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Abstract
A Generic and Intelligent Approach of Feed Rate Determination for CNC Profile Milling
Zhibin Miao

Determination of optimal machining parameters - spindle rate, feed rate, and depth of cut
- has been a research topic for decades. Since the parameters of CNC machining
significantly influence part machining time, part surface quality, and tool life, techniques
of determining optimal machining parameters are in high demand in manufacturing
industry. Usually the depth of cut and spindle rate are determined according to machinist
manuals before machining; and the feed rate is determined subjectively either by CNC
machine operators or programmers. As a result, the feed rate is not optimal in terms of
the machining condition at every cutter location, and it is fixed at a conservative value
causing longer machining time or shorter tool life. In this work, a generic and intelligent
approach of feed rate determination for CNC profile milling is proposed. First a two-
dimension chip load model is introduced and an example database of machining
parameters is presented. Second a fuzzy rule-based system is established to predict the
cutting force based on the radial and axial depths of cut, and the assumed feed rate. The
next step is to identify the geometric features of the part, calculate the engagement angles
of the geometric features, and find proper feed rates for them. Finally the approach is
applied on an example part for profile milling, and the results are simulated with CATIA

CAD/CAM system to demonstrate the advantages of this approach.
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Chapter 1 Introduction

1.1 Computer Numerical Control (CNC) Machining

CNC is defined as a self-contained numerical control (NC) system for a single machine
tool that uses a dedicated computer controlled by stored instructions in the memory to
implement some or all of the basic NC functions [15]. CNC machining plays an
important role in manufacturing industry. Unlike traditional machining methods, CNC
machines can manufacture complex shape and high-precise parts, and most parts with
complex shape are currently machined with CNC machine tools. For example, the body
of the Ferrari 360 Challenge Stradale Car and the turbine blades of airplane engines are
machined by CNC machining (see Figures 1.1 and 1.2). Usually CNC machining has
higher machining efficiency than traditional machining. CNC machining has been

widely used in the aeronautical, automotive, and injection mould/die industries.

1
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Figure 1.2 Impellers of an Airplane Engine

1.2 CNC Machining Strategies and CNC Machine Types

1.2.1 CNC Machining Process

Generally, the CNC machining consists of three steps: (1) rough machining, (2) semi-
finish and finishing machining, and (3) grinding/polishing. Rough machining
removes the excess stock material quickly to form a shape slightly larger than the part

design, thus high machining productivity is its primary concern. Finishing machining
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produces adequate quality surfaces by cutting the rough shape to the design. Better
surface finishing requires less costly and labor-intensive manual polishing at the final
stage. Adequate quality surfaces, less gouging, and minimum machining time are the
objectives of the finishing machining.  Different machining strategies and
determination of machining parameters lead to variations in machining productivity
and surface quality. A balance between surface quality and the machining time can

be achieved by optimizing the feed rate of machining parameters.

1.2.2 CNC Machine Types

CNC machines are classified into three types: 2Y2-axis, 3-axis, and 5-axis CNC
machines. The cutter on these machines includes three common types: ball, torus,
and flat end-mill (see Figure 1.3). According to the different objectives of the rough

and finishing machining, normally 2%2-axis CNC machines are used for the rough

3

machining, and 3-axis and 5-axis CNC machines are used for the finishing machining.

In this section, the features of the 3-axis and 5-axis CNC machines are introduced;

and the principles of selecting a CNC machine for parts machining are discussed.

Figure 1.3 Three Types of Common Milling Cutters [7]

R R,

Re

(a) Ball End-Mill (b) Torus End-Mill (c) Flat End-Mill
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1.2.3 Two-and-a-Half-Axis CNC Machining

Two-and-a-half-axis CNC machining is often used for rough machining. The main
feature of this type of machining is that the cutter motion in Z direction is not
synchronized with the worktable motion in X and Y direction. In other words, the
cutter remains the same height in Z direction when it cuts on a layer parallel to the
worktable (X-Y plane). For the term 2Y2-axis CNC machining, “2” means the X- and
Y-axis motions, and “Y2” means the Z-axis motion. Most of the 22-axis CNC

machining is carried out on 3-axis CNC milling machines.

Two-and-a-half-axis CNC machining is very efficient due to the highest material
removal rate of the cutter and the rigid setup. This machining strategy is quick in
roughly shaping a part. However, this machining is not applicable to the finishing

machining of parts.

1.2.4 Three-Axis CNC Machining

Three-axis CNC machines are quite popular in the manufacturing industry due to
their features, their advantages and high industrial demand. Three-axis CNC
machining is exerted when a cutter of a 3-axis CNC machine moves along planned
tool paths. This is because a 3-axis CNC machine executes three simultaneous
motions including motions of the working table along X- and Y-axis and the cutter
motion along Z-axis. Determined by the machine’s architecture, the main feature of
the machine is that the cutter orientation with respect to the part is locked after the
part is fixed on the worktable. A 3-axis CNC vertical milling machine is shown in

Figure 1.4; the cutter orientation is always in the vertical direction.
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Figure 1.4 Diagram of a 3-Axis CNC Vertical Milling Machine

The 3-axis CNC machining feature enjoys some advantages. These advantages
generally are (a) higher stiffness and rigidity of the machine prevents chatter in
machining; (b) machine accuracy is high enough for finishing machining; (c)
programming for tool paths in 3-axis CNC machining is manageable; and (d) the
machine is affordable even for small businesses and its maintenance is not
expensive[7]. Moreover, 3-axis CNC machining is the main metal working operation
in the production process. Statistics show that besides the accurate prismatic parts, a
majority of sculptured parts in the die/mould industry are made with 3-axis CNC
machines. Therefore, 3-axis CNC machining is a major force in manufacturing

industry.

While 3-axis CNC machines are popular, they are not universally able to mill all
parts. - In certain setups, the cutter cannot access some surface regions (or surface
patches) of a part without interfering with the part. Three-axis CNC machining for

some complex parts is only practical when all the surface patches to be machined can
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be accessed by the cutter. This means that for some parts with complex shapes, a

preferred solution is 5-axis CNC machining.

No matter which CNC machining method is adopted, the main machining
parameters: spindle rate, feed rate, and depth of cut should be determined properly.
Academic and industry researchers have been working for decades to find a way of
determining the optimal machining parameters, because these parameters of CNC
machining significantly influence part machining time, part surface quality, and tool
life. The main objective of this work is to find an approach to determine feed rates in
CNC profile milling. The following section provides a literature review of the

proposed approaches on optimal machining parameters determination.

1.3 Related Work on Optimal Machining Parameters
Determination

In mechanical parts machining, cutting efficiency, part accuracy and finish, and tool life
are the major concerns. Higher cutting efficiency can reduce manufacturing costs, better
part accuracy and finish means higher part quality, and longer tool life can save tooling
expenses. Optimal machining parameters can significantly improve cutting efficiency
and part quality. Considerable research has been conducted on the main machining
parameters such as spindle speed, feed rate, and depth of cut. Unfortunately, a

breakthrough has not been achieved since the problem is very complicated to address.

Currently spindle speed and depth of cut are determined based on machining
handbooks according to the workpiece material, tool size and the nature of the tool

material. After spindle speed and depth of cut are determined mechanically, the human
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factor is at work in feed rate determination, when the machinist makes judgments based
on his or her work experience. Such determined feed rate is quite conservative (which
means lower than the peak efficiency) and does not take full advantage of all the possible
cutting force variations in machining the whole part, and the machining time is long. The
surface finish of the part is inconsistent, resulting in changes in the cutting force. On the
contrary, the feed rate doesn’t necessary to be set at the highest. At high rates, the tool
can wear out too quickly or even break down, when the tool is overloaded at some
location. Another negative factor is that the surface quality is reduced if the feed rate is
set too high [9]. To achieve maximum efficiency, the feed rate should be adjusted
- simultaneously according to the variation of cutting force for the optimal machining

effects.

1.3.1 On-Line and Off-Line Approaches to Feed Rate Determination

The optimal feed rate should be determined based on the part and tool material,
cutting force, and depth of cut. The proposed approaches on feed rate determination
can be broadly classified into on-line and off-line methods. The on-line approaches
utilize force/torque sensors on tools to measure the cutting force/torque at the time of
real machining and adjust the feed rate based on the varying cutting force/torque.
However, the control system and sensors of the on-line approaches are quite
expensive, so they are not widely used in industry. On the other hand, the off-line
approaches predict cutting force according to cutting force models and set different
feed rates at different locations. To determine the optimal feed rate, the current off-

line approaches interpolate the experimental machining data to calculate the cutting

7
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force and find the proper feed rate [4]. However, the results are not smooth and the

predicted cutting force can not be determined reasonably and accurately.

1.3.2 Cutting Force Model and Feed Rate

The aim of the generic and intelligent approach of feed rate determination is to
improve machining efficiency and part quality. Adjusting the feed rate necessarily
changes the cutting force. The major technical challenge is how to find the
mathematical relationship between the cutting force and the machining parameters

such as feed rate, axial depth of cut, and radial depth of cut.

Many researchers have addressed feed rate determination from different
perspectives. In traditional metal cutting theory, the cutting force is the key
parameter in determining the kinetic and kinematical performance between the cutter
and the machined surface. There are two categories of cutting force models: the
infinitesimal flute model and the mean cutting force model. The infinitesimal flute
model is very sensitive to its parameters. 1t is not easy to obtain the exact geometry
of infinitesimal flutes from the cutters, and the dynamics of infinitesimal flutes is not
clearly understood. The mean cutting force model is based on the material removal
volume (MRV) or material removal rate (MRR). Although the calculation procedure
is relatively simple, the mean cutting force model does have a drawback - it is unable

to catch instantaneously the changes in cutting force [3].

An approach proposed by Bae, et al., (2003) [4] is a simple cutting force
regularization method to adjust feed rates for pocket machining. This approach first

calculates the cutter engagement angle to measure the chip load in two dimensions

8
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and then derives the relationship between the cutter engagement angle and the radial
depth of cut. Next it builds up a simplified cutting force model based on the
machining data in a cutting experiment with a tool dynamometer. Finally a method
of automatic feed rate adjustment is used. This approach is more stable than the
infinitesimal flute model and more accurate than the mean cutting force model. But
since the axial depth of cut is not taken into account, the approach could not be
applied when different axial depths of cut are used in CNC machining. There is
another disadvantage due to the fact that the cutting force model is constructed by
interpolating the experiment data with a Bezier surface. The Bezier surface is prone
to fluctuation, which means the model can not represent the correct cutting force

function in the local waving patch.

