending parameters is described in Equation 2.1,

_4AF OH?

b= —m7 (2.1)

Where the OH represents the overhang, F represents the axial forces, t and h are the tool geometric
parameters. The bending parameter is defined due to the turning strategy recommendations. It is
said that the tool and insert must bend while side turning [14]. However, too much bending can

cause vibration and breakages.

=N

FIGURE 2.10: The geometric definition of the bending parameter § [14].
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2.3.2 Finishing

Finishing operation aims to achieve the final component against the specified dimensions, the
remaining material along the bottom and the shoulders of the groove are, by a presumed radial
and axial cutting depth. By recommendation, the cutting depth is 0.5-1 [mm]. The operation
starts with machining a small groove, see Figure 2.11(a), near the end of the requested component’s
corner radius within the bottom position on one of the shoulders of the groove. Thereafter, the
correlating shoulder of the groove is machined which include a circular motion in order to machine
the component’s corner radius. From there, the tool machines in the axial direction at the bottom
position until the other corner radius end is reached, see Figure 2.11(c). Where after, the remaining
shoulder of the groove and corner radius is machined, see Figure 2.11(d). Figure 2.11 illustrate the
four main steps in the finishing operation. This recommended strategy is oriented and planed to

decrees the machining vibration during the operation.

iLEALEE_R

(a) First step ) Second step ) Third step ) Fourth step

FIGURE 2.11: Finishing operation steps [14].

2.4 Insert design

Different insert design has been developed by S.C. to optimising the chip breaking control, and
also at the same time maximizing the insert lifetime. Each insert provided by S.C. has a defined
working area with optimized chip control. This is presented in a diagram where the depth of cut
is in relation with the feed rate. According to the turning handbook provided by S.C. [16], there

are three different types of insert geometries, roughing, medium and finishing geometries.

Roughing geometries is often utilized when the high depth of cut and feed rate combinations is
desired. Medium geometries are utilized when light roughing is the operation type. A wide range
of depth of cut and feed rate combinations is what medium geometries often provides. Finishing

geometries are often utilized when the operation type demands a low depth of cut and feed rate.
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Cutting depth, a,,

mm

[}
6.0

__— Roughing

4.0
2.0 A

N — Medium

. . ; —m= Feed, f,
0.1 0.4 0.6 0.8 mm/r

FIGURE 2.12: An example of the working area of 3 different insert geometries where the optimum
chip break control exist [16].

Each insert provided by S.C. comes with a wide range of geometrical values. These geometrical
values such as corner radius (CR) and cutting width (CW) are the one which varies widely. All
the insert which belongs to the product family CoroCut®1-2 and designed for grooving operations
are symmetrical with the centerline at the cutting edge of the insert. This means that the corner
radiuses of the insert are identical. The CR has a different name at the S.C. web-page. Each corner
of the insert has its own name. This, because sometimes the inserts are asymmetrical. The left
corner is called REL and the right corner is called RER. However, by definition, CR is equal to
RER and REL. The definition is also illustrated in Figure 2.13. The geometric definition of the
maximum depth of cut is illustrated in APMX. APMX describes the maximum allowed depth
of cut while turning a grove. See appendix A for provided inserts by S.C. for grooving operations

within CoroCut®1-2 product family.

o 9y

REL

oW < = I
Y
RER L_
] APMX

FIGURE 2.13: The geometrical definition of an insert [16].
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2.5 Numerical Control Code (NC)

Numerical control codes (NC) conducts the communication between humans and NC-machines.
NC codes are also known as computer numerical control and commonly called CNC. NC codes
are automating the process of the machining operations. Thus, the NC-machine process a piece
of material without any manual manoeuvre by the machinist to fulfil the product specifications.
NC-codes are oriented by the set of letters and number combinations. The letter ”G” defining
the machining movements provided by a G-code instruction. G-codes are preparatory codes, by
means, the G-code contains necessary machining information in order to complete the machining
operation successfully [12]. This necessary machining information are defined such as where to
move, how fast to move, and what to do along the way. The number combinations which comes
with the letter ”G” defines the task to perform more specific. Generally, the type of the task

performed in G-codes are:

Rapid Positioning (fastest movement from point A to B by code G001)

Controlled feed in straight or arc lines ( by code G01, G02 and GO03)

Defining coordinate system

Defining insert information such as offset.



Chapter 3

Methodology

3.1 Planning

The first step of the project was to distribute responsibilities. After this, time and resource planning
were done whilst software development was started. The project structure and many of the methods

used was taken from [9)].

3.1.1 Time and resource planning

The time resource planning was done in Microsoft Excel. The time resource planning helps the

project to achieve the goals and also optimizing the efficiency.

3.1.2 Functioning analysis

An important early step in a project is to do external analysis to determine what already exists
and what has to be developed [9]. This is to avoid doing extra work when a solution already exists.
This step was done by studying different technical articles and theses on the subjects covered in

this project.

During this phase of the project, the functioning of the system was specified. This was done by
identifying the various system and user requirements that must be considered. Such requirements
aim to represent the necessities of the users and the constraints that are applied to a system and

that must be considered throughout the development. The system and user requirements were

17
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identified and specified during the weekly meeting at S.C. with the product owners and experts

within the turning department.

The system and user requirement is documented in such a way where it allows all the stakeholders

to understand the intended functionality of the system.

3.1.3 Design

The design phase is where the transformation of the system and user requirements into an archi-
tecture begins. According to Bosch [17], the most complex activity during software development
is precisely the transformation of the requirements into an architecture. Before any work could be
done, the functions of the end software had to be specified. This was done in a software flowchart.
The flowchart aims to represent the workflow of the software depending on how the user reacting
within the software. The purpose of the flowchart is to diagrammatically illustrate the approach

of the software step-by-step solving tasks.

3.1.4 Implementation

Here in this phase of the project, the model defined (software flowchart) in the design phase trans-
forms into executable code. This transformation involves the definition of the internal mechanisms
so that each component can satisfy its specification and the implementation of those mechanisms
with the chosen programming language [18]. The chosen programming language for developing the

tool path algorithms and logic is MATLAB®).

3.1.5 Testing

The testing phase contains of software testing. This is required and also very important in order

to point out defects and errors were made during the development phases.

3.2 Software domain

In this section, the working scope needed to facilitate the process when implementing theories into
a user-friendly MATLAB®) application is described. The methodology of designing the software

domain were done incrementally. This was done once where the system requirement was completed
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and accepted. Below here, all the software modules are presented. The definition of the software
modules in this context points out all necessary mechanism in order to satisfy the system require-
ments. The software modules can also be seen as the key ingredients to achieve the goals of this
project thesis. Each software module below here is briefly described and presented. Also, how they
have been approached and been solved. The overall working process flow chart for these software
modules is presented in Appendix ?7. The flow chart illustrates the interaction between software

modules.

3.2.1 Component module

Here in this module all logic related identifying relevant geometries and dimensions is imple-
mented. All essential parameters in order to identify a groove and its location is illustrated in
Figure 4.5 and briefly described below here.

e DMS, describes the diameter where machining operation starts,

e DME, describes the diameter where machining operation ends,

e CRR, describes the left corner radius of the component,

e CRL describes the right corner radius of the component,

d, describes the depth of the groove,

W, describes the width of the groove

Zioe, describes the location of the groove along the z-axis.

k— Zioc w

DMS/2

e

CRL CRR
DME/2

+z

FIGURE 3.1: Component dimensions.
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One of the important delimitation concerning the component module is to choose the CAD file
formats to be imported as the geometry. The most commons file formats are the formats which been
presented below here. Therefore, algorithms have been developed analysing CAD files geometries

presented below here (IGES and STEP).

1. Initial Graphics Exchange Specification (IGES)

2. ISO 10303 —Standard for Exchange of Product model data (STEP)

Furthermore, regarding feature recognition, some delimitation has been applied on the developed
algorithms. The feature recognition algorithm implemented into component modules is developed
only to recognize one groove feature and the feature must be in the shape of a rectangle with two

corner radiuses.

Algorithm 1 Pseudocode for finding the groove placed in the component.

Require: Import IGES or STEP file
Ensure: File format is correct imported
if IGES imported then
Run IGES analyser
else
Run STEP analyser
end if

The user also has the option to define the relevant dimensions instead of importing a CAD-file.
The input parameters of this module, however, will be, either a CAD file or by manually defining
a groove. The output of the module is then the dimensions of the groove, such as width, depth,

corner radiuses and location.

