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ABSTRAKT

Povrchy obecnych tvari mohou byt obrobeny na 3 - nebo 5-osych NC strojich.
Pii vybéru feznych nédstroju pro obrobeni ur¢ité obecné plochy, je prumér ndstroje
omezen urcitou hodnotou, kterd nesmi zpisobit mistni podiezdni pii obrdbéni
konkdvniho a sedlového tvaru. Je zfejmé, Ze obrdbeéni trva dlouho, pokud se pouZiva jen
jeden ndstroj k obrobeni celého povrchu. Proto, pokud konkdvni i sedlovy tvar jsou
obrobeny odd¢lené jednim nebo dvéma odpovidajicimi nédstroji a ostatni oblasti mohou
byt rychle obrobeny ndstroji které jsou vétsi, mize byt ¢as obrdbéni znacné snizen.

Tato prace se zaméfuje piedevsim na vyvoj novych postupl obrabéni obecnych
ploch. Odvozené od dil¢ich zakiiveni povrchu, obecny tvar miZe byt rozdélen na oblasti
konvexni, konkdvni a sedlové a v téchto oblastech se uplatni technika kddovéni fetézct k
uréeni ohrani¢eni  jednotlivych  oblasti. KaZdou dil¢i oblast lze pak obrobit
nejvhodnéjSim ndstrojem, ktery miZe umoZnit velké snizeni celkového ¢asu k obroben{
povrchu. Pro tento dcel byl vyvinut Matlab® program ktery provadi rozdéleni povrchu a
uréi soufadnice vSech bodi na hranicich oblasti. Rekonstrukce obecného povrchu a
simulace drah ndstroje v oddélenych &dstech je uskuteénéno pomoci Pro/Engineer®
Wildfire®,

V disertaéni préci jsou nékteré aplikace prezentoviny za ucelem ukazat, Ze
navrzena metoda miZe sniZit ¢asy obrdbéni v porovnani s tradi¢nimi metodami, v nichZ
se celd plocha obrobi pouze jednim néstrojem. Nékteré testy jsou rovnéZ provedeny na
multi-funk¢nim (viceosém) stroji k ovéieni a ohodnoceni navriené metody. Z vysledki,

lze dospét k zavéru, Ze navrZend metoda je Gspéind.

Kli¢ova slova:
Obecnd plocha, ¢lenéni povrchu, 5-0sé obrdbéni, as obrdbéni.



ABSTRACT

The free-form surfaces can be machined on 3- or 5-axis CNC machines. When selecting a
cutting tool to machine a particular free-form surface, the tool diameter is restricted to an
established value that must not cause local gouging when machining the concave and
saddle regions. Obviously, it would take long if only one tool is used to machine the
entire surface. Therefore, if the concave and saddle regions are machined separately by
one or two relevant tools; and the other regions are rapidly milled by the bigger ones, the

machining time can be then significantly reduced.

This dissertation mainly focuses on developing a practical method to machine
free-form surfaces. Based on the surface curvatures, a free-form surface is partitioned
into convex, concave and saddle regions in which the chain code technique is applied to
determine the boundaries of each region. Each partitioned region then can be milled by
the most suitable tool that can lead a big reduction in the total machining time of the
surface. For implementation purpose, a Matlab® program was developed to perform the
surface partitioning task and obtain the coordinates of all points on the boundaries. The
freeform surface reconstruction and simulation of the tool path of partitioned regions

were illustrated via Pro/Engineer® Wildfire®.

In the dissertation, some application examples are presented to show that the
proposed method can reduce the machining time, compared to the traditional method in
which the whole surface was machined by only one cutter. Some experiments are also
done on a multi-tasking machine to validate the proposed method. From the machining

results, it can be concluded that the proposed method has been successtully implemented.

Keywords:

free-form surface, surface partitioning, 5-axis machining, machining time.
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1. INTRODUCTION

Free-form surfaces, also called sculptured surfaces, are widely used in industries.
These surfaces are often produced in three stages: roughing, finishing, and benchwork
(grinding and polishing). The time spent on the finishing and benchwork stages is
dependent on the size of the scallops. It is stated that over 78% of the total production
time is spent on finishing, grinding, and polishing.

Traditionally, free-form surfaces are machined on three-axis NC machines using
ball-end cutters. In five-axis machining of free-form surfaces, the tool can be ball-end
cutter, toroidal cutter or flat-end cutter and the tool orientation can be changed during
machining. Regardless of machining in three- or five-axis mode, the productivity will be
low if there is only one cutting tool used to machine the entire surface. This is because of
the limitation of the tool diameter that depends on the surface curvature. When choosing
a tool for a particular surface, the diameter tool is restricted to a determined value that
must not cause local gouging when the tool is machining in concave and saddle regions.
For examples, if a ball-end cutter is used, the cutter radius must be smaller than the
minimum radius of curvature of the machined surface to avoid local gouging.

In general, a free-form surface has regions such as convex, concave, plane and
saddle. Therefore, if the concave and saddle regions are machined separately by one or
two suitable tools and the other regions are milled faster by a bigger tool, then the
machining time may be significantly reduced. To do this, the design surface should be
partitioned into regions. In CAD/CAM packages such as Catia®, Pro/Engineer®,
Unigraphics NX®,... users can not separately choose every region and its boundary in
the computer-aided manufacturing (CAM) programming stage, so that the surface should
be partitioned into patches in the modeling stage of computer-aided design (CAD) model
of the free-form surface.