A different approach to feed rate determination can be found in the work of Baek,
et al., (2001) [5], which shows how to improve part quality by using the optimal feed
rate, adopting the surface roughness model. The approach examines the variation of
the feed rate based on the surface roughness model, while analyzing the dimensional
accuracy in a face milling operation. Using a bisection method, the proper feed rate
can be selected to provide a maximum material removal rate under the given surface
roughness constraint. However, when applying a bisection method to a nonlinear

system, it was very difficult to find the proper feed rate.

An approach of feed rate optimization for ball end milling, considering local
shape features, is proposed by Lee, et al., (1997) [23]. That paper studies a feed rate
optimization program developed from the relationship between optimal feed rate and

local shape features. Local shape features are classified as plain, upward ramp,
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downward ramp, contour, convex comer and concave corner. They are all recognized
by comparing NC codes of neighbouring points. A database for stable cutting
conditions of zinc base alloy is established through various experiments with different

local shape features.

Off-line feed rate scheduling using virtual CNC based on an evaluation of cutting
performance is proposed by Ko, et al., (2003) [21]. That approach presents an
advanced technology to determine automatically the optimum feed rates for two-and-
a-half-axis CNC machining, without requiring the expertise of a machinist or the
information contained in a machining data handbook. An analytical model for off-
line feed rate scheduling is formulated to improve productivity and machining
accuracy. Using that method, it is possible to regulate the cutting force, which
drastically improves the overall form accuracy of the machined surface. The approach

is not applicable to three-axis CNC machining.

Bailey, et al., (2002) [6] propose a generic simulation approach of multi-axis
machining for model calibration and feed rate scheduling. That paper shows how a
modeling methodology can be applied for feed rate scheduling in an industrial
application. Based on the predicted instantaneous chip load and a specified force
constraint, feed rate scheduling is utilized to increase the metal removal rate. The
feed rate scheduling implementation results in a 30% reduction in machining time

when applied to an airfoil-like surface.

Ko, et al., (2003) [20] propose an approach of off-line feed rate scheduling for

3D ball-end milling using a mechanistic cutting force model. Their work uses an

10
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analytical model of off-line feed rate scheduling to obtain an optimum feed rate for
3D ball-end milling. Off-line feed rate scheduling is presented as an advanced
technology, regulating the cutting force in terms of the cutter’s teeth and the feed rate.
The feed rate changes with the variation of the uncut chip thickness. To increase the
accuracy of off-line feed rate scheduling, the size effect phenomenon is considered in

the cutting coefficient model.

W. L. R. Ip (1998) [17] presents a fuzzy-based strategy for material removal
optimization, applied to sculptured surface machining with ball-nosed cutters. His
approach compensates the variations of cutting speed caused by changes of gradient
on the sculptured surfape. In his approach, a constant cutting force is maintained by
adjusting the feed rate for each cutting point by considering other machining
parameters, such as tool life and surface gradient. The fuzzy-based approach can also
give faster computer-generated results than the normal heuristic methods. In addition,

the fuzzy approach has an attractive simplicity.

Research on predicting a cutting force is found in the work of Liu, et al., (2002)
[24]. The authors present an improved theoretical dynamic cutting force model for
peripheral milling, which includes the size effect of unformed chip thickness, the
influence of the effective rake angle and the chip flow angle. The paper suggests
ways to select the cutter size and the cutting parameters for a good distribution of the

cutting force, while reducing machining error and keeping a high productivity.
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1.4 Objectives and Outline of This Work

This thesis includes seven chapters covering three main topics:

e anew and generic approach to determine machining parameters,
e a multiple-input-and-single-output (MISO) fuzzy system which has three inputs
and a single output,

e a programming system for determination of proper feed rate based on the

geometric features of a part.

Chapter one introduces CNC machining, CNC machining strategies, and CNC
machining parameters determination methods. The literature review has been done, and
the objectives of this work are provided. The statement of chapter two lays the
theoretical preparation for the new CNC machining feed rate determination approach.
The two-dimensional chip load model is introduced, and a machining parameter database
is presented. Chapter three discusses a fuzzy rule-based system to predict cutting forces
at every cutter location based on the radial and axis depth of cut, and the feed rate.
Chapter four addresses the methods to find the maximum cutting force. A new approach
of finding maximum cutting force based on geometry is introduced. Chapter five
addresses the procedure used to identify the geometric features of the part, to calculate
the engagement angles for the geometric features, and to find the proper feed rates.
Chapter six applies this approach to an example part for profile milling, and the results
are simulated with CATIA CAD/CAM system to demonstrate the advantages of this
approach. A programming system for determination of proper feed rate based on the
geometric features of a part is also described in this chapter. Chapter seven contains the

summary and contributions of this work.

12
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Chapter 2 A Machining Parameter Database for CNC
Profile Milling

2.1 Terminology and Concepts in CNC Machining

To make this thesis clear, several common terms in CNC machining are introduced.
Suppose a part is machined with a ball end-mill on a 3-axis vertical CNC machine, in

which the working table moves along X- and Y-axis and the cutter along Z-axis.

Figure 2.1, showing a design surface and its machined surface, illustrates the

folloWing terms:

e A cutter contact (CC) point: a point on the surface at which the cutter touches the
surface in machining. The cutter machines the surface exactly at the CC points
[7].

e A tool path of cutter contact points: a curve on the surface through a number of
the CC points which the cutter passes in one successive machining [7].

e Raw stock: a stock of a workpiece prior to machining.

e Preformed surface: the shape of a machined surface being processed before a

particular machining operation.
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e Postformed surface: the shape of a machined surface after a particular machining
operation.

e Design surface: an ideal shape of a surface specified by designers.

e Stock allowance: the distance between a preformed surface and a design surface.

e Depth of cut: the distance between a preformed surface and a postformed surface.

e Machining tolerance: the allowed deviation of the actual machined surface from

the postform surface [10].

Depth of Cut

Stock Allowance

\Prefarm Surface

Postform Surface

Design Surface

Figure 2.1 Some Basic Definitions in CNC Machining

After some basic CNC milling machining concepts are defined, one important
concept in CNC machining milling - tool path topology - should be introduced. CNC
milling machining is a milling process, in which a sequence of CC points is traced by
milling cutters. The pattern of ‘tracing’ is called the tool path topology. There are four
types of tool path topology patterns: (1) serial pattern, (2) radial pattern, (3) strip pattern,

and (4) contour pattern (see Figure 2.2) [10].

14
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Generally, both the serial pattern and radial pattern are for machining an area, and the
contour pattern is for cutting a vertical or slant wall. In this work, the contour pattern

tool path is taken in CNC profile milling.

Figure 2.2 Tool Path Topology

2.2 CNC Profile Milling

Flat end mills are often used in profile milling of a part and machines the part along its
profile. The depth of cut of the profile milling includes axial and radial depths of cut.
The axial depth of cut is the thickness of removed material along the tool’s axis direction,
and the radial depth of cut is the thickness of the removed material by the tool side [9].

They are shown in Figure 2.3.
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Y L.X

"~ Radial Depth of Cut

Workpiece

Cutter X

l JAxiaI Depth of Cut

Workpiece

Figure 2.3 Radial Depth of Cut and Axial Depth of Cut

Generally, due to the difference in geometric shapes along the part profile, the
cutter’s chip load is different when it cuts in the geometries, so is the cutting force. A
part profile can consist of (1) straight lines, (2) concave and convex shape formed by line
segments (called concave and convex turns), and (3) concave and convex shape formed
by curves (called concave and convex curves). The cutter’s chip load changes when the
tool is located at different points. The cutter’s chip load is larger when the tool is
working on a concave shape than when it is operating on a convex shape. The cutter’s
chip load is different from point to point if the tool cuts a curve. The chip load is
determined by the axial and radial depth of cut. The chip load can be measured simply

by engagement angle, which will be introduced in the following section.

16
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2.3 Chip Load Model
In finish machining, any change in the surface shape could result in variation of chip load.
This is not good for the surface quality of the machined part [10]. The topic to be

discussed in this section is two-dimensional models for chip load estimation.

Figure 2.4 shows a part being machined with a flat end-mill, with the part profile
presented in a top view. In order to simplify the analysis, all the dimensions are scaled
down to the cutter radius, so the cutter radius in the model is 1. For a given value of

nominal radial depth of cut (9, ), the nominal engagement angle (y,) of the cutter at the

linear region is given by

¥, =cos(1-4,) 0<4,<1 2.1)

Figure 2.4 Two-D View of Flat End Milling Process

As depicted in Figure 2.4, the cutter engagement angle y starts to increase from the

point B, and reaches to its peak value y, at the point C.

The function of the cutter engagement angle y with respect to different locations is

sketched in Figure 2.5. Between AB and CD, the engagement angle remains the same,
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and it increases from B to C. The effective radial depth of cut J, (the equivalent value of

S at the linear region for a given value of y ) is expressed in terms of ¥ as follows:

0,=1-cosy (2.2)

Engagement Angle

Y

. N

A B C D E Distance
Figure 2.5 Cutter Engagement Angles

Either the cutter engagement angle ¥ or the effective radial depth of cut , can be

used as a measure of chip load [10].

A practical approach to accommodating the chip load variation of Figure 2.5 is to (1)
split the block AC into two at the point B and (2) assign a reduced feed rate to the
interval BC based on the peak value of chip load. But in the case of the convex block, an
increased feed rate should be used. That is because the effective radial depth of cut at the
convex region is less than the effective radial depth of cut at the linear region for a given

value of ¥ [10]. In this work, feed rate determination depends on the changes in chip

load.

Generally, the chip load is determined by the radial and axial depth of cut, and the
radial depth of cut can be calculated by the engagement angle. If the engagement angle is

larger, the chip load is bigger and the cutting force is greater. When feed rate is increased,



A Machining Parameter Database for CNC Profile Mitling CHAPTER 2

the cutting force is increased. The cutting force is a function of the radial and axial depth
of cut and the feed rate. But obviously, the function is not linear. The functional relations
could be determined either from actual cutting experiments or based on the metal cutting

theory. In this work, the function is established from actual cutting experiments.

2.4 A Machining Parameter Database

The relationship among the cutting force, the depth of cut, and the feed rate is very
complicated. Since it varies with such factors as the workpiece material, cutter material
and size, and the machine tools, it’s very difficult to establish a generic equation of these
functions. But building a machining parameter database to represent the relationship can

determine the proper feed rate.