3.2.2 Tool selection module

The tool selection module aims to automatically find the optimum insert for the machining oper-
ation. By means, finding the correct insert compatible with the component material, finding the
correct chip break design, and the most optimum geometrical values to decrease the machining

time.

Finding the optimum insert based on the operation type, component material, and the groove
dimension is done with a filtering algorithm. The input of this module is where the user either

selecting insert manually or to be given a recommended insert. The outputs from this module
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Algorithm 2 Pseudocode for finding the optimum insert.

Require: Import Capacity Data Master % database with relevant insert data
Ensure: CDM < table format % table from workspace variables
for i =1 to end of data do
[vector,ind] < Find insert type compatible to component material
end for
for ¢ = 1 to end of vector do
[vector,ind] <— Find insert type compatible to operation type
end for
for ¢ = 1 to end of vector do
[vector,ind] < Find max CW
for i = 1 to end of vector do
[vector,ind] < Find CR < REL & CR < RER
return max(CR)
end for
end for
return CR, CW, a,, fn, v,

are the insert’s geometrical values and cutting data such as CR, CW, ap, fn, v.. The operating

principle of finding the optimum insert is described in Algorithm 2.

Once the output of the tool selection module is generated the cutting reference point (CRP) is
then clarified. The CRP has a key role when generating the tool path. Each insert has its own
unique CRP. The CRP is defined as, where two tangential lines from cutting corners intersect.
This reference point is a precise position along two axes where the insert follows when machining.

Figure 3.2 illustrate the generic representation of the CRP.

CW

O,? |

——
g

CRP | CRP

FIGURE 3.2: The definition of cutting reference point (CRP).

The positioning of the CRP is also depended on the type of NC machine. Generally, there are
two types of NC machines, left and right type. Thus, which side of the insert the CRP should be

positioned is depending on the type of NC machine. For instance, if the NC machine is the left
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type, then the CRP is positioned on the left corner of the insert. The CRP can be repositioned by

definition such as in Equation 3.1.

z+CW (3.1)

3.2.3 Tool path generation module

This module aims to generate an optimal Tool Path with respect to dimensions of component
and insert. All the logical theories defined by S.C. for a successful external grooving operation are
implemented in this module. This module will generate an optimal machining operation strategy

according to the implemented logical theories.

The working procedure in this module is very much depended on the imported component and its
geometry and also the insert. This module is designed very much to be independent and can easily
be imported to other software environments. In order to establish a higher order of automatic tool
path generation, all logical implementation has been handled parametric. Handling the tool path
generation parametric makes the module very much modular and can be rewritten by any other

programming languages.

External grooving machining operation strategy is established by either roughing, finishing or
combining both operations. The roughing operation is established by different machine operation
strategies, such as multiple grooving and plunge turning. In order to achieve a successful machining
operation, some boundaries must be clarified numerically. These boundaries indicate the additional

insert movements within the groove. The boundaries are different when finishing and roughing.

3.2.4 CNC code generation module

This module aims to generate NC code once the tool path of the machining operation is generated.
NC module is design to analysing the information registered within the tool path generation mod-
ule. Simply, this module is designed for analyzing the output of the tool path generation module.
It begins by reading the coordinates of the CRP, then analyzing the type of the movement insert is
registered to do. Once the analysis is complete, a text file is then generated. The text file includes

NC code generated.
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3.3 Proof of Concept

When it comes to the realization of a certain method or idea, Proof of Concept (POC) is one of
the ways to demonstrate its feasibility. POC often counts as evidence that a certain method or
idea is feasible. In this project thesis, the POC has an important role in order to verify that the
utilized working methodology has its practical potential. This practical potential will proof rather

its worth to continue utilizing this certain method for future expansion or not.

3.3.1 MATLAB App Designer

Within MATLAB®), there is an embedded toolbox called App Designer. Regrading MathWork
webpage [19], “The App Designer toolbox lets you create professional apps and graphic user in-
terface (GUI) without being a professional software developer”. The App Designer toolbox is
a rich development environment that provides layout and code views. The toolbox provides an

object-oriented code that specifies the GUI’s layout and design.

3.3.2 NXOpen

By today, many manufacturing companies are using different computer-aided manufacturing (CAM)
software’s. CAM software’s aims to facilitate CNC programming by providing a 3D simulation of
the machining operation cycles. The software NX provided by STIEMENS offer CAM simulations
environments which is embedded within NX. The POC is chosen to be developed within NX. NX
allows users to create costume application for NX through NXOpen. NXOpen is a collection of ap-
plication programming interfaces (API), that allows the user to create custom applications for NX
through an open architecture using well-known programming languages (C/C++, Visual Basic,
C#, Java, and Python). Developing the POC environment within NXOpen has its own additional

advantages and support such as:

e Access the NX objects models, for example component geometry,
e Customizing the NX interface to fulfill the specific workflow

e Creating integrated costume menus etc.

The software domain described in the previous section can be developed throughout NXOpen.

Since 2007 the NX user interface (UI) has been based on ”block-based” dialogues. They are called
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block-based dialogue’s because they are built from a common collection of UI ”blocks”. Figure
3.3 shows a sample of a block dialogue which consist of several different types of blocks such as,
enumeration, integer, action button and string block. The UI created in NX for the external
grooving machining operation has the same flow chart as it is described in the previous section.
This means, all the software modules described in the previous section has been integrated within
NX throughout NXOpen. Each block presented in Figure 3.3 has its own purpose. They are

providing different types of information in order to complete the desired operation.

{3} #sample Block Dialog v X

#Favorite Fruit _ Enumeration block

) #Apple @ #Banana () Cherry

#Favorite Number D e |nteger block
Ican't decide. Please choose for me. b Action button block

#Your favorites are ...

Banana and 37 &~ String block

-

FIGURE 3.3: A sample of block dialog.

The overall process of developing a block dialog are summarized in such as:

Using Block Ul styler provided by NX in order to arrange the blocks in the dialog and archive

the desire work flow

Block Ul styler creates automatically a ”dIx” file, and also template codes (with desired code

lanuguege, java in this case)

within the template code the behaviour of the dialog is then designed

At run-time, NX uses the dlx file plus your code to control the appearance and operation of

the dialog.

The overall process described above, is illustrated in Figure 3.4.
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'
—= : dix >
—| File

= : Program

- it execution
= =~ | Template -—Ilr Final || ——

—— code code
Block Styler

FIGURE 3.4: The illustration of the process flow designing a block diagram.

Simply, once the block dialogue of the external grooving operation is complete, the template code
is ready to be developed. The template code interacts with the block dialogue. It is in the template
code that the developers decide how to utilize the provided information from the block dialogue
and create some actions. When the users start to interact with the dialogue, NX sends information
back to the template code, telling what ”events” has occurred in the dialogue. For example, once
the user enters one number in the integer block, NX sends messages that the user has entered a
number. The template code is often developed in order to handle these events. The code has such
function where it handles the events. These functions determine what action or response that shall
be executed once events occur. Figure 3.5 illustrates the interaction between the block dialogue
and the template code. It illustrates which template code gets in interaction once users select any

button or enter any number.

{3 #Sample Block Dialog O X
(DRI e o
Dialog Creation #Apple @ 2Banans © Cheny
Create the dialog #Favorite Number [
Display it 1 can't decide. Please choose for me.
#Your favorites are ...
Banana and 37
Event Handlers Events I -
update_cb () <€ . 0K Apply Cancel
ok_cb() € ! |

\ apply_cb()

F1GURE 3.5: The illustration of the interaction between template code and the block dialog.

A system architecture is designed in order to represent the conceptual model of the template code
developed. This model aims to define the structure, behaviour, and a view of the system. This
model is a very good support material for others in order to understand the template code. The

system architecture is found in Appendix C. This describes when a user select ”"ok”, the events
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and interactions which occurs within the template code. It describes the overall workflow of the

template code.



Chapter 4

Results and Discussion

This chapter begins by presenting the system and user requirements. The domain model which
represents the software domain described in the previous section is presented. In section tool path
generation, all the result from developed logics are presented. The chapter ends by presenting the
proof of concept environment built within MATLAB® and NX. All the results presented here in

this chapter are also shortly discussed.

4.1 System and User Requirement

The requirements presented in Table A.1 and 4.1 are strongly related to the problem domain. The
system requirement believed to be very oriented towards the solution domain and it is strongly
specific to detail. Expressing the requirements in natural language has been an advantage and also

has fostered communication among the various tasks.