To build this database, first the axial depth of cut is fixed, and a part is machined with
different radial depths of cut and different feed rates. The cutting forces are tested and
recorded in each different case. Then the axial depth of cut is changed and the same steps
are repeated. After several iterations, a machining parameter database is built. The
following table presents a machining parameter database. (It should be noted that
numbers for the‘ 3 mm axial depth of cut have been determined through machine
experiments, but numbers for the other axial depths of cut have not been subject to
experimentation and are provided only by way of illustration). For the 3 mm axial depth
experiment, the cutter used was a high-speed steel flat end-mill having two flutes with the

diameter of 10 mm, and the workpiece material was pre-hardened steel [9].
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Table 2.1 Machining Parameter Database
Axial Depth of Cutis 3 mm
. Feed rate (mm/min)
Cutting Force (N)
50 100 150 200
0.1 3.49 5.27 6.52 7.05
0.2 4.52 6.73 8.36 9.56
S 0.3 5.20 7.72 9.75 11.55
¢ 0.4 5.62 8.59 10.47 12.53
0.5 5.88 9.14 11.45 13.62
1.0 6.61 10.14 12.94 16.35
Axial Depth of Cut is 4 mm
_ Feed rate (mm/min)
Cutting Force (N)
50 100 150 200
0.1 4.65 7.02 8.69 9.40
0.2 6.03 8.97 11.14 12.74
S 0.3 6.93 10.29 13.00 15.40
e 0.4 7.49 11.45 13.96 16.70
0.5 7.84 12.18 15.26 18.16
1.0 8.81 13.52 17.25 21.80
Axial Depth of Cutis 5 mm
) Feed rate (mm/min)
Cutting Force (N)
50 100 150 200
0.1 5.82 8.78 10.86 11.75
0.2 7.53 11.21 13.93 15.93
S 0.3 8.66 12.86 16.25 19.25
€ 0.4 9.36 14.31 17.45 20.88
0.5 9.80 15.23 19.08 22.69
1.0 11.01 16.90 21.56 27.24
Axial Depth of Cut is 6 mm
. Feed rate (mm/min)
Cutting Force (N)
50 100 150 200
0.1 6.98 10.54 13.04 14.10
0.2 9.04 13.46 16.72 19.12
Yy 0.3 10.40 15.44 19.50 23.09
¢ 0.4 11.24 17.18 20.93 25.05
0.5 11.76 18.28 22.89 27.23
1.0 13.22 20.27 25.88 32.69
Axial Depth of Cutis 7 mm
. Feed rate (mm/min)
Cutting force (N)
50 100 150 200
0.1 9.77 14.75 18.25 19.74
0.2 12.65 18.84 23.40 26.76
S 0.3 14.56 21.61 27.29 32.33
¢ 0.4 15.73 24.05 29.31 35.08
0.5 16.46 25.59 32.05 38.13
1.0 18.50 28.38 36.22 45.77
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In this database, four different feed rates (50, 100, 150, and 200 mm/min) are used.

The six effective radius depths of cutting are selected as (0.1, 0.2, 0.3, 0.4, 0.5, and 1.0),
where the maximum radial depth of cut is set as the cutter radius. Five axial depths of cut

are selected as (3, 4, 5, 6, and 7 mm).
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Chapter 3 Fuzzy Logical System of Cutting Force

Prediction

3.1 Introduction

Once the machining parameter database has been built, it is possible to tackle the
problem of predicting the cutting force. One approach to the question can be found
through fuzzy logic system. It is an appropriate tool to represent and deal with
imprecision, vagueness and fuzziness in the real world. In this work, fuzzy logical
system is used to predict the cutting force. There are three main reasons. The first one is
that the cutting force function of the depth of cut and the feed rate is nonlinear. The
second is that the machining parameter database describes the relationship in a discrete
way. The third one is that fuzzy logic system could represent the nonlinear function in an

intelligent way.

3.1.1 Basic of Fuzzy Logic

Fuzzy logic is a superset of conventional (Boolean) logic that has been extended to
handle the concept of partial truth - truth values between "completely true" and
"completely false". Fuzzy logic is based on the fact that most modes of human

reasoning, especially common sense reasoning, are approximate. [13].
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In this work, a fuzzy logic system is applied because it is:
e conceptually easy to understand;
o flexible;
e tolerant of imprecise data;
o useful in identifying complexities;
¢ linked to the experience of experts;

e presented in natural language [14].

3.1.2 Fuzzy Inference Systems

Fuzzy inference is a process of mapping a given input to an output using fuzzy logic.
The process of fuzzy inference involves membership functions, fuzzy logic operators,
and if-then rules. The structure of a fuzzy inference system is shown in Figure 3.1.
Fuzzy inference systems are also known as fuzzy-rule-based systems and fuzzy
models. They have been successfully applied on fields such as automatic control,
data classification, decision analysis, expert systems, and computer vision. There are
two types of fuzzy inference systems: Mamdani and Sugeno. These two types of
inference systems vary somewhat in the way outputs are determined [13]. In this

work, Mamdani fuzzy inference system is used to establish a cutting force model.
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knowledge hase
input output
database ritle base >
fuzzification defuzzification
- interface interface -
{crisp} —1 r fcrisp}
pP— decision-making unit PP

Figure 3.1 Fuzzy Inference System [31]

Mamdani fuzzy inference method is quite popular. The process of Mamdani
fuzzy inference system includes five steps: (1) fuzzify input variables; (2) apply fuzzy
operators (AND or OR) to antecedents; (3) implicate consequences from the
antecedents; (4) aggregate the consequences across the rules; and (5) defuzzify the
consequences for outputs [14]. Usually, step (1) is fuzzification interface. Step (5) is

defuzzification interface. The five steps will be described in detail in the following.

Step 1. Fuzzify Inputs

The first step is to take the inputs and find out the proper fuzzy sets in each input
domain. Then use their membership functions to determine the membership degrees
to the fuzzy sets for each input. In this step, the inputs are crisp and vary within the
discourse in the input domain. The membership degree varies from 0 to 1. When the
membership of a fuzzy set equals to 1, the input is completely a member in the fuzzy
set. When the membership of a fuzzy set equals to 0, the input is absolutely not in the

fuzzy set.
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Step 2. Apply Fuzzy Operators

If a given rule has more than one antecedent, the fuzzy operators are applied to
the antecedents that represent the result of the antecedent of that rule. The input to
the fuzzy operator is two or more membership values from fuzzified input variables.

The output is a single number.

Usually, the AND operator is either min (minimum) or algebraic product
function. The OR operator is either max (maximum) or algebraic sum function. For
instance, the algebraic product and algebraic sum functions are defined in the

following equations, respectively.

Product (a, b) = ab 3.1

Sum (a,b)=a+b-ab (3.2)

Step 3. Apply Implication Method

Before applying the implication method, the rule's weight should be considered.
Every rule is designated a weight - a number between 0 and 1. Generally this weight

1s 1.

Once proper weights have been assigned to each rule, the implication method is
employed. In the implication process, the consequence is reshaped using a function
associated with the antecedent [14]. The input for the implication process is a single

number given by the antecedent, and the output is a fuzzy set represented by a
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membership function. Usually, in this step, two methods are used: min (minimum)

and algebraic product.
Step 4. Aggregate All Outputs

After decisions are made based on the results of testing all of the rules in a fuzzy
inference system, the rules must be combined in some manner. Aggregation is an
operation by which the fuzzy sets that represent the outputs of the rules are combined
into a single fuzzy set. The input of the aggregation operation is the list of truncated
output functions generated in the implication process for each rule. The output of the

aggregation operation is one fuzzy set for each output variable.

Since the aggregation operation is commutative, the order in which the rules are
executed is unimportant. Usually, three functions are used: max (maximum),

algebraic product, and sum - simply the sum of each rule's output set.
Step 5. Defuzzify

The input for the defuzzification process is a fuzzy set - the aggregate output
fuzzy set. There are situations where a crisp value is needed instead of this fuzzy set
such as fuzzy control applications [13]. Therefore, the final step that converts the

fuzzy set into a crisp value is needed.

The most popular defuzzification method is the centroid calculation, which finds
the center of an area. Usually, there are five methods used: (1) centroid; (2) bisector;
(3) middle of maximum - the average of the maximum value of the output set; (4)

largest of maximum; and (5) smallest of maximum.
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3.2 A Fuzzy Logic System
To represent the machining parameter database (Table 2.1), a system of fuzzy logical
inference is employed. The system consists of membership functions of the fuzzy
variables, a rule base, fuzzy reasoning and defuzzification. The structure of the fuzzy
system for a machining parameter database is shown in Figure 3.2; RDC denotes the

radial depth of cut and ADC stands for the axial depth of cut.

XN
_

FIS
(mamdani)
Feedrate
XX Cutting Force
ADC

Figure 3.2 Structure of the Fuzzy Inference System
3.2.1 Fuzzy Membership Functions

In generating a fuzzy set for a fuzzy variable, the first step is to define a membership
function for each fuzzy variable. The membership function of the fuzzy variable is
chosen among several functions which are defined within the variable interval, and
the range of each membership function is between zero and one. Different
membership functions result in different output, and the selection of the membership

functions depends on individual experience.

In general, the following membership functions are used in a fuzzy system:
triangular-shaped; Gaussian; single sigmoidal; paired sigmoidal; generalized bell; and

s-shaped. In this work, the Gaussian membership function is used. However, the
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other membership functions also present interesting possibilities and are worth a brief

examination.
(1) Triangular-Shaped Membership Function

The triangular-shaped membership function has three parameters: a, b, c. The
“feet” of the triangle are a, ¢ and the “head” of the triangle is b [14]. The
mathematical formulae of the function are given in Equation 3.3 and the function

figure is shown in Figure 3.3:

fxabe)=1b-4 (33)

1 1 1 H

)] 2 4 8 8 10

Figure 3.3 Triangular-Shaped Membership Function [14]

(2) Gaussian Membership Function

The Gaussian membership function has two parameters, o, which represents the

slope, and ¢, which is the peak of the slope. Itis given by:

—(x—c)?

fuo,c)=e 2 (3.4)
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The function figure is shown in Figure 3.4

a 2 4 8 E 10
Figure 3.4 Gaussian Membership Function [14]

(3) Sigmoidal-Shaped Membership Function

The sigmoidal-shaped membership function has two parameters, a and c, and the

given equation is:

f(_x;a,c):_.l___
l+e

—-a(x—c)

(3.5)

The function is plotted in Figure 3.5.

i 1 3 L

a 2 4 ] 8 10

Figure 3.5 Sigmoidal-Shaped Membership Function [14]
3.2.2 Four Fuzzy Variables Membership Functions

Since the Gaussian membership function is smoother than the triangular function, the
Gaussian function is adopted to calculate the membership for a fuzzy variable, the

radial depth of cut. This function is plotted in Figure 3.6. The parameters of the
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membership functions of the radial depth of cut are presented in Table 3.1. The three
membership functions reach their maximums at different values of the radial depth of
cut, and the membership functions are identified accordingly as low, medium, and
high. Similarly, the Gaussian function is adopted as the membership functions for
both the axial depth of cut and the feed rate. The membership functions for the axial
depth of cut are also identified as low, medium, and high, while those for the feed rate
as slow, medium, and fast. These membership functions for the feed rate and the
axial depth of cut are plotted in Figure 3.7 and 3.8, respectively. The feed rate
interval is specified between 50 and 200 mm/min, and the axial depth of cut is from
three to seven millimeters. The parameters for membership functions of the feed rate

and the axial depth of cut are presented in Table 3.2 and 3.3, respectively.