The system and user requirement reflect the functioning of the software. Each user requirement
constrains the related system requirement and software module. Further on, the system require-
ments fulfil the received user requirement by executing different code scripts, implemented within
different software modules. Table A.1 and 4.1 represents user and system requirements. These

requirements have been considered throughout the development.

27
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TABLE 4.1: System requirement which fulfill the related User requirement and constrains related

Software module.

Req No. | User Req. No. System requirements Software module

Initiate the NC-machine parameters such .

L L as: [nMax, machine type, CNC-type ] Tool Selection

9% 9% chzr]ljti}iecomponent geometric values from Component

oh oh gi‘%(iréleto edit geometric values from Component

9% 9 Initiate the groove parameters such as: Component
[DMS, DEPTHMF, WIDTHMF, RE]
Initiate the machining operation type

3 4 value: [Finishing (true/false), Roughing Component
(true/false)]

4 4 Initiate the finishing value : Component
lap, ,ap,] -
Find all compatible inserts from selected .

g 3 material. [Run filtering algorithm)] Tool Selection
Find all compatible inserts and tools ac-

6 2 cording to initiate groove parameters: Tool Selection
[Run filtering algorithm]
Initiate operation strategy: [Plunge turn-

Ta 5a ing, Multiple grooving], according to chip Tool Selection
break design [G, T]
Initiate insert: [chip break design G or T]

b 5b , according to operation strategy: Tool Selection
[Plunge turning, Multiple grooving]

%4 5 Initiate cutting data:
[CR, CW, ap, v, fns, fng]
Make it possible to edit the cutting data: .

8b g [Ve, fnz, fng |. Initiate cutting data. Tool Selection
Check cutting parameters: [ve, fn., fng

8c ) |, if within accepted span . Error issued if Tool Selection
values not accepted.
Initiate the machining operation strategy:

9 ] [Plunge turning, Method (1,2,3,4,5), Fin- | Tool Path generation
ishing strategy]

10 A Generz?te tool-path according.to selected Tool Path generation
operation strategy and operation types

11 -] Time computation of generated tool-path | Tool Path generation

12 -] Generate NC-code NC-code generation
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TABLE 4.2: User requirement which constrains related System requirement and Software module.

Req No. | System Req. No. User requirements Software module

Define machine parameters: .

1 1 Tool Sel
[nMax, machine type, CNC-type] ool Selection
Define the component geometry :

2a 2a,2b,2c lmport CAD-file] Component

oh 9a.2b.2c Define the component geometry : Component
[Input as coordinates|
Define component material: .

Tool Sel

3 g [Choose between list of materials] ool Selection
Choose machining operation type between

4 3,4 [Finishing, Roughing, Roughing + Finish- Tool Selection
ing]
Choose insert type:

Ha, 5b [Chip break design, Cutting , Corner ra- | Tool Selection
dius]

5b ba Choose operz'xtlon strajcegy: . Tool Selection
[Plunge turning, Multiple grooving]

6 [ Choose tool Tool Selection

4.2 Domain Model

The activity model presented in Figure 4.1 address the behavioural aspects of the systems under

consideration. The process starts by a user task, where the component is either defined by coordi-

nates or imported as CAD file. As soon as this activity is finished the groove parameters are saved

and the next user task is unlocked. Further tasks are either choosing the machining operation

strategy (insert is then recommended) or choosing the insert (machining operation strategy is then

recommended). Once when the insert and machining operation strategy is selected, the tool path

and the NC-code is generated automatically. Domain model presented in Figure 4.1 summarise

the flow chart.
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Manuell :
| Input ‘ lCADlnput

S

¥ Operation

Tool selecction
Selection
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c
A

6

-

FIGURE 4.1: Activity model for the process of generating tool path.

4.3 Tool path generation

When generating a tool path, some logical denotation is essential to be clarified at the beginning.
Denotations are such as tool path boundaries and finishing cutting depth. These denotations are
described below here. The fundamental logical presentation of the machining operations multiple

grooving, plunge turning and finishing are also presented below here.

Boundaries

When generating a tool path, CRP is placed either on the left or right side of the insert depending
on the type of machine selected. When presenting the logic’s of the tool path generation, CRP is

placed on the left side of the insert.

To facilitate the tool path generation, boundaries of the tool path are introduced. Meaning, CRP is
only allowed to move within these boundaries in order to achieve successful machining operation.
In the radial direction, CRP can move between X;,, and Xpottom. In the axial direction, CRP
can move between Zj.s; and Z,.4ns. Figure 4.2 shows the defined boundaries during a roughing

operation, where the green rectangle indicates these boundaries.



31

Xtop |

—CW —

Xbattom (R) \

-

Ziert(r) Zright(R)

FIGURE 4.2: Roughing boundaries

According to Figure 4.2, the boundaries are placed along the roughing line with an offset of CW
on the right side due to CRP is placed on the left side of the insert. There is also an offset on top
of the workpiece, SC, which is defined as stock clearance. Stock clearance is set to avoid collision

with the workpiece during a rapid movement operating outside the borders of the workpiece.

During a roughing operation the radial boundaries are set according to,

Xiop = DMS/2 + SC Xpottom(r) = DME /2 + ap, (4.1)

and the axial boundaries are set according to,

Zleft(R) = Zjoc + ap, Zright(R) = Zioc + W —CW — ap, (42)

where (R) indicates roughing. Furthermore, rouging depth, d(gy and roughing width, Wgy, are

defined as follows.

W(R) = W — 2CLpZ d(R) = d — CLp (43)

T

The same procedure when defining the boundaries during a roughing operation can be used to

define the boundaries during a finishing operation, see Figure 4.3
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Xbottam P T

Zieft(r) Zrighe(r) +z

FIGURE 4.3: Finishing boundaries

Figure 4.3 shows that the boundaries during a finishing operation have the same appearance as
a roughing operation. Note, the boundaries do not extend over the area around radiuses of the
component due to CRP’s movement while machining the radiuses of the component does not apply
within these boundaries. This will be further be explained in the logics of the finishing tool path.
Unlike the boundaries in a roughing operation, the boundaries extend with the finishing radial and

axial cutting depth such that the radial boundaries is set according to,

XtOP = DMS/2 +SC Xbottom(F) = DME/2 (44)

and the axial boundaries is set according to,

Zleft(F) = Zioc Zright(F) =Zioe+ W -CW (45)

where (F') indicates finishing.

Finishing axial and radial cutting depth

The recommendation according to S.C. is to set the axial and radial cutting depth during a finishing
operation between a minimum and maximum cutting depth, (ap,..., Gpn..). In this model the
finishing axial and radial cutting depth (a,,,ap,) is set by default to a,,,,, unless the radiuses of
the component exceeds a critical value such that the component radiuses gets affected during the

roughing operation. In order to avoid this occurrence, a,_. and a,, has to increase, see Figure 4.4
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FIGURE 4.4: Increased finishing radial and axial cutting depth.

It is shown that a, and ap, increases such that the corresponding horizontal and vertical line
intersects along the radius of the component. Thus, the radial and the axial cutting depth can be

determined by the following.

V2 -1
V2

= a,, = CR( ) (4.6)

Ap
Furthermore, since there is a maximum recommended axial and radial cutting depth, a,,,,.., the
radiuses of the component can not exceed a critical value such that a,, and a,, exceeds ap,,,, -

Thereby, the following condition must be fulfilled to maintain the recommendation.

3

CR g apmaa: (47)

v

4.3.1 Multiple grooving

The multiple grooving operation consists of one pass or multiple passes in the radial direction.
Within each pass, there is the pass in the radial direction with start from the defined top position,
Ttop, and ends in the defined bottom position Tppom(r)- After the pass, CRP moves in the radial
direction back to the previous position, x,, with a rapid movement. Furthermore, before the
pass, CRP is positioned in the axial direction, moving from a previous z-position along the z-axis
with a rapid movement. The schematics of the movement of CRP can be visualized in Figure

4.5. Moreover, after a pass, CRP repositions to a new z-position and repeats the same procedure.
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CRP’s positions along the z-axis is dependent on the width of the groove, cutting width of the

insert and the number of passes, which will be described as follows.

+x

fe

Xbottam(R) Y .

Z; Zi_q +z

F1GURE 4.5: CRP’s positions and movements within a pass in a multiple grooving operation, red
and blue arrow indicates rapid movement and linear interpolation respectively.

The multiple grooving operation consists of either a single cut or multiple cuts, dependent on the
width of the groove and the cutting width of the insert. To cover any case with a multiple grooving
operation different methods are introduced, thereby each method are adapted to a specific case.
The characteristics of the methods are defined as the number of cuts and the chronological order
of repositioning in the axial direction. The determination of which method that is applied case by

case is described in Appendix B.

In Figure 4.6 the schematics of each method can be visualized. The blue and yellow arrows indicate
a full-width cut and not full-width cut respectively. Meaning, a full width cut is equal to the cutting
width of the insert and a not full width cut is lesser than the cutting width. The number of full
width cuts is defined as, Py, and the total number of cuts is defined as, ;. The number above

each arrow implies the chronological order of CRP’s repositioning in the axial direction.
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2 3 2 4 3
1 1‘ ‘1‘ 1“2

2) Method 1 b) Method 2 ¢) Method 3 d) Method 4

P, P-1 Pral

Py

e) Method 5, three grooves f) Method 5, five grooves g) Method 5, P, grooves

FIGURE 4.6: Multiple grooving methods

Each method’s associated z-coordinates will be described and set based on the schematic move-

ments in Figure 4.6

Method 1 also known as single cut method, consists of one full width cut and occurs when the
width of the component is equal to the cutting width of the insert. Thereby, one z-coordinate is

set according to,

21 = Zlefi(R) (4.8)

Method 2 consists of two cuts, one full width and one not full width. Starting the operation
by removing material on the left shoulder and then removing the remaining material on the right

shoulder of the groove. Then the z-coordinates is set according to,

21 =Z1ef1(R)

22 =Zyright(R)
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Method 3 consists of three cuts, one full width and two not full width. Starting by removing

material in the center of the groove, Z cper(r), which is determined according to,

Zright(R) = Zief(R
Zcenter(R) = Zleft(R) + rightl )2 eJHR) (410)

After the first cut, the CRP’s is repositioned to the remaining material on the shoulders by starting
with the right shoulder and then repositions to the left shoulder. Thereby, the z-coordinates is set

according to,

21 :Zcenter(R)
22 :Zright(R) (411)

23 =Zjeft(R)

Method 4 consists of four cuts, two full width and two not full width. Starting by removing
material on the left shoulder and then on the right shoulder. The remaining material which
is positioned in the centre is then removed in two cuts, where the same amount of material is

removed in each cut. The width of the flange, W, which remains is determined according to,

Wy = Wg) — 20W (4.12)

The third cut positions such that the half current flange is removed and the fourth cut is positioned
such that the center-line of the insert is aligned with center-line of the last remaining flange. Then

the z-coordinates can then be set according to,

21 =Zief4(R)

22 =Zright(R)

W, (4.13)
23 =Zright(R) — —5
cw W,
2 =Ziefur) + —5 T

Method 5 consists of 3, 5 or an indefinite number of cuts. Furthermore the total number of cuts
is at all times set to an uneven number such that the number of not full width cuts is one less
than the number of full width cuts. Thereby, the relation between Py and P; can be expressed
accordingly,

Py

Pf = ’72-‘ — 2Pf —1= Pt (4.14)
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According to Figure 4.6, the distance of repositioning in the axial direction between each following
cut indicates as the sum of the cutting width of the insert and the width of the flange that emerges

between two following full width cuts. The width of the flange, W, is calculated by the following,

Wigy — PyCW

Thereby, the distance of repositioning in the axial direction between each following cut, dZ, is set

according to,

dZ = CW + Wy (4.16)

The full width cut z-coordinates in chronological order can be set by starting the machining at
the left shoulder, Z;.f4(r) and then repositioning dZ in the axial direction by each full width cuts.

Then, all full width cuts, Py, z-coordinates is represented accordingly,

Z; = Zleft(R) + (Z - 1)dZ 1 =1, ,Pf (417)

The not full width cuts, which are remaining, are positioned such that the center-line of the insert
is aligned with the center-line of corresponding flange. This is achieved by positioning the first
not full pass with a distance of dZ/2 from the right shoulder Z,;,¢r) and then repositioning dZ
with each following cut. The z-coordinates of the not full width cut, can then be represented
accordingly,
dz . .
Z; = Mght(R)_T_(Z_(Pf—Fl))dZ ’L:Pf‘l‘l,...,Pt (418)

A compiled logic of all z-coordinates within method 5 with simplifications are presented in the

following.
2 :Zlefth(i*l)dZ iIl,...,Pf (4.19)
1
2 = right_(i_Pf_ §)dZ iIPf—{—l,...,Pt (4.20)
Sets of coordinates

The complete representation in chronological order of the z-positions for each method and the

x-positions according to Figure 4.5, is represented as sets of coordinates. Where each set of
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coordinates represents one cut and thereby the total number of cuts, P;, defines the number of

sets. Note, ¢t =1, ....., P,

21 =% i1 =Xtop (4.21)
2i2 =% T2 :Xbottom(R) (422)
23 =% z;3 =Xtop (4.23)

4.3.2 Plunge turning

The plunge turning operation consists of primarily cuts in the axial direction. Where the depth of
the groove and a provided cutting depth, a,, determines the number of cuts. In order to execute
a cut in the axial direction within the operation, a cut has to first be made in the radial direction
such that it opens up for an axial cut. The distance of the radial cut is the provided cutting
depth with the addition of a small distance to maintain stability and chip control. The distance of
first axial cut is generated with the intention of that the width of the groove, W(g), is machined,
moving from Zj.ryry t0 Zpighi(r)- Subsequently, CRP repositions away from the stock with the
distance of the magnitude of a provided axial feed rate, f,, in both the axial and radial direction.
The procedure repeats itself until the bottom end position, Xppstom(r) have been reached. The
procedure containing the radial cut, the axial cut and the reposition away from the stock defines
as one set of movements. Figure 4.7 shows CRP’s repositioning according to a plunge turning

operation, where the number of sets of movements is arbitrary displayed.

Xtop I A |

fx r\
ﬂ f2
fx
fz
Xpottom(r) Lz

Zieft(r) Zright(r)

FI1GURE 4.7: CRP’s movements during a plunge turning operation. Blue and red arrows indicates
linear interpolation and rapid movement respectively.
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See Figure 4.8, for a clarification of the machining procedure and how each set is portrayed.
Where each set is displayed in a particular colour. Furthermore, the colour saturation indicates
the removed material in the radial direction and the axial direction respectively. The numbering

demonstrates in which order the sets are executed. n defines as the number of sets.

+x
O ®
fx 1 ®
/S
® ®
,,,,, 2

® i . £
® z ®

n=3 9.
Xbottom(R) f .\ ,,,,,,,

+z
Zieft(r) Zright(R)

FIGURE 4.8: Plunge turning sets of movements

In order to determine the number of sets or in other terms, how many cuts in the axial direction
is required to achieve a requested depth, d(g), with a provided cutting depth. The depth of the
groove is divided by the cutting depth. If the resulting ratio is not equal to an integer, the ratio is

rounded up to nearest integer. See the following equation.

d

n= [“ﬂ (4.24)
ap

If the resulting ratio is not equal to an integer in the previous equation, then, in order to obtain the

same cutting depth throughout the operation, a new cutting depth is introduced, ay,,,,. Which is

determined by dividing the depth of the groove by the number of sets, see the following equation.

d(r)
a = 4.25
Prnew n ( )
For the purpose of defining corresponding distances in every movement in each set, one arbitrary set

is extracted from Figure 4.7. Which is presented Figure 4.9 with corresponding defined distances.
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| dz;

+z

FIGURE 4.9: One set representation of movements with defined distances

According to the schematics above, Z, and X is defined as the distances in the repositioning
after an axial cut in the z- and z-direction respectively. Both Z, and X is set to a provided axial

feed rate magnitude, |f|.

The distance within the radial cut, dX; in the first iteration or the first set differentiates from the
other iterations such that it is equal to the sum of the initial stock clearance, the new cutting depth

and the additional cutting depth, see following,

dX, =5C+ Uprew T Xadd (4.27)

In the other following iterations d X; remains the same. Where it is equal to sum of the clearance in

the z-direction, the new cutting depth and the additional cutting depth, according to the following.