1.0 Low Medium High

0.5 .

<

1 L 1 1 2 L 1 [

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Figure 3.6 Membership Functions of the Radial Depth of Cut

Table 3.1 Parameters for Membership Functions of the Radial Depth of Cut

30

Low Medium High

0.119 0.112 0.187

o
C 0.242 0.492 0.981
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Figure 3.7 Membership Functions of the Feed Rate

L
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Table 3.2 Parameters for Membership Functions of the Feed Rate

31

Slow Medium Fast
o 20.4 22.3 19.1
C 77.0 130.0 191.0
Lowy Medium High

Figure 3.8 Membership Functions of the Axial Depth of Cut

Table 3.3 Parameters for Membership Functions of the Axial Depth of Cut

Low Medium High
o 0.555 0.584 0.488
C 3.480 5.147 6.707
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Table 3.4 Parameters for Membership Functions of the Cutting Force
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Figure 3.9 Membership Functions of the Cutting Force

45

32

o C

St 2.241 3.490
S2 2.045 8.776
S3 2.234 14.070
M1 2.245 19.340
M2 2.250 24.630
M3 2.245 29.930
L1 2232 35.420
L2 2049 40.470
L3 22052 45.910

Gaussian function is used to define the membership function for the output.
These nine output-related membership functions of the cutting force are defined and
shown in Figure 3.9. The nine membership functions of the cutting force are
identified as level one of small (S1), level two of small (S2), level three of small (S3),
level one of medium (M1), level two of medium (M2), level three of medium (M3),
level one of large (L1), level two of large (L2), and level three of large (L3).
According to the machining parameter database, the cutting force interval is within

the range of 3.49 to 45.77 N. The parameters for the membership functions of the

cutting force are presented in Table 3.4.
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3.2.3 Fuzzy Rules

A fuzzy rule base should be set up after the membership functions for the fuzzy
variables have been defined. Generally the fuzzy rule in a rule base is expressed in
the form of a logical statement, e.g. IF_THEN [12]. However, the fuzzy system
discussed in this paper is more complicated. It has three inputs and single output,
which falls into the category of a multiple-input-and-single-output (MISO) system.
The logical operator AND is used to connect the three inputs to form an aggregated
statement as a rule, and all the rules are in the form as IF_AND_AND_THEN. In this
work, the min (minimum) function of the AND operator is used. Each input fuzzy
variable has three different membership functions and the combination of the three
fuzzy variables can compose twenty seven rules in this fuzzy system. The

combination is listed in Table 3.5.

Table 3.5 Combination of the Membership Functions of Fuzzy Variables

Axial Depth of Cut is Low
. Feed Rate
Cutting Force Slow Medium Fast
Low S1 S2 S3
Radial Depth of Cut Medium 82 53 M1
High S2 M1 M2
Axial Depth of Cut is Medium
. Feed Rate
Cutting Force Slow Medium Fast
Low S1 S3 M1
Radial Depth of Cut Medium S2 M1 M2
High S3 M3 L1
Axial Depth of Cut is High
. Feed Rate
Cutting Force Slow Medium Fast
Low 82 S3 M2
Radial Depth of Cut Medium S3 M3 L1
High M1 M3 L3
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Based on the Table 3.5, the twenty seven fuzzy rules can be composed as

followings and form a rule base. For example:

e IF the axial depth of cut is low AND the radial depth of cut is low
AND the feed rate is slow, THEN the cutting force is S1.

e JF the axial depth of cut is low AND the radial depth of cut is low
AND the feed rate is medium, THEN the cutting force is S2.

e IF the axial depth of cut is low AND the radial depth of cut is low
AND the feed rate is fast, THEN the cutting force is S3.

e (Other rules follow a similar pattern, such as:)

e IF the axial depth of cut is high AND the radial depth of cut is high
AND the feed rate is medium, THEN the cutting force is M3.

o IF the axial depth of cut is high AND the radial depth of cut is high

AND the feed rate is fast, THEN the cutting force is L3.

Each fuzzy rule in this rule base reflects a specific machining case with different
machining parameters in principle and is correct with respect to the machining
parameter database. For example, in the first fuzzy rule, when the radial depth of cut
is low, the axial depth of cut is low, and the feed rate is slow, the cutting force is the
level one of small. The first fuzzy rule describes a portion of the relationship between
the cutting force and the fuzzy variables, and it is a qualitative interpolation of some
data in the machining parameter database. With all the fuzzy rules, the machining
parameter database is interpolated qualitatively and the function of the cutting force is

fully represented. The fuzzy rule base is the heart of the fuzzy system and can be
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used to predict the cutting force according to the three inputs, the axial depth of cut,

the radial depth of cut, and the feed rate [31].

3.2.4 Cutting Force Prediction

The cutting force can be calculated using the fuzzy rule base instead of a close-
formed equation. Determining the cutting force value using the fuzzy rule base is
called fuzzy reasoning. Since the fuzzy rules reflect the actual machining correctly,
the predicted cutting force is reasonable and the desired practical results can be

achieved if some new values of the fuzzy variables are input.

In detail, two approaches, the min-min-max method and max-min-product
method, are popular in the fuzzy reasoning process [17]. This work focuses on the
min-min-max method, because there is a large amount of machining data available on
this approach. In this method, the result of the fuzzy reasoning is obtained by using
this method. However, the result of the fuzzy reasoning is not cutting force itself and
can not be used directly. This value should be defuzzified into the predicted cutting

force.
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3.2.5 Defuzzification of Cutting Force

Defuzzification in this procedure is to map the fuzzy reasoning result to the actual
cutting force.  The centroid defuzzification is the most commonly used
defuzzification in fuzzy systems because it is computationally simple and intuitively
plausible [31]. In this work, the centroid defuzzification is used. The centroid
defuzzification specifies the y" as the center of the area covered by the membership
function of B, that s,

[ yur Ny

y' = - (3.6)
[uy My

where '[ is the conventional integral. Figure 3.10 shows this operation

v

graphically.

Center of Gravity

y*

Figure 3.10 Graphical Representation of the Centroid Defuzzification.
The B’ membership function can also be considered as the B’ fuzzy set, which
is the union or intersection of M fuzzy sets. A good approximation of above equation

is the average of the centers of the M fuzzy sets, with the weights equal the heights of

the corresponding fuzzy sets [31]. Figure 3.11 illustrates this operation graphically
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for a simple example with M=2. Specifically, let y, be the center of the lth fuzzy set

and w, be its height, the center average defuzzification determines y" as

M

v
* 1=1
y =i 3
1 Vi
A
s _ YW T Y, W,
w, =
w, +w,
W,
N y* Y2

Figure 3.11 Graphical Representation of the Center Average Defuzzification

As a result, the relationship between the cutting force and the fuzzy variables in

this fuzzy system is shown in Figure 3.12 and Figure 3.13.
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Feed Rate wo Radial Depth of Cut
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Figure 3.12 Surface of the Cutting Force Model (a) When the Axial Depth of Cut is 4.5
mm, (b) When the Axial Depth of Cut is 5 mm.
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Figure 3.13 Surface of the Cutting Force Model (a) When the Axial Depth of Cut is 5.5
mm, (b) When the Axial Depth of Cut is 6 mm.
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Chapter 4 Maximum Cutting Force Estimation

4.1 Introduction

The maximum cutting force in CNC machining is the cutting force limit, under which the
tool can work in normal without severe wear and the CNC machine is free of chatter. If
the cutting force imposed on the tool exceeds the limit, the tool will vibrate severely,
causing worse surface quality and suffer wear greatly causing shortening tool life. Thus a
machining with the maximum cutting force or over should be prevented. The maximum
cutting force can be criteria in CNC machining. Feed rate is one of the factors
influencing the cutting force. When feed rate is increased, the cutting force is increased
nonlinearly, if the other factors are fixed. Up to the level where the cutting force reaches
maximum, the feed rate can not be increased any more. To machine a part efficiently and
safely, proper feed rates are so determined that the cutting force remain 80% of the
maximum cutting force. Therefore, the maximum cutting force should be estimated
before proper feed rates can be determined. Several cutting force methods for the

maximum cutting force are reviewed in this chapter.
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Usually the cutting force is presented as a function of radial depth of cut, axial depth
of cut, and feed rate in milling. However, the cutting force is subject to many factors in

metal cutting process. The factors are listed as following:

¢ Workpiece material — yield stress and hardness;

e Tool material — hardness, toughness, and thermal resistance;

e Tool geometry — rake angle, helix angle, number of flutes, and diameter;

e Machine tool characteristics — system stiffness (including the tool and spindle,

machine structure, workpiece and fixtures), runout, cutting speed, and power [10].

Because the influence of machine tool characteristics is very difficult to evaluate, it is

not taken into account in cutting force estimation.

Figure 4.1 Up Milling and Down Milling

As illustrated in Figure 4.1, the cutting forces are different in the two milling
conditions: up milling and down milling [1]. In up milling, the tool tends to be pulled
close to the workpiece, which increases both the depth of cut and the cutting forces.
Usually, up milling is adopted in rough machining, while down milling is used in finish

machining [2]. In this work, two well-known cutting force models, the volumetric
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cutting force model and the mechanistic cutting force model, are introduced and a new

‘method based on the fuzzy logic system is proposed.

4.2 Volumetric Model

This cutting force model takes the chip geometry and the material removal rate (MRR)

into account. The spindle power P should be given as follows:
P =K -(MRR) 4.1)

In this equation, K is the unit power consumption. The cutter power P is equal to the

tangential cutting force F, times the cutting speed V . So the tangential cutting force F,

is given by:
F,=P/V=K-(MRR)IV 4.2)
The radial force F,is calculated by:
F =K, -F, 4.3)

where K, is a constant. The values of K and K, depend on workpiece material,

cutting tool geometry and cutting conditions. In CNC machining, MRR is given by:
MRR=6-H-c 4.4
where & is the radial depth of cut, H is the axial depth of cut, and c is feed rate.