Xm = XCl + a‘pnew =+ Xadd (Z = 2’ Tt n) (428)

The distance within the axial cut, dZ;, is decreasing with each iteration. By starting with the
distance between the left and right end position, Z,;n¢(g) and Zjcsr). Then, with every iteration

subtract the clearance in the z-direction two times. Thereby, dZ; for each iteration is determined
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according to,

dZZ = |Zm'ght(R) — Zleft(R)‘ — 2(2 - 1)ch (Z = 1, ,Tl) (429)

The axial cuts switches direction with every iteration, between positive and negative z-direction.
It is convenient to introduce a direction number, k;, which is either equal to 1 or -1. Thereby, can
dZ; and Z. either be subtracted or added to a z-coordinate depending on the current direction.
The direction number k; for each iteration can be determined by the following equation. Where

every direction number is assigned a value with the opposite sign as the previous direction number.

ki=—ki1 (i=1,...n) (4.30)

According to the one set representation in Figure 4.9, each set consists of four movements i.e. each
set contains a representation of four positions’ z— and x— coordinates. The coordinates of each
position is determined by iteration, where an individual position is determined by the set distance

in relation to the previous position in the order. The following representation shows the logic for

each positions coordinates and order within a set of movements, where i = 1,......,n
2i1 =Zi—14 Ti1 =Ti—14 — dX; (4.31)
Zio =%i1 zio =%i1 + Xadd (4.32)
zi3 =2i2 + kidZ; Ti3 =Tip (4.33)
2ia =23 — kiZg T4 =3 + X (4.34)

Since the logic above is based on previous coordinates, a start position has to be set to initiate the
iterations. The start position is placed along the z-axis at X;,, and along the z-axis it can either
be placed on left or right end position (zjef(R)» 2right(r))- In addition to the defined start position,
a start direction has to also be set. The start direction depends on the defined start position.
Where if it is placed on the left end side, the direction would be set to 1 and if placed on the right
end side, the direction would be set to -1. To demonstrate, by placing the start position on the

left end side, the start coordinates and start direction would be set according to,

204 = Ziepr) T4 = Xiop k1=1 (4.35)
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Steps

After the termination of the plunge turning operation, due to the clearance in the axial direction
with each pass, symmetrical ”steps” of remaining material have emerged on both shoulders of the
groove as a result. In most cases, there is only need for one cut at each shoulder to remove the
remaining material. Where in rare cases, the width of the "steps” exceeds the cutting with of the
insert, thereof it would require two or more cuts to remove all the remaining material. Thereby
a logic will be described which will cover any case, one or multiple cuts. Where the number of
cuts depends on the axial feed rate, the groove depth and the cutting width of the insert. By
demonstration, Figure 4.10 shows these ”steps” that have emerged as a result of a plunge turning

operation consisted of four sets of movements.

____________________________________________________________

FIGURE 4.10: Shoulders after a plunge turning operation.

According to the figure, the width of the steps, W, depends on the clearance in the z-direction
and the height of steps, Hs; depends on the new cutting depth. Where both depends on the groove

depth i.e. the number of sets according to the following,

Hs=(n—-1)ap,,., Ws=(n-1)Zy (4.36)
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To determine the number of cuts on each shoulder that is required to remove all remaining material,
it is preferred that the removed width of each pass do not exceed the cutting width minus the corner

radius of the insert. Thereby the number of passes, ns at each shoulder is obtained according to,

“:{m;%mJ (4.37)

The distance of repositioning the CRP along the z-direction is not necessarily needed to be reposi-
tioned to the top position at each set of cut. Instead, after each set of a cut, the CRP is repositioned
with a distance of dX. This repositioning saves an amount of machining time. Furthermore, the
CRP is repositioned along the Z-direction in order to machine the "steps” with a distance of dZ;.

dZs and dX; is determined as follows,

dXs = dZs =

H,
— 4.
= (4.38)

Wy
Ns

Depending on which direction the last set of movements, k, in the plunge turning operation,
determines which shoulder of the groove, left or right, where the removal of the steps should start
i.e. which shoulder is nearest the last position. Therefore, if the direction is -1, the left shoulder
is the closest and if the direction is 1 the right shoulder is the closest. The directions are thereby

determined in chronological order by the following,

ky=kn ko= —kn (4.39)

Furthermore, the removal of the steps first position and second position can be determined as

follows,

| Zright(R) — Ziest(R)|
2

Zpos; = Zieft(R) T+ (1+ k) 1=1,2 (4.40)
Lastly, the remaining positions of the operations is described in the following representation. The
movement to the three following coordinates indicates the shortest path in order to do a radial cut
with a safety distance such that no collision will occur during the positioning. This is executed on
both shoulders of the groove and starting shoulder is determined according to the last direction.
On the first shoulder ki and Zp,,, is used where (i = 1,....,npes). Also, in order to commence

the iteration a start value is set to the last position in the plunge turning operation such that,
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203 = Zn4
Zi1 =%i-13 21 =Xpottom + 1dXs + ap,,,, +SC
22 =Zpost — k1dzs(Npest — 1) Tio =T;1
2i,3 =242 X433 =Lbottom

The other shoulder is obtained by the following, using ko and Zp,s, and @ = npese + 1, ...

Zi1 =%i-13 Ti1 =Tpottom + 1dXs + ap,,., +SC
22 =Zpos2 — k2dZs(Nypest — 1) Ti2 =Ti1

Zi,3 =%Z4,2 T3 =Tbottom

(4.41)
(4.42)

(4.43)

oy 2Mipest

(4.44)
(4.45)

(4.46)
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4.3.3 Finishing

What will follow is a description in detail of the finishing operations all positions, furthermore, the

assigned values for each coordinate is described in chronological order.

The initial radial cut within the bottom position starts along the z-direction with a clearance
above the roughing bottom position. Along the axial direction, CRP positions at the end of the

component radius, according to Figure 4.11

+x

; +z
Zieft(F)

FIGURE 4.11: Position within component radius

Although, depending on the relation between the axial cutting depth and the component radius
such that the component radius is smaller than the axial cutting depth, hence is it not possible to
make the first cut at the end of the component radius. If so, CRP is placed with a clearance by
the side of the roughing left end position, Zj.ry(g). Moreover, if the axial cutting depth is smaller

than the component radius, the coordinates of the first position is assigned according to,

21 = Ziepyr) + REL 21 = Xpottom(r) +5C (4.47)

or, if the axial cutting depth is larger (or equal to) than the radius, the coordinates of the first

position is assigned according to,

21 = Zepyr) +SC 21 = Xpottom(r) +5C (4.48)
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The next position is set such that the first radial cut is made to the bottom position, Xysstom(F),
according to,

=2 22 = Xpottom(F) (4.49)

The placement of CRP such that the radial cut at the shoulder can be initiated. The two following
positions are set to the top position along the z-direction and then to the left end position along

the z-direction respectively.

zZ3 =292 I3 :Xtop (4.50)

24 =Z1efi(F) Ty =3 (4.51)

To assign coordinates for the next positions, thus the corner radius of the component can be
machined desirably, the placements of CRP displayed in Figure 4.12 are used to investigate how

the particular coordinates should be assigned.

+x

RE

lk CR—«— (RE—CR)— |

Xbattom(l-‘) T

+z

FIGURE 4.12: Positions while generating component radius

According to the schematics above, the first position of CRP is placed such that the centre of the
insert’s corner radius is horizontally aligned with the centre of the component’s corner radius. The
second position is placed such that the centre of the insert’s corner radius is vertically aligned with
the centre of the component’s corner radius. The movement between the positions in question
is a circular interpolation where its centre of rotation and radius is obtained by the difference of

the component’s corner radius and the insert’s corner radius. Thereby, RA is introduced which is
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defined as the difference in question. On each shoulder of the groove, RA is set accordingly,

RAL=REL-CR RAR=RER-CR (4.52)

Furthermore, RAL is used to assign the coordinates of the two following positions as follows,

25 =%4 Ts5 :Xbottom(F) + RAL (453)

26 =25 + RAL 26 =Xpottom(F) (4.54)

From the previous set position, an axial cut awaits at the bottom position. Where it is preferred to
place the end position of the cut in the same way displayed in Figure 4.11, although on the opposite
side of the insert. Also, the same case implies as the previous, where if the axial cutting depth
is larger than the component radius then the placement in question is not possible. In that case,
the end position is placed with clearance from the roughing right end position. For the first case,
where the axial cutting depth is smaller than the component radius, the position is set according

to,

27 = Zypighy(r) — REL T7 = g (4.55)