It is true that the volumetric force model is very simple to implement and can be

useful to improve efficiency in the rough machining and semi-finish machining. The
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maximum cutting force that is calculated using the volumetric force model is the average

43

maximum cutting force. But the volumetric cutting force model has a major shortcoming:

the calculated cutting force is average, not the instantaneous force. Force direction and
cutter deflection direction are also unknown, so verification of surface accuracy is not

possible. As a result, the cutting force model is not usually adopted in finish machining.

4.3 Mechanistic Cutting Force Model

The mechanistic cutting force model offers a way to overcome the main shortcoming of
the volumetric cutting force model, its inability to calculate the instantaneous cutting
force [1]. In milling machining, the instantaneous chip thickness (h) varies periodically if
the cutter flutes are taken into consideration. The instantaneous chip thickness can be

approximated as:
h(¢) = csin ¢ 4.5) [1]

Where c is the feed rate (mm/tooth) and ¢ is the instantaneous angle of immersion.

(This equation as well as the following equations comes from the same book [1].) Figure

4.2 shows the geometry of milling process.
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Chip Load

Figure 4.2 Geometry of Milling Process

If the helix angle of a cutter is zero, tangential ( F,(¢)), radial (F,(¢)) and axial

(F,(@)) cutting forces can be expressed as:

F(¢)=K, ah(9)+K, a
F.(§)=K ah($)+K, a (4.6)
Fa (¢) = Kacah(¢) + Kaea

Where ah(¢) is varying chip area, and a is edge contact length. K

tc?

K, and K

are the cutting force coefficients in tangential, radial and axial directions, respectively.

K,, K,, and K, are the edge constants. The cutting coefficients are usually evaluated

te?

by milling tests or by using the following equations:

T, cos(f, —a,)+tani-tan7-sin S,
“ sing, Jcos’(¢, + B, —,) +tan’ 7-sin® B,
) T, sin(8, —«,) @

* sing, -cosi [cos?(g, + B, —@,) +tan®7-sin® B,
T cos(f, —,) tani—tan7-sin B,

S

sing, Jcosz(¢n + 8B, —a,)+tan’7-sin’ B,

rc

.
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Where 7, is the shear yield stress. f, is the friction coefficient. i is the oblique

angle. 7 is the chip flow angle. ¢, is the normal shear angle. «, is the normal rake

angle [10].

From Figure 4.2, it is simple to get feed, normal and axial components of the cutting

forces. They are given by:

F.(§)=~F,cosp~F,sing
F,(¢)=F,sing—F, cos¢p (4.8)
F,(¢)=+F,

For a cutter with N teeth, the cutting forces are expressed as:

Fx(¢j) =Zij(¢j)

AL

F @)=Y F, @) 4.9)
j=1

LFZ(@') =Zin(¢j)

When ¢, satisfies ¢, <@, < g, , Where ¢, is the cutter exit angle, @, is the cutter

entry angle. If the tooth j is out of the immersion zone, it contributes zero to total forces.

So the instantaneous resultant cutting force is given as:

F= 1/Ff +F}+F} (4.10)

However, the situation changes when the helix angle is other than zero. This means

that when the helix angle on a cutter is £, a point on the axis of the cutting edge will lag

behind the end point of the tool [19]. Naturally, the lag factor will affect the performance
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of the cutter so it must be taken into consideration [6]. The lag angle i at the axial depth

of cut (z) is found as:

tan,6’=_l?l'/_/~ W:__Zz-tanﬁ

= 4.11
2z D ( )

Where D is the cutter diameter. Figure 4.3 shows the geometry of helical end milling.

Figure 4.3 Geometry of Helical End Milling

It is worth a reminder that in the above steps, the cutting forces of the helix angle is
taken as zero. If the angle is other than zero (as in real-life milling), further calculations
are required. To carry out these calculations, the immersion angle for flute j at axial

depth of cut z is:

9, ()=0+ jo, —ksz 4.12)

Where ¢, = 27” is the tooth spacing angle. k, =(2tan 8)/D.
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Tangential (dF, j ), radial (dF, i ), and axial (dF, I.) forces on a differential flute

element are given by:

dF, ;(9,2) =[K,h,(4,(2)) + K, ]dz
dF, ;(¢,2) =[Kh;(§;(2)) + K, 1dz (4.13)
dF, (6,2 = (K .h,(#,(2) + K, dz

ac'"j

Where the chip thickness is k;(¢;(z) = csin(¢;(2)) . The feed (x), normal (y), and

axial (z) cutting force are expressed as:

dF, ,(9;,2) = ~dF, ;cos §,(z) - dF, ;sin 9,(2)
dF, ;(¢;,2) = +dF, ;sing;(z) ~ dF, ;cos ¢;(z) (4.14)
dr, (¢;,z)=+dF, ;

Substituting the differential forces and the chip thickness into above equation will

give the following result:

r

Z[-K, sin26,(z) ~ K, (1~ cos 24, (2))]

2 dz
+[-K,, cos¢,(z)~ K, sin,(z)]

%[K,C (1-cos2¢,(2)) — K, sin 2¢,(2)] +

[K,sing,;(z) - K, cos¢,(2)]
dF, ;(9;,2) =[K,csing;(z)+ K, Jdz

dF, (9,,2) =

{dF, (,.2)= dz (4.15)

The differential cutting forces are integrated analytically along the in-cut portion of

the flute j in order to obtain the total cutting force produced by the flute [20]:
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F,(9,(2) = | "dF, (¢, ()dz.q=1x,5.2 (4.16)

Where z;,(¢,(2)) and z;,(¢;(z)) are the lower and upper axial engagement limits of
the in-cut portion of the flute j. The integrations are carried out by: ¢,(z) =@+ j@, — kg2,

d¢;(z) = —kgdz. Thus

2;2(9;(2)
ZIC?;["K‘C c0s 2¢,(z) + K, (2¢,(2) —sin 29, (2))]

+ k—[K,e sin ¢j(Z) - Kre cos ¢j (Z)]

£ 21085 (2)
—c 2;2(9;(2))

. [Kie(20;(2) —sin 29, (2))+ K, cos2¢,(2)]

F,,0,@)={ 4.17)
+——[K, cosg;(z) + K, sin §,(2)]

kﬂ z;1(9;(2)

1 Z2;,(9;(2
F (8,0 =K 0008 ,(2) = K9, (D1 51
B

F, ;(9;(2)=

A

The cutting forces contributed by all flutes are calculated and summed to obtain the

total instantaneous forces on the cutter at immersion @ :

F.(9)=Y F,
=0

N-1
{F($)=>F, (4.18)
j=0

LFZ<¢>=ZF,j

The resultant cutting force acting on the milling cutter is
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F(§)=[E,(#)* + F,(9)* + F,(9)° (4.19)

The cutting force model can be efficiently implemented to the CAD/CAM systems
for milling process simulation [1]. The mechanistic cutting force model can be used to
estimate instantaneous cutting force magnitudes and directions. Therefore, it can be used
to estimate tooth stresses, cutters shank stresses and cutting tool deflections [13]. The

model has several parameters obtained from many experiments.

4.4 A New Method of Finding Maximum Cutting Force Based
on the Fuzzy Logic System

When using the mechanistic cutting force model, it is very hard to get the exact
maximum cutting force in different machines. The stiffness factor in each machine varies
considerably and can cause tremendous differences. So a new approach is needed. This
approach involves calculating the maximum cutting force based on the geometry features

of a machined part using a fuzzy inference system.

In CNC profile milling, according to the two-dimension chip load model, the chip
load of the cutter changes at different geometry shapes and the cutting force also changes.
The changes in the chip load and the cutting force match the geometry variation along the
part profile. The chip load at a cutter location is measured by the cutter engagement
angle, and the cutter engagement angle can be calculated with the profile of the pre-
machined part and the profile of the design part [10]. The engagement angle changes
when the cutter is located at different points. For example, the cutter engagement angle
is larger when the tool is in the concave shape than when it is in the convex shape. The

larger the cutter engagement angle, the greater the cutting force; a common example of
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this principle is the way that a household meat cleaver must be wielded with more force
than a butcher’s sharp blade. Finding the largest cutter engagement angle means finding
the maximum cutting force. In CNC machining, the point on the machined part profile
that has the largest cutter engagement angle must be the point which has the maximum

cutting force.

The surface quality must be maintained at a constant level to avoid chatter, because if
the surface quality is good at the point of the maximum cutting force, it will also be good

at other points of the machined part.

Through real machining experiments, it is possible to determine the initial feed rate,
which is the feed rate set at the point where the engagement angle is largest in order to
get the maximum cutting force. It is a step-by-step process. First, by calculating the
cutter engagement angle, the geometry point where the engagement angle is largest can
be found. Then set a feed rate with a proper value to machine the part at this point. If
there is no cutter wear or chatter, then increase the feed rate. If cutter wear or chatter
happens, then decrease the feed rate. With several iterations, the initial feed rate can be
found. Usually, the initial feed rate is very close to the feed rate given by an experienced
operator. The initial feed rate is related with the workpiece material, cutter size and

cutter material.

The next target is the main goal: the maximum cutting force. It can be found using
the fuzzy cutting force model, which gets inputs from the initial feed rate and the radial

and axial depth of cut. There are four steps to follow:
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Find the largest engagement angle using an offset algorithm and a proposed

algorithm to obtain the intersection point of two curves.
Locate the geometrical segment that has the largest engagement angle.

Find the initial feed rate experimentally, by checking the tool wear or chatter. If
there is no tool wear or chatter, increase the feed rate. If there is tool wear or

chatter, decrease the feed rate. Repeat as often as necessary.

After finding the initial feed rate, put the initial feed rate into the fuzzy cutting

force model, and the maximum cutting force can be calculated.
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Chapter 5 Procedure for Determination of Proper
Feed Rate

5.1 Calculations for Cutter Engagement Angles

This section introduces the geometry that is used for calculating the cutter engagement
angles. The section has two main parts: (1) offset algorithm for tool path generation; and
(2) a proposed algorithm to obtain the intersection of two curves. Both parts are

described in detail in the following.