Where if the other case occur, the position is set according to,

21 = Zyighyr) — SC x7 = Tg (4.56)

The remaining positions are set in the same way as in equations (4.50) and (4.51), but on opposite
shoulder of the groove. Such that CRP repositions to the right end side, where a radial cut is

initiated, accordingly,

28 =27 8 =Xiop (4.57)

29 =Zright(F) Tg =3 (4.58)
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And the positions when machining the remaining radius follow the same procedure, but with the

use of, RAR instead of RAL

210 =29 710 =Xpottom(r) + RAR (4.59)

z11 =210 — RAR 211 =Xpottom(F) (4.60)

Conditions

There are a certain number of conditions that have to be met to achieve a successful machining
operation throughout the different kinds of operation techniques. According to the presented logic,
one that applies in all kinds, the cutting width of the insert can not be greater than the machined

roughing width, hence the following condition,

CW LW (4.61)

In the finishing operation, when machining the radiuses of the component, the corner radius of the
insert must be smaller than both radiuses of the component. Since an insert can not machine a

radius that is smaller than its corner radius, thereby the following conditions are expressed as,

CR<CRL CR<CRR (4.62)

The sum of the component radiuses and the width of the insert can not exceed the machined
finishing width. Given this scenario, when machining one of the radiuses, the remaining radius will

not be affected during the operation.

CRL + CRR+CW < W (4.63)

The presented model does not support the radiuses of the component being greater than the depth

of the groove, hence the following,

CRL <d CRR < d (4.64)

The maximum recommend axial and radial cutting depth when finishing limits the size of the

component radiuses. Since the end result of a roughing operation always is of rectangular shape,
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hence the radiuses of the component can not exceed a critical value, see following,

V2 V2

CRL< Y= 4 CRR< —Y* a,
\/5_1 Pmax \/i—l Pmas

(4.65)

Due to the steps that emerge at each shoulder of the groove in a plunge turning operation, any
rectangular geometry can not be machined with the operation strategy. Thereby, what the following
condition tells us, the width of the steps on each side of the groove combined with the addition of
the cutting width of the insert can not be greater than the width of the groove in order to make a

successful operation.

d
2|f.| q;ﬂ 1) +CW + 2] < Wigy (4.66)

P

4.3.4 NC-code

The required variables are based on the placement in the xz-plane and the CRP’s positions described

in the previous section, i.e where to move, thus the required variables are displayed in Table 4.3.

TABLE 4.3: Required variables when generating NC-code.

4.4 Proof of Concept

This section presents the proof of concept environments. It contains the appearance of the block
dialogue developed within NX and overall scheme of the interacted template codes. Also, three
samples of the simulations are presented. The appearance of the MATLAB® application is pre-

sented in this section as well.
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4.4.1 MATLAB® application

The application developed using MATLAB®) as a software development kit (SDK), is presented
here in this section. The software domain presented in Figure 4.1 appears in the application
presented here in this section.The software contains all the software modules described in the
section ”Software domain” 3.2. All the logic’s and developed algorithms are embedded within this

application.

The application contains several different tabs such as Component, Tool Selection, Tool Path and
NC' code. All the tabs are presented in Appendix D. Each tab of the application presented in

Appendix D is representing each software domain described in section 3.2.

Component tab is where users are defining a component with a groove. Users can either chose
to define the geometry of the component by importing a CAD file or draw the component by
the groove parameters. Users can draw the geometry in 2D or 3D. Component tab is shown in

Appendix D, Figure D.1.

Tool selection tab is where users are selecting the insert when machining. This tab has a filtering
algorithm embedded which handles the appearance of the tab. This algorithm is presented in
Algorithm 2. Users can select the inserts within the assortment provided by S.C., see Appendix
A. These inserts are specially designed for external grooving machining operations. The procedure
starts by first selecting the chip-break design of the insert and subsequently selecting the geometrical

parameters of the insert.

Other options are also available in this tab, such as defining the operation types, operation strate-
gies and NC-machine type. The ”Operation type” enumeration box contains options such as
”"Roughing + Finishing”, "Roughing” and ”Finishing”. The ”Operation strategy” enumerations
box contains options such as ”Multiple Grooving”, ”Plunge Turning” and ”Recommended strat-

egy”. Tool selection tab is presented in Appendix D, Figure D.2.

The Tool Path tab is where users can simulate the tool path. The geometry of the component
and the selected insert appears within the simulation window once the users are selecting the
”Simulation” button. All the algorithms developed concerning the generation of the tool path are
embedded within the simulation button. The tool path is generated based on choices made in other

tabs. Tool Path tab is presented in Appendix D, Figure D.3.
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The NC-code tab is where the NC-code of the simulated tool path appears. The generated NC-code
here has the ISO type. The NC-code generated here utilize the output of the tool path generation

module. The NC-code tab is presented in Appendix D, Figure D.4.

4.4.2 NX application

This section presents the result of proof of concept environment within NX. It contains the appear-
ance of the block dialogue developed within NX and an overall scheme of the interacted template

codes. Also, three samples of simulations are presented.

4.4.2.1 Block dialogue

The block dialogue developed in Block UI Styler within NX is shown in Figure 4.13. It consists
of five different group dialogues such as groove geometry, path setting, cut strategy and cutting
parameters. This block dialogue (dlx file) manages the UI of the process. The workflow of the
block dialogue is set to be very similar to the workflow of the MATLAB®application, although
this is just a proof of concept. The activity flow found here is slightly different in such a way where
the user must define an insert before entering this block dialogue. The insert creation is found

within NX CAM window.

)

Groove geometry v
Path Setting v
Cut Strategy v
\'%

Cutting Parameters

Cancel

FIGURE 4.13: External Grooving Block dialog developed Block UI styler.

First group dialogue, groove geometry, is where users define the groove geometry. This is done
by providing the users with two different dialogues called face collector. There are two figures
imbedded within the block which helps to indicates the groove shoulders and also the outer and
inner diameter. The main purpose of these face collector is to, providing information such as the
dimension of the groove and the location of the groove. By means, distance measurement must is
done in order to recognise the groove dimensions and location. The user can define the groove by

clicking on the shoulders of the groove, and also, the outer and inner diameters of the groove.
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Groove geometry

¥ Groove Shoulders (0]
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¥ Quter and Inner Diameter (0) E
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FIGURE 4.14: Groove geometry block dialog.

Next two blocks is where the users are defining its desire machining operation strategy. Both blocks

consist of two enumeration dialogues, where the path settings and the cutting strategies are stored.

The path setting enumeration consist of machining operations such as ”Roughing + Finishing”,

”"Roughing” and ”Finishing”. The cutting strategy enumeration consists of ”Plunge turning” and

”Multiple grooving”. The tool path is generated based on what the users are selecting within these

two enumerations. There are figures embedded within the cutting strategy block, which helps the

user to identify the behaviour of the tool path of the chosen cutting strategy. Figure 4.15 illustrates

the options available for the user when selecting the operation strategy.

Path Setting

Method

Cut Strategy

Method

Roughing + Finishing =

Roughing + Finishing  *
Roughing
Finishing

A Cut Strategy

Method

Insert Parameters

Cutting Parameters

Multiple Grooving

Multiple Grooving
Plunge Turning

(a) Path Setting enumeration.

Cut Strategy

Method Multiple Grooving

-

-

(c) Cut strategy enumeration, multiple grooving

Method

(b) Cut strategy enumeration

Cut Strategy

Plunge Turning

-:1#

(d) Cut strategy enumeration, plunge turning.

FIGURE 4.15: Path setting and the Cut strategy blocks dialog.
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Last block, cutting parameters, is where the users are defining the cutting parameters for the
created machining operation. The appearance of the block is dynamically depended on the selected
cut strategy. If the cut strategy is selected to be multiple grooving, then two integer block appears,
where users can define the radial feed rate and the cutting velocity. Otherwise, if the plunge
turning is selected as cut strategy, the user must also define the depth of cut and axial feed rate.
The appearance of the cutting parameters is illustrated in Figures 4.16(a) and 4.16(b) depended
on diffident selected cut strategy.

Cutting Parameters A

Depth of Cut (ap) 2.0000

Foial Feedrate S.0000 Cutting Parameters M
Radial Feedrate 5-0000]  Ragial Feedrate 5.0000
Cutting Velocity 5.0000 Cutting Velocity 5.0000

(a) Cutting parameters appearance, when Plunge turning (b) Cutting parameters appearance, when Multiple

is selected as cut strategy. grooving is selected as cut strategy.

FIGURE 4.16: Cutting Parameters block dialog.

4.4.2.2 Template code

The template code is designed to have correct interaction with the block dialogue. This means
correct information must interact between the dialogue and the template code. The events occur
depending on how the users are utilising the block dialogue. Some information must be transformed
back to the block dialogue. A brief description on how the block dialogue interacts with the

template code is described.

Groove geometry group dialogue is collecting information related to the groove dimension and loca-
tion. The interacted template code shown in Figure 4.17 initiating this information and executing
some computational routines. The distance between the selected shoulders are measured and, the
width of the groove is then set to this measured value. Same principle is executed when measuring
the depth of the groove. The outer and inner diameter of the component is measured. Measured
values are then subtracted from each other and the depth of the groove is set. The location of the
groove is measured in such a way where both the groove shoulder’s location is measured relative to
the machine coordinate system. All the cutting parameters are registered by respective template

code shown in Figure 4.17.
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FIGURE 4.17: Overall scheme of the interaction between block dialog and template code.

Path setting and cut strategy group dialogues are the one who has interaction directly by each
other. The members of the cut strategy enumeration block dialog changes dynamically depending
on the selected path setting. Once the selected path setting is registered, it sends information
to the cut strategy block dialogue, to change its members. The registered path setting and cut
strategy are code templates who generating the tool path. This two code templates are utilizing

information from other block dialogues.

4.4.2.3 Simulation samples

Results from three samples of machining operations is presented below here. These samples are
created to illustrate the tool path generated using different cutting strategies. First sample shown
in Figure 4.18(a), illustrates the tool path generated to machining a groove with cutting strategy

multiple grooving. Second sample shown in Figure 4.18(c), illustrates the tool path generated using
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plunge turning cut strategy. These two samples are selected to illustrate the containing rouging

operations. Third sample shown in figure 4.18(b), illustrates the finishing operation.

W

a) Multiple grooving. (b) Finishing Operation.

(¢) Plunge turning.

FI1GURE 4.18: Tool path generated within NX CAM environment.

Colours of the tool paths presented in Figure 4.18 indicates types of the movement tools are
operating at. Blue colour indicates controlled feed in straight or arc lines. Rapid positioning is
indicated with red colour. Presenting types of the movement within the tool path, with different

colours, helps to understand the tool path better and gives a better overview for the users.



Chapter 5

Conclusions and Future work

5.1 Overview

In this thesis, various software development models were analysed. The software development pro-
cess can be executed in different ways and according to different approaches. The studied software
development models were used to guide the development of this project thesis. It is important to
choose a suitable development model early in the project to achieve maximum productivity with

minimum wasted effort or expense.

Process methodology developed in this research succeeded in transcribing different human-readable
theories such as people’s minds with expertise within the filed and handbooks into a machine-
interpretable format. The working methodology used in this research was strongly appreciated,
thereby, future expansion of transcribing more theories into a machine-interpretable format has
been increased. No unique developing process model was found adequate for this project, which
means that a particular process model, inspired by other models was chosen to match the context
of this project. Incremental and iterative process model presented in section 2.1.2 gave most of the

inspiration.

This project thesis succeeded in developing different algorithms for the generation of three differ-
ent machining operation strategies such as multiple grooving, plunge turning and finishing. The
proposed algorithms for tool path generation was developed and implemented successfully through

the integration of mathematical modelling. These algorithms representing the best theories and
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practical experience provided by S.C. The biggest benefits of developing these algorithms in para-
metric structure is been that rewriting the algorithms in different programming languages gets

much easier.

The primary contribution of this thesis are summarised below:

e Developed a working process for translating machining techniques to a machine-interpretable

format,

e Tool path generation algorithms for machining operations Multiple grooving, Plunge turning

and Finishing,
e Filtering algorithm for finding optimal inserts for the machining operation,
e Proof of concept environment developed within MATLAB®),

e Proof of concept environment developed within NX.

The difficulties which were faced within the project was the learning curve. The progress of gaining
experience and new skills within NXOpen was the most challenging phase of this project. Although,

a proof of concept was developed throughout NX.

5.2 Future Work

Been aware that developing a software needs a process model to represent the development process,
choosing a correct model in the early steps of the project is very essential. As the future work, we
suggest that future projects shall start by designing a development model to identify the activities
that must be followed to develop a system. Due to the lack of time, debugging and software
testing was not performed in this project. As the future work performing a software testing and
debugging is essential. In case of future expansion within CoroPlus®ToolPath following same
working methodology used in this project thesis is convenient. For instance, implementation of
other kinds of grooving operations such as face grooving and internal grooving. Using the same

working methodology implies steps such as:

e Designing a model for the development process (can be the same for all the projects),

e Gathering data from handbooks, practical expertise from experts within the chosen machining

operation,
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e Choosing a proper software development kit to develop algorithms for the tool path genera-

tion,
e Designing algorithms for tool path generation through integration of mathematical modelling,

e Designing the proof of concept environment.



Appendix A

Insert assortment

TABLE A.1: Geometry and grades.

Chlpbreak Generic representation Material Corner radius Cutting width

Design [mm] [mm]

GR I P, M, K, 1.2 15
—~

GM ./ P, M, K, N, S 0.2-0.8 2-12

GF P, M, K, N, S 0.1-0.8 1.5-7.92

TF P, M, K, N, S 0.3-0.8 3-8

™ P, M, K, N, S 04-1.2 3-8
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Appendix B

Finding suitable multiple grooving

method

Finding a suitable method, Figure 4.6, within a multiple grooving operation, depends primarily
on the width of the groove, corner radius and cutting width of the insert used. The first step is
to determine the required total number of cuts, P, to achieve the full width of the groove. P is
calculated by dividing the width of the groove with the cutting width of the insert and round up

to nearest integer as follows,

P = Pg;ﬂ (B.1)

At this stage, if P; would be equal to 1, method 1 would be set as operation strategy, i.e, the width
of the groove is equal to the cutting width of the insert. Furthermore, if the operation requires
more than one cut, the operation would consist of full width cuts and not full width cuts. During
a full width cut the insert is always in contact with material on both sides, wherein a not full
width cut it is not in contact on both sides. Such that a full width cut machines material of the
cutting width of the insert, and preferably, the maximum machining width in a not full width cut
machines material with the inserts cutting width minus its corner radiuses. The number of full
width passes, P, is either equal to or one more than the number of not full width passes, and is

thereby obtained by the following,

P — M (B.2)
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The maximum possible machined width, Wy, with the current values of P; and Py is calculated

by the following,

Winaz :PfCW+(Pt_Pf)<CW—ZCR) (BS)

The calculated value of W4, is further on compared with the wanted width of the groove, such
that if (Wae > W( R)) then the number of P; and Py is finalized with their current numbers, but
if (Winaz < W R)), one more pass is added to the current number of P; and Py is updated with
equation (B.2)

By this stage, if the total number of passes would be equal to two or four the method applied is

chosen to method 2 or method 4 respectively.

If it is not equal to 2 or 4 means that the remaining applicable methods are method & and method
5. Out of these methods, it is preferred to use method 5. To investigate if method 5 is suitable with
the current dimensions, the width of the emerged flanges must exceed a critical value, W,,.. This
is to ensure stability while machining. Firstly, the rings must be wider than 0.5 mm. Secondly, in
deeper grooves, where the depth exceeds 10 mm, the critical value is directly proportional to the

depth of the groove. Hence, the critical value is obtained by the largest value of the two following,

Wer =05 W = 0.05d(g) (B.4)

To determine the width of the flanges if method 5 is in use, calculates accordingly,

W (®) — PyCW

_w B.
f P, — Py (B.5)
Lastly, if (W > W,,) then method 5 is suitable, but if (W; < W) method 5 is not suitable and

therefor method 3 is applied.