5.1.1 Offset Algorithm for Tool Path Generation

For a CNC profile machining, the tool paths will be offset contour around a
machining part. For example, in Figure 5.1, the part profile is the innermost shape
and the contour of the machined part after rough machining is the middle shape.
Based on the information about the design of the part and the cutter size, the tool path
of the CNC profile milling is planned. It is the outermost shape. In this figure, the
middle and outermost curves are the offset curves and the innermost curves denote

the boundary of a machining part.
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J—

Figure 5.1 Tool Path of the Profile Milling

To obtain the tool paths of CNC profile milling and to calculate the engagement
angles, it is very necessary to study the offset algorithms. The offset of a part
boundary has been studied extensively. In CNC machining, three main algorithms
are widely used: the pair-wise offset approach; the Voronoi diagram; and the pixel-
based method. In this work, the pair-wise offset approach to calculate the profile tool
path is adopted, because it is simple and intuitive. It is also widely used in industry

practice even though it does have some drawbacks.

The Voronoi diagram method is more efficient and robust, but its weakness is
numerical instability. The pixel-based approach overcomes the drawbacks of the
pair-wise offset and the Voronoi diagram. However, this approach requires a huge
amount of memory as well as too much computation time to achieve the desired level

of precision [11].
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For a program designed to do profile machining, the first step is to determine the
shape of the part that is to be machined. The part’s profile will usually include a
combination of linear and circular segments, which are relatively simple to determine,
as well as a sequence of curves that are approximated by the linear and circular

segments.

The sequence curves in the part profile form a curve chain. As described by
Hansen et al 1992 [16], the curve chain is defined as an ordered list of linear and
circular curves. In mathematical terms, the definition of the curve chain is as follows:

¢ ={C,,C,,..C,} where:

C,=C), 0=t=<li=12..,n

, (5.1)
C.)=Cy(0), i=12,.,n-1

The points C;(0),i=1...,n and C, (1) are called the knot points of the curve

chain, and C,(0) and C,(1) are called its end points [16].

The input of the offset algorithm consists of an offset distance (d) and a set of
curved chains representing the peripheral boundary of a part, as shown in Figure 5.1.
The output is a collection of curved chains and represents the offset of the peripheral
boundary of the part. Usually, the offset distance d should be bigger than, or equal to,

the tool radius.

Figure 5.2 shows a chain consisting of seven curves, of which two curves (C,

and C,) are circular.
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C5
C4 C6

C
C2 C1 C7

Figure 5.2 Chain of Curves

The algorithm of the pair-wise chain offset has two phases: (1) raw offset
generation and (2) the raw offsets analysis. The first phase processes the input
peripheral curved chains. When two first degree continuous segments are offset, the
offset segments are connected and are first degree continuous, and the tangency
condition is preserved. When two adjacent segments in an input chain are offset
initially; to close the gap, it is necessary to insert an extra circular arc in the offset
chain (see Figure 5.3). The inserted arc represents the tool rolling around the
common vertex of the two segments. At convex corners, the inserted arc may

become a part of the output tool path, if it does not cause interference elsewhere.

The second phase of the algorithm involves the detection of all pair-wise self-
intersections in the raw offset-curve, and the removal of all invalid loops. The details
about the raw offsets analysis can be found in [11]. Because many CAD/CAM
software packages already provide the functions of the phase, in this work, the

functions of the phase provided by CATIA are used to analyse the raw offsets.

55



Procedure for Determination of Proper Feed Rate  CHAPTER 5

= Gonvex Corner

Figure 5.3 Convex Corner and Inserted Arc

Based on the pair-wise offset algorithm, the offset part profile for the tool path is
generated in this work. The application of the offset part profile can be seen in Figure

5.1, where the middle and outermost shapes are the offset curves.

5.1.2 Engagement Angle

After the offset tool paths are obtained, the next step is to find the exact intersection
points of the cutter and the semi-finished part edges. In Figure 5.1, the intersection
points as shown are between the small circle which represents the cutter, and the
middle curve chain, which represents the semi-finished part edge. The simplest and
most common method to determine the intersection points involves the use of a

mathematical formula which will be explained later [30].

The question of finding an intersection point is a fundamental construct in many
computer graphics and modeling applications. Usually, for computing intersections

of lines and segments in 2D, it is best to use an equation representation [29]. The
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algorithms for the simplest 2D linear primitives and linear segments will be examined

in detail.

Figure 5.4 shows the engagement angle. The intersection point between the
cutter and work piece is calculated using the cutter geometry equation and the
geometry equation of a previously machined work piece. The engagement angle can

be easily obtained from calculated intersection point [29].

Intersection Point

Figure 5.4 Intersection Point

The cutter movement is composed of line and circular segments. The boundary
of the machined workpiece remains as a combination of line and arc segments.
Figure 5.5 (a) and (b) shows the boundary of workpiece generated by cutter
movement along line path and arc path, respectively. The line and arc segment to
present the boundary of machined workpiece have information such as start point,

(Xws> Yws), end point, (Xwe, Ywe), slope angle, ¢, start angle of arc, «,, end angle of

arc, «, , center of arc, (Wcx, Wey) and radius of arc, w;.
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(Xve s Yue)

The Boundary cf
Machined Workpiece

(XWS H YWS)

(@)

The Boundary of
Machined Workpiece

( XWS ) Y‘IIS)

(b)

Figure 5.5 Intersection Point Calculation (a) When a Cutter Movement along Line Paths
(b) When a Cutter Movement along Arc Paths

The procedure to calculate intersection point between the line segment of the

workpiece boundary and circle geometry of cutter is as follows.

The cutter geometry and the boundary geometry of pre-machining workpiece can

be defined as Equations 5.2 and 5.3.

(x—1,) +(y—1,)" =t (5.2)
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where (tcx, tey) is the current position of tool and t; is the radius of tool.

y=ax+b (5.3)

(yW€~yWS)

(xwe T X

where a = and b=y, —ax, . x value of intersection point can be

calculated using Equation 5.4.

. —Birw/(fA—4AC) (5.4)

where A=1+a*, B=2a(b—t,)-2t, and C=(b—1,)* —1, +1, .

If x,, equalsto x,, ,x value of intersection point is as follows:

X = Xy (5.5)

y value of intersection point can be derived from Equations 5.5 and 5.6.

Y, =1, £~ (%, — 1)) (5.6)
where (x,,y,) is intersection point of tool and workpiece.

The following equations show the procedure to calculate intersection point
between the arc segment of the workpiece boundary and the circle geometry of tool.
Tool geometry equation is the same as Equation 5.2. The equation of the arc segment

of pre-machining workpiece is defined as follows:

(x-w,)* +(y-—wQ,)2 =w? 5.7



Procedure for Determination of Proper Feed Rate  CHAPTER 5 60

When Equation 5.2 minus Equation 5.7, the following equation can be obtained:

x=-Py+Q (5.8)
2 2 2 2 2 2
t,—w woo—f +t Tl —W. . —W .
where P=—2—% and Q=—"—"——-F 2 = 9 The intersection
tCX - wCX z(tcx - WCX)

point can be derived from Equations 5.9 and 5.10.

=—BrﬂBR4AC) (5.9)

Vi 24

x, =Py, +Q (5.10)

where A=1+P*, B=-(2PQ—-2t,P+2t.) and C=Q" +1. -2t 0+t —1] .

If ¢, equals to w,, intersection point can be derived follows.

y, =a (5.11)

x =t t ,/tf —(a-1,)* (5.12)

1,22 2
(-w; +t, -t +w,)

2w, —1,)

where a =

Thus the engagement angle can be accurately calculated following the movement
of tool by using the intersection points of the cutter and the workpiece. The algorithm
used in this paper to calculate the intersect point is a simple one but it’s not such an
easy matter to determine the program code for the intersection of two segments.

Many special cases need to be checked (see the programming code).
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Based on this algorithmic method, the intersect points between the pre-machining
part edges (the middle curves in Figure 5.1) and the cutter (the small circle in Figure
5.1) can be computed efficiently. Therefore, the engagement angle of each point can

be obtained.

5.2 Final Calculations for Proper Feed Rate

Once the fuzzy cutting force model has been established, and the engagement angle of
each point is obtained, final calculations can be done for the proper feed rate. For these
calculations, the inputs are: (1) the axial depth of cut; (2) the radial depth of cut, which is
computed by the engagement angles of each part point; (3) the initial feed rate, which is
obtained by experiment; and (4) the maximum cutting force, which is obtained by the
approach based on geometry features. The maximum cutting force provides a reference

for the proper feed rate.

By using the fuzzy system, the cutting force can be estimated when the depth of cut
and the feed rate are known. It will be recalled that the maximum cutting force will be
higher as the feed rate decreases, and lower as the feed rate increases. To reach the main

objective - finding the proper feed rate - there are five steps to follow:

1) Set the axial depth of cut for each profile machining. Locate the geometry
features of the part profile. Calculate the cutter engagement angles and the radial

depth of cut for each geometry feature. Find an initial feed rate.

2) Using the approach based on the geometry feature, find the maximum cutting

force based on the work piece material, cutter size and cutter material.



3)

4)

3)
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Apply the fuzzy system to find the cutting force for each geometry feature.

Compare the cutting force with the maximum cutting force; if the cutting force is
less than the maximum cutting force, increase the feed rate; if the cutting force is
greater than the maximum cutting force, decrease the feed rate. Repeat Step 3 for
each geometry feature until a setting close to the maximum cutting force is

obtained.

After finding the proper feed rate for one feature, move to the next feature, and
return to Steps 3 and 4. Once the proper feed rate has been found for all features,

end the program.
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Chapter 6 Applications and Programming of a Feed

Rate Determination System

6.1 Applications

The approach described in this thesis offers major advantages in planning the feed rate
for CNC profile machining. For example, consider a piece of stock material that 1s 130
mm long, 125 mm wide and 20 mm deep. In Figure 6.1, such a piece of stock material is
shown as transparent and mounted on a platform. A flat end mill with the radial of 10

mm is used to machine the part, with the axial depth of cut set as 5 mm.

Figure 6.1 Example Part on a Platform and a Stock
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In Figure 6.2, the flat end mill is shown. The overall length, the cutting length, and

the body diameter of the cutter are 100 mm, 50 mm, and 15 mm, respectively. The cutter

has two flutes, and its rake angle is 0 degrees. The tooth material is high speed steel.

50

60

Figure 6.2 Flat End Mill

In this example, there are two machining stages. The first step is rough machining,
which aims to remove material as quickly as possible. Therefore, the surface quantity is
not the most important thing. In this stage, the parameters of rough machining were
chosen by an experienced CNC operator. The approach feed rate was 300 mm/min, the
machining feed rate was 220 mm/min, and the retract feed rate was 1000 mm/min. In
Figure 6.3, the innermost shape, which combines arcs and straight lines, indicates the
designed part edge, and the black circle is the cutter. The tool paths for the rough

machining are the other lines. The material that remains after rough machining is
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handled by finishing machining. The setting for finishing machining is 2mm offset from

the designed part.

Figure 6.3 Rough Mill Tool Paths

In finishing machining, the feed rate is determined using the fuzzy logic cutting force
model. Firstly, profile tool paths should be generated using the offset algorithm. The
process is shown in a previous illustration, Figure 5.1, where the part profile is the
innermost line and the machined part after rough machining is the middle line. The tool
path of CNC profile milling, which is the outermost line, is based on information about

the design of the part and the cutter size.

By evaluating the part profile, the convex turm, concave tumn, and concave arcs with
different radius are located. For each geometry feature, the cutter engagement angle is
calculated, using the curves intersect method previously discussed. The cutter
engagement angles are shown in Figure 6.4. It can be seen that at the C-D, I-J, M-N, and

R-Q segments, the cutter engagement angles have a relatively high value. The cutter
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engagement angles are listed in Table 6.1. It will be noted that the angles at the turning
points vary considerably, ranging from a low of 40.56° at the O-P segment corner to a
~ high of 73.74° at the R-Q segment corner. Elsewhere, cutter engagement angles have a
uniform value of 53.13° at such segments as B-C, F-G, H-I, etc. The engagement angle

data is vital for determining the proper feed rates for each geometry feature in part-profile

CHAPTER 6

machining. The proper feed rates for each geometry feature are listed in Table 6.1.

ND)

Figure 6.4 Engagement Angles

Table 6.1 Feed Rates for Different Geometric Features

Tool Path Segments
AB | CD I-J M-N | O-P | R-Q
Engagement Angle (Degree) | 53.13 | 60.44 | 63.89 | 67.25 | 40.56 | 73.74
Feed Rate (mm/min) 163 | 156 | 150 | 143 180 | 135
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6.2 Numerical Control Code Optimization
Now that the proper feed rate has been determined for each segment of a profile CNC
tool path, it’s time for the final step. This involves the introduction of NC code

optimization.

6.2.1 APT (Automatic Programmed Tools)

Several NC computer languages have been developed over the years, but there is still
a lot of merit in the earliest one, APT (Automatic Programmed Tools). It can
simultaneously generate complex geometry in all five of the machine’s axes, and can
do all types of programming. It also can generate the CNC tool path. For these
reasons, APT is still in use in some aerospace companies, and most CAD/CAM
software has the interface of APT. The postprocessor engine used by many of
today’s CAD/CAM and solid modeling systems is APT-based. With a basic

understanding of APT, it is possible to do NC codes optimization [15] [30].

An APT program is comprised of a geometry section and a motion section. In
the geometry section, the programmer defines the shape of the part, using APT
language. In the motion section, the programmer describes the tool motion used to
broduce the part. This includes such instructions as controlling a spindle, defining

feed rate and spindle speed, turning on a coolant, etc.

In the geometry section of an APT program, all geometry statements are

constructed in the same logical manner:

<Geometry Name> = MAJOR WORD/<definition> [30]



Applications and Programming of a Feed Rate Determination System  CHAPTER 6

The <Geometry Name> is any name, up to 6 characters, that the programmer
assigns to the definition. Generally, the programmer assigns names in the following
manner: P1, P2, P3, etc., for points; L1, L2, etc., for lines; Cl, C2, etc., for circles;
PL1, PL2, etc., for planes; and so on. MAJOR WORD is the geometry type defined
(POINT, LINE, CIRCLE, PLANE). The <definition> is the statement or statements

that match the geometry.

Here are some geometry examples: P1 =POINT/6, 6, 6 (Point defined by its
Cartesian coordinates.); P2 =POINT/INTOF, L1, L2 (Intersection of lines L1 and

L2.); P3 =POINT/CENTER, C1 (Center of circle C1.), etc.

All APT motion statements are constructed as follows:

MAJOR WORD/minor word

The MAJOR WORD is the command word, such as SPINDL, GOTO, CYCLE,
and so on. The minor word is a descriptor word, such as IPM (inch per minute), IPR
(inch per revolution), RPM (revolutions per minute), ON, OFF, and so on. Not all

APT motion statements have minor words.

The following sequence is an example of APT motion statements.

FROM/0, 0,0

SPINDL/RPM, 2500, CLW

FEDRAT/20, IPM

RAPID
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GO/TO, L1

GOFWD/C1, TANTO, L2

GOTO/0, 0,0

Once the structure of APT language has been understood, the next step is to
modify the APT file to optimize the NC code. The proper feed rates, found in Table
6.1, are entered in the APT file, and the APT file is then put into a post processor.
The processor’s output is the crucial answer: the optimized NC code. Examples of
APT codes, first without and then with optimized feed rates, are shown in Figures 6.5

and 6.6, respectively.
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PPRINT OPERATION NAME : Profile Contouring.l
§$ Start generation of : Profile Contouring.l
LOADTL/1,1
FEDRAT/ 1000.000C0,MMPM
SPINDL/ 70.0000,RPM, CLW
GOTO/ 73.90000, 4.80000, 35.20000
GOTO/ 10.00008, 4 80000, 35.20000
AUTOPS
INDIRV/ -1.00000, 0.00000, 0.00000
TLON, GOFWD/ (CIRCLE/ 10.00000, 10.00000, 35.20000,%
5.20000),ON, (LINE/ 10.00000, 10.00000, 35.20000,%
4.80000, 10.400060, 35.20000)
GOTO/ 4.80000, 45._00000, 35.20000
AUTOPS
INDIRV/ 0.00000, 1.00000, 6.00000
TLON, GOEWD/ (CIRCLE/ 10.00000, 45.00000, 35.z0000,%
5.20000),ON, (LINE/ 10.00000, 45.000086, 35.20000,%
10.00000, 50.20000, 35.20000)
GOTO/ 27.68000, 50.20000, 35.20000
AUTOPS
~ INDIRV/ 1.00000, Q0.00co00, g0.00000
TLON, GOFWD/ (CIRCLE/ 27.68000, 45.00000, 35.20000,%
5.20000),CN, (LINE/ 27.68000, 45.00000, 35.20000,5%
32.18330, 47.60006, 35.20000)
AUTOPS
INDIRV/ 0.50001, -0.86602, 0.000cco
TLON, GOFWD/ (CIRCLE/ 45.00000, 55.00000, 35.20000,%
14.79956) , ON, (LINE/ 45.00000, 55.00000, 35.20000,%
58.52416, §2.15823, 35.20000)
AUTOPS
INDIRV/ 0.19202, 0.98139, 0.00000
TLON, GOFWD/ (CIRCLE/ 45.00000, 55.00000, 35.20000,%
14.79956) ,ON, (LINE/ 45.00008, 55.00000, 35.20000,3%
35.02972, 65.93712, 35.20000)
AUTOP3S
INDIRV/ -0.73902, -0.67369, 0.00000D
TLON, GOFWD/ (CIRCLE/ 31.52654, 69.78000, 35.20000,%
5.20000),ON, (LINE/ 31.52654, 69.78000, 35.20000,%

Figure 6.5 Examples of APT Codes without Proper Feed Rate
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PPRINT OPERATION NAME : Profile Contouring.l
$$ Start generation of : Profile Contouring.l
LOADTL/1,1

FEDRAT/ 1000.00060,MMPM

SPINDL/ 70.0000,RPM, CLW

GOTO/ 73.%0000, 4.80000, 35.20000
GOTO/ 10.00008, 4.80000, 35.20000
AUTOPS
INDIRV/ -1.000040, 0.0coaa, 0.goooao
TLON, GOFWD/ (CIRCLE/ l10.00000, 10.00000, 35.20000,%
5.20000) , ON, (LINE/ 10.00008, 10.00000, 35.20000,%9
4.80000, 10.00000, 35.20000)

FEDRAT/ 163.0000, MMPM
GOTO/ 4.80000, 45.00000, 35.24000

AUTOPS
INDIRV/ g.o00004d, l1.00000, 0.000G0
TLON, GOFWD/ (CIRCLE/ 10.60000, 45.00000, 35.20000,9%
5.20000) , ON, (LINE/ 10.00000, 45.00000, 35.20000,%
10.00000, 50.20000, 35.20000)
GOTO/ 27.68000, 50.20000, 35.20000
AUTOPS
INDIRV/ 1.00000, 0.00000, 0.060600
FEDRAT/ 156.0000,MMPM
TLON, GOFWD/ (CIRCLE/ 27.68000, 45.00000, 35.20000,9
5.20000), 0N, (LINE/ 27.68000, 45.00000, 35.20000,%
32.18330, 47.60006, 35.20000)
AUTOPS
INDIRV/ 0.50001, -0.86602, 0.00000
TLON, GOFWD/ (CIRCLE/ 45.00000, 55.00000, 35.20000,%
14.79956), ON, (LINE/ 45.00000, 55.00000, 35.20000,9
59.52418, 52.15823, 35.20000)
AUTOPS
INDIRV/ 0.19202, 0.981389, 0.00000
TLON, GOFWD/ {(CIRCLE/ 45.00000, 55.00000, 35.20000,%
14.79956), ON, (LINE/ 45.00000, 55.00000, 35.20000,9%
35.0297%2, 65.93712, 35.20000)
FEDRAT/ 150.0000, MMPM
AUTOPS
INDIRV/ -0.73902, -0.67369, p0.oo0000

Figure 6.6 Examples of APT Codes with Proper Feed Rate

Using the feed rates determined with this proposed method, the total machining
time of a profile milling part would be 39 minutes and 34 seconds, using an
unmanned machine without any tool breakage or impaired surface quality. By
comparison, a machine run by an experienced operator with a feed rate that

consistently averages 135 mm/min would take 48 minutes and 36 seconds to machine
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the same part. This means the proposed approach would reduce machining time by

18.6%.

The profile machining of the part, with the proper feed rates in CATIA
CAD/CAM system, is depicted in Figure 6.7. Examples of NC codes, without
optimized feed rate and then with optimized feed rate, are shown in Figures 6.8 and

6.9, respectively.

Figure 6.7 Simulation of Profile Finishing Machining
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N15
NZ20
N25
N30
N35
N40
N45
N50
N55
NED
Ne5s
N70
N75
N8O
N85
NSO
N95
N100
N1iG5
N110
N115
N1Z0
N125
N130
N135
N140
N145
N150
N155
N160
N165
N170
N175
N180
N185
N190
N195
N200
N205
N210
Nz215
N220
Na25
N230
N235
Nz240

F300.