The procedure to determine a suitable method in the form of a flow chart is presented on the

following page.
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- True CW ==WMR
False
L 4
Calculate:
P_t =roundup{WMR /CW);
P_f =roundup(P_1/2);
X 1=P_i*CW+(P_t-P_{)*(CW-2*CR);
~— True False 41
Set:
Pf=Pf+1
P_f =roundup({P_1/2)
L I J
Set:
i E1=2 L P_t to closest odd
integer
I Set:
Pt=2 True »
l W_r=(W-P_FFCWWP_t-P_1)
False i
[ Set:
W _rm to largest value of 0.5 &
0.05*DMF
False
True
True
False
¥ ¥

[ Method1 ) ( Method 2 ) Method 4 Method 3 Method 5



Appendix C

Overall interaction workflow of the

Block Dialog and template code.

63



64

Groove geomeatry

Path Setting

Cut Strategy
Cutting Parameters

i

_ oK __ Apply

External
Grooving Block
Dialog

Satus ~
Tieree (KEO200.000 Tonl?

Speed? Fred Eate?

Coulast?

Tead LK Conrdinates W
NEC Program ¥
Metails W
Smalation Settings ki
Animation W

Simulation and
Path generation




Appendix D

External Grooving

Application/Software
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[4] Grooving — O *
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FNX [mmirev] 01
VC [mimin] 140

FIGURE D.2



68

[#] Grooving — O *
Component | Tool Selection Tool Path NC code

esseage

n=1061 RPM vc =140 m/min fv=54000 mm/min f=0.00 mm/varv tid=8.62 s GO0

25

20

15

10F

-40 =35 -30 -25 -20 -15 -10 =z 0

FIGUrE D.3



Grooving

G98 G138

G2

G50 54000

G283 U0, Wo.

T0101

MG G54 M8

Go9

G96 370 M4

GO0 G90 X21 2-6

GO X1 Z-6 FOA

GO0 X21Z-6
X21Z-10

GO01 X1 Z-10 FO0.1

GO0 X21 Z-10
X21Z-8

GO1X11 2-8 FOA

GO0 X21 Z-8

W30

FIGURE D.4




Bibliography

Coroplus®) toolpath automatic tool path generation for cnc machining. 2020. URL https://

www.sandvik.coromant.com/en-gb/products/coroplus-toolpath/Pages/default.aspx.

Andrea Cesarini Tadele Belay Tuli. Automated unsupervised 3d tool-path generation using
stacked 2d image processing technique. Manufacturing and Materials Processing, October

2019.

Ke Xu Yingguang Li Bingfei Xiang. Image processing-based contour parallel tool path
optimization for arbitrary pocket shape. The International Journal of Advanced Manufacturing

Technology., November 2018. URL https://doi.org/10.1007/s00170-018-3016-4.

Mats ALLARD Morad BEHANDISH. Automated process planning for turning: A feature-free

approach.

Serkan Bakir Abdullah Kurt. Theoretical analysis and mathematical modeling of deformation
and stresses of the grooving tool. Neural Comput Applic (2019), 11 2019. URL https:
//doi .org/10.1007/s00521-019-04588-w.

Jithin Abraham Mathews Sarath Chandran. Simulation and optimization of cnc controlled

grinding processes. 2016.

A. Banerjee Young-Keun Choi. Tool path generation and tolerance analysis for free-form
surfaces. International Journal of Machine Tools Manufacture 47 (2007) 689-696. URL
https://doi.org/10.1016/j.ijmachtools.2006.04.014.

W. Bauer S. A. Schenkl F. Behncke N. Chucholowski, F. Schoettl and U. Lindemann. A process
taxonomy model for engineering design research. Modelling and Management of Engineering

Processes., 2015. URL D0I10.1007/978-3-662-44009-4_1.

Joao M. Fernandes and Ricardo J. Machado. Requirements in engineering projects. 2016. doi:

10.1007/978-3-319-18597-2. URL http://cds.cern.ch/record/2062463.

70


https://www.sandvik.coromant.com/en-gb/products/coroplus-toolpath/Pages/default.aspx
https://www.sandvik.coromant.com/en-gb/products/coroplus-toolpath/Pages/default.aspx
https://doi.org/10.1007/s00170-018-3016-4
https://doi.org/10.1007/s00521-019-04588-w
https://doi.org/10.1007/s00521-019-04588-w
https://doi.org/10.1016/j.ijmachtools.2006.04.014
DOI 10.1007/978-3-662-44009-4_1
http://cds.cern.ch/record/2062463

Bibliography 71

[10]

[11]

[12]

[18]

[19]

Trustworthy software development processes. International Conference on Software Process,

ICSP 2009 Vancouver, Canada, May 2009.

M. A. Awad. A comparison between agile and traditional software development methodologies.

The University of Western Australia,:3-8.

J. Davim. Modern manufacturing engineering. 2015. doi: 10.1007/978-3-319-20152-8. URL
http://cds.cern.ch/record/2032324.

R.I. Brown & Sharpe Manufacturing Co., Providence and R.I.) Brown & Sharpe Manufac-
turing Company (Providence. Automatic Screw Machine Handbook. Brown & Sharpe Mfg.
Company, 1963. URL https://books.google.se/books?id=tHwrAQAAMAAJ.

External grooving. 2020. URL https://www.sandvik.coromant.com/en-gb/knowledge/

parting-grooving/pages/external-grooving.aspx.

What is successful parting and grooving? 2020. URL https://www.sandvik.coromant.com/

en-gb/knowledge/parting-grooving/pages/default.aspx.

Sandvik Coromant. Turning handbook. 2020. URL https://tibp.blob.core.windows.net/

coromant/92df68b7-b8c0-494d-b290-e27£540b5885 . pdf.

Jan Bosch. Design and use of software architectures: Adopting and evolving a product-line

approach addison-wesl. 01 2000.

Pamela Zave. The operational versus the conventional approach to software development, Feb

1, 1984. URL http://dl.acm.org/citation.cfm?id=357982.

The MathWorks. 1994-2020. URL https://se.mathworks.com/products/matlab/

app-designer.html.


http://cds.cern.ch/record/2032324
https://books.google.se/books?id=tHwrAQAAMAAJ
https://www.sandvik.coromant.com/en-gb/knowledge/parting-grooving/pages/external-grooving.aspx
https://www.sandvik.coromant.com/en-gb/knowledge/parting-grooving/pages/external-grooving.aspx
https://www.sandvik.coromant.com/en-gb/knowledge/parting-grooving/pages/default.aspx
https://www.sandvik.coromant.com/en-gb/knowledge/parting-grooving/pages/default.aspx
https://tibp.blob.core.windows.net/coromant/92df68b7-b8c0-494d-b290-e27f540b5885.pdf
https://tibp.blob.core.windows.net/coromant/92df68b7-b8c0-494d-b290-e27f540b5885.pdf
http://dl.acm.org/citation.cfm?id=357982
https://se.mathworks.com/ products/matlab/app-designer.html
https://se.mathworks.com/ products/matlab/app-designer.html

	Abstract
	Acknowledgements
	Abbreviations
	Designations
	1 Introduction
	1.1 Sandvik Coromant
	1.2 Background
	1.3 Problem Definition
	1.4 State of Art

	2 Theory
	2.1 Software Development Models
	2.1.1 Waterfall model
	2.1.2 Incremental and Iterative model
	2.1.3 Spiral model

	2.2 Cutting parameters
	2.3 External grooving
	2.3.1 Roughing
	Multiple grooving
	Plunge turning


	2.3.2 Finishing

	2.4 Insert design
	2.5 Numerical Control Code (NC)

	3 Methodology
	3.1 Planning
	3.1.1 Time and resource planning
	3.1.2 Functioning analysis
	3.1.3 Design
	3.1.4 Implementation
	3.1.5 Testing

	3.2 Software domain
	3.2.1 Component module
	3.2.2 Tool selection module
	3.2.3 Tool path generation module
	3.2.4 CNC code generation module

	3.3 Proof of Concept
	3.3.1 MATLAB App Designer
	3.3.2 NXOpen


	4 Results and Discussion
	4.1 System and User Requirement
	4.2 Domain Model
	4.3 Tool path generation
	4.3.1 Multiple grooving
	4.3.2 Plunge turning
	4.3.3 Finishing
	4.3.4 NC-code

	4.4 Proof of Concept
	4.4.1 MATLAB®  application
	4.4.2 NX application
	4.4.2.1 Block dialogue
	4.4.2.2 Template code
	4.4.2.3 Simulation samples



	5 Conclusions and Future work
	5.1 Overview
	5.2 Future Work

	A Insert assortment 
	B Finding suitable multiple grooving method
	C Overall interaction workflow of the Block Dialog and template code.
	D External Grooving Application/Software
	Bibliography