G40 GO X6.181 Y.221 3+

GO Z1.772

Gl Z21.378

G1 X5.806

F135.

Gl Y.0:Z8

Gl X5.9 ¥+0

Gl X3.424

Gl ¥.197

G1 ¥3.426 ¥.199

Gl X3.59 Y.355

G1 ¥3.772 Y.488
Gl X3.816 Y.51Z
Gl X5.31

Gl X5.341 Y.514
Gl X5.471 Y.545
Gl ¥X5.595 Y.597
G1 X5.709 Y.667
Gl Y.415

Gl ¥.1597

Gl X3.424

Gl ¥+0

Gl X.0D28

Gl X+0 Y.028

Gl Y2.335

Gl X.197

Gl X.281 Y2.298
G1 X.371 Y2.278
Gl X.589 Y2.26
Gl X.808 ¥2.262
Gl X1.026 Y2.283
Gl X1.156 Y2.293
Gl X1.286 ¥2.285
Gl X1.342 Y2.286
Gl X1.385 ¥2.303
Gl X1.523 Y2.368
Gl X1.647 YZ2.442
Gl X1.701 Y2.467
Gl X1.759 Y2.478
Gl ¥1.85 Y2.47
Gl X1.934 Y2.435
Gl X2.005 ¥2.377
Gl X2.056 ¥2.301
Gl X2.082 ¥2.214
Gl Y2.123

CHAPTER 6

Figure 6.8 Examples of NC Codes without Proper Feed Rate
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N15
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NZ5
N30
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¥3.426 ¥.199
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X¥3.772 Y.488
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NSO
NS5
N100
N105
N11O

Gl

Gl
Gl
Gl
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X5.341 ¥.514
£5.471 Y.54¢6
%5.595 Y.597
X5.709 Y.667
Y.415 F136.

N115
N120
N125
N130
N135
N140
N145

Gl
Gl
Gl
Gl
Gl
Gl
G1

Y.197
X3.424

Y+0

X.028

X+0 Y.028
¥2.335
£.197 F150.

N150
N155
N160
N165
N170
N175
N180
N185
N190
N185
N200
N205
N2 10
N215
N220
Nz225
N230
N235
N2 40

Figure 6.9 Examples of NC Codes with Proper Feed Rate

Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
G1
Gl
G1
Gl
Gl
Gl
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X.281 Y¥2.298
X.371 ¥2.278
X.589 Y2.26
X.808 ¥2.262

£1.
X1.
X1.
x1.
X1.
X1.
X1.
X1.
X1.

X1
X1
X2
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Y2.
.286
Yz.
¥2.
- 442
467
Y2.

293
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6.3 Proper Feed Rate Determination Programming System

In this work, many technologies and algorithms have been used to determinate the proper

feed rates.

To make the method easy to apply, the generic and intelligent feed rate
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determination programming system was established. Figure 6.10 shows the starting

window of the system.

Feed Rate Determmahun System

Intelllgent and Generic CNC Machlnlng

Feed Rate Determination System
Version 0.1 August 2004

© ZEZHONG CHEN AND ZHIBIN MIAO, 2004

Figure 6.10 Starting Window

The main interface of the system is shown in Figure 6.11.
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telligent CNC Feedrate Determination System.

File Edt . View- Insert” Jools. ' Window Help ~ FuzzySystemEditor

IDeEd8 Y A22800

Figure 6.11 Main Window of Generic and Intelligent Feed Rate Determination System

As can be seen, there are two input commands: fuzzy cutting force system, and
part geometry. There are four output commands: generating part profile; generating
stock, (which is based on the right thickness value); engagement angle; and feed rate.
The system has several main functions, including part geometry which allows for the

initial inputting of part geometry data. This function has the following interface:
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Figure No.: 3 : e
File *-Edit- Yiew - Insert ~ Tools- Window: - Help

Figure 6.12 Window of Drawing Part Geometry

The second function is the fuzzy logic cutting force inference system. Figure
6.13 shows an overview diagram of a cutting force fuzzy system. Inputs and their
membership functions appear to the left of the fuzzy cutting force system structural

characteristics, while outputs and their membership functions appear on the right.
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Figure 6.13 Window of Fuzzy System Structure

The third function, the fuzzy system editor, is in the menu of fuzzy system editor
(see Figure 6.14). This menu has three sub-functions: (1) the fuzzy inference system
(FIS), which can edit the structure of a fuzzy system (see Figure 6.15); (2) the fuzzy
function, which is the editor of a fuzzy membership function (see Figure 6.16); (3) the
surface function, which can show the surface of a fuzzy system (see Figure 6.17).
ﬁf}vvﬂlnte"ige‘nt. CNC Feevdrate Determinatiﬁn System

Fle Edit view Insert Tools Window Help BRI ETEA= alnsg

FIS
FuzzyFunction
Surface

Figure 6.14 Menu of Fuzzy System Editor
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=} FIS Editor: FCFM.
File - Edit- View !

FCFM

{mamdani}

Medium

Figure 6.16 Window of Membership Function Editor
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)} Surface Viewer: FC
-File ~ Edit View: ‘Options

Figure 6.17 Window of Surface Viewer

6.4 Verification with Machined Parts

In this work, two identical parts are machined to demonstrate the greater efficiency of the
proper feed rate determination. Two layers are machined in one part, and four layers are
machined in the other part. The generic and intelligent approach is applied on a part that
is designed on CATIA v5 CAD/CAM system. The part is shown in Figure 6.1. A
DECKEL MAHO CNC milling machine is used to machine the part (see Figure 6.18).
The material of the part is aluminium (6061 T6). A high-speed-steel flat end-mill with a
0.375 inch diameter is used for the part’s rough and finish machining. The machined part

is shown in Figure 6.19.
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Figure 6.18 DECKEL MAHO CNC Milling Machine

The spindle speed is given by the following equation:

N:LZ_'_CS 6.1
7D

where N is spindle speed (rpm), D cutter diameter (inch), cs is cutting speed
(feet/min). The cutting speed can be found in a machining handbook based on the
workpiece and cutter material and the cutter size. For this particular machining test, the

spindle speed is calculated at 5000 rpm.

Figure 6.19 Machined Pah
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In this machining, there are six layers to machine using difference feed rate sets. The
first and second layers are machined with two constant feed rates (7 and 15 inch/min) for
each tool path segment. These segments are defined in Figure 6.4. Layer (3) is set with a
constant feed rate (33 inch/min) obtained in a machining handbook for all tool path
segments. Layer (4) is set with a proper feed rate for all tool path segments based on the
geometry features. In layer (5) a constant feed rate (45 inch/min) is set. In layer (6) the
feed rate is set for all segments based on their geometry features. Table 6.2 shows those

machining results.

From Table 6.2, it can be seen that feed rate is a very important factor for machining
efficiency and surface quality. While a faster feed rate improves machining efficiency,
an excessive feed rate causes chatter which harms surface quality. The proper feed rate is
used in the layer (4) machining. It can easily be seen that the machining on the layer (4)
has higher machining efficiency with good surface quality. The proper feed rate, based
on the geometry features of the machined part, can ensure high machining efficiency with

good surface quality.
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Table 6.2 Machining Time and Surface Quality for Different Feed Rates

Tool Path Segments Machining Surface

A-B | CD I-J M-N | O-P | R-Q Time Quality

3 min and No
Layer(1) 7 7 7 7 7 7
40 sec chatter
1 min and No
Layer(2) 15 15 15 15 15 15
45 sec chatter
Feed
No
Rate Layer(3) 33 33 33 33 33 33 47 sec
chatter
{Inch/min)
No
Layer(4) 40 39 37 35 44 33 39 sec
chatter

Layer(5) 45 45 45 45 45 45 34 sec Chatter

Layer(6) 54 52 50 47 60 45 29 sec Chatter
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Chapter 7 Summary and Contributions

7.1 Summary

This work proposes a generic and intelligent approach of feed rate determination for
CNC profile machining. This approach is aimed at determining proper feed rates
according to the geometries of the part profile for its CNC machining. The determined
feed rates can ensure the high machining efficiency and prevent chatter in machining. It
lays a foundation for the research on feed rate determination for multi-axis CNC

machining. It can also be applied on feed rate determination on high speed machining.

It is a generic approach because a machining parameter database can be built for any
type of tool and part material. It is an intelligent approach because a method to generate
a multiple-input-and-single-output (MISO) fuzzy inference system based on any
machining parameters database is introduced. The’ cutting force can be predicted once
the radial and axial depth of cut and feed rate are input in the fuzzy inference system. It
is important to be able to predict the maximum cutting force because it is closely tied to
the search for the proper feed rate. The work introduces a generic method to handle
practical problems, such as predicting the cutting force for different types of workpiece

and tool material. By identifying the geometric features of the part profile, the proper
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feed rate can be determined for each geometric feature and the CNC profile milling can

be carried out with the different feed rates.

7.2

Contributions

The main contributions of this work can be summarized as follows:

The approach proposed by Bae, et al., (2003) [4] did not take the axial depth of
cut into account, and it is impractical in CNC machining. This work solves this
problem.

Bae’s method could not ensure the correct relationship between the cutting force
and feed rate by using a Bezier surface. This work solves the problem by using a
fuzZy logical system.

The approach provided in this work optimizes feed rates based on the geometric
features of a part, using a fuzzy rule-based system. Therefore, the feed rate for
each geometry point can be precisely identified, based on the individual point’s
geometrical feature.

The required surface quality and higher machining efficiency are the main
objective of feed rate determination for part finishing. In this approach, the
proper feed rate determination forms a kind of frame that controls a part
machining in higher machining efficiency, and the fuzzy logical cutting force
model fills the frame to ensure adequate surface quality.

In general, the tool path traces the curve followed by the cutter, which passes
through a number of cutter contact (CC) points as part of a continuous machining

process. Using the approach presented in this work, the feed rate at each CC
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point can be identified with great precision. The valuable result is an enrichment

of the definition of the tool path.

7.3 Future Work

One problem that remains to be solved is developing the feed rate determination system
with an automatic NC codes optimization function, which could directly generate the
optimized NC codes. Another problem involves 5-axis CNC machining. In this work, the
two-dimension chip load model is used to determine the proper feed rate for CNC profile
milling with a 3-axis machine. Logically, the next problem to be solved is how to find a
three-dimension chip load model that could determine the proper feed rate for 5-axis

machining.
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