Another critical problem in the free-form surface machining is gouging. Local
gouging can be avoided if the user chooses the right cutting tool as mentioned above. By
using CAD/CAM systems, users can find out the collision (global gouging) when
simulating the tool path. Some NC verification systems such as VeriCut®,
NCSIMUL®,... also offer the ability that visually identify regions that collision occurs.
In these systems, users must manually correct the tool path by adjusting the G codes in
the NC verification systems or they have to regenerate the tool path in the CAM systems
by restructuring some machining parameters. At the moment, this method is quite
popularly used in practice. Although this method is easy to implement, it is time-
consuming in most cases when deep concave and saddle areas are involved. However, if
the design surface is divided into regions then each region can be machined by a different
tool path strategy. In this case, some special techniques can be effectively used to orient
the tool in which gouge-free tool paths can be successfully generated for deep concave
and saddle regions. In these techniques, the tool axis always goes through a curve or a
point.

2. RESEARCH OBJECTIVE

The main objective of this research is to develop a practical machining method
that can decrease the machining time and improve the surface quality by subdividing
free-form surfaces into patches. In this study, a surface partitioning method that bases on



the surface properties is proposed. The boundaries of each region are also defined for
further use. The tool position and orientation for collisions free are defined as well.

3. RESEARCH METHODS
In order to achieve this objective, many tasks related to mathematical calculations
and CAD/CAM should be implemented. The followings are some main tasks in this
research.
1) Describe mathematically free-form surfaces and calculate the surface
properties such as surface normal and curvatures.
2) Develop a surface partitioning method to the free-form surface into patches
according to the surface properties.
3) Develop a method for determining the boundaries of regions on the design
surface.
4) Create the CAD model of the design surface.
5) Generate free-gouge tool paths for the partitioned surface.
6) Compare the proposed methodology to the traditional methodologies in term
of machining time by simulations.
7) Perform machining experiments.
In the research, a Matlab® program was developed for calculating tasks.
CAD/CAM tasks were done by Pro/Engineer®. The machining experiments were
performed on the multi-tasking machine Mazak® Intergrex 100-IV.

3.1 Representing the mathematical model of free-form surfaces

Generally, free-form surfaces may be designed directly on a computer using
control points, in forms such as Bezier surface, B-spline surface and NURBS. These
surfaces are the most popular forms that define free form surfaces in CAD/CAM systems.
In this study, B-spline surfaces are used as examples.

A B-spline surface with control points is defined by
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where Njx(x) and M;(v) are the B-spline basis functions in the bi-parametric » and v
directions, respectively; B;; are the vertices of a polygonal control net.
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where the x; and y; are elements of knot vectors.
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3.2 Surface partitioning
3.2.1 Surface geometry

The followings are some geometric parameters of a surface S(u,v)

- The unit normal vector, #, at a point (»,v) on a surface S(x, v} can be computed
from the relation:

() = S, xS§,
f s, %S| ©)

where Su and Sv are the tangent vectors along u and v parametric directions.

- The Gaussian curvature, K, and the mean curvature, H, of the surface S(u, v). at
a point P(x, y, z), is formulated as
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Kmin and Kpax are principal curvatures, which are the maximum and minimum of the
normal curvature, given by:

K =H+VH*-K
K, =H-vH'-K
K and H are used for surface partitioning according to the surface shape

relationship with geometric parameters as shown in Table 1. The surface, in this research,
will be partitioned into patches of concave, saddle and convex (included plane).

(11)

Gaussian curvature (K) | Mean curvature (H ) Local surface shape
K>0 H<0 Convex
K>0 H>0 Concave
K< 0 H<OorH>0 Saddle
K=0 H=0 Plane

Table I: Surface curvatures and local surface shape at a point

3.2.2 Surface partitioning
The objective of surface partitioning is to divide a free-form surface into a
number of regions. In each region the points have the same characteristics. These regions,



also called patches, can be machined separately with different types of cutter and setups.
In this study, a free-form surface is partitioned into convex, concave, and saddle regions,
based on the Gaussian curvature and the mean curvature. For implementation, a
numerical method should be applied.

The following are main steps for surface partitioning.

a) Presenting the mathematical model of the free-form surface,

by Sampling the surface in # and v directions to get a set of grid points,

¢) Calculating Gaussian curvature (K) and mean curvature (H) at each grid
point,

d) Grouping the neighboring concave and saddle points to form concave
regions and saddle regions, respectively. The last portion of points forms
convex regions {including plane regions).

The specific algorithm for surface partitioning is as follows:

Algorithmli: partitioning free-form surfaces
Input A free-form surface S(u,v) {mathematical model}
Output Sets of points belonging to three type of regions {convex+plane, concave
and saddle]
Begin
1. Sample the input surface to get a set of grid points {p} and store all points in
matrix M
2. Calculate parameters K and H at every point p;;
3. FOR each grid point p;;of the set point {p}
IF K > 0 and H £ 0 THEN save that point in matrix M; {data matrix contains
points on convex and plane regions)
END IF
IF K= 0 and H > 0 THEN save that point in matrix M» {data matrix contains
POIRES O concave regions}
IF K < 0 THEN save that point in matrix Mz {dara matrix contains points on
saddle regions}
END IF
END LOOP
End

When saving points of each region into a matrix, the following method is used.
After grouping points on the surface, for each group of points, the points are encoded into
an integer and saved with their indices in a matrix. The points which do not belong to that
group are then encoded as zeros. The encoding procedure of the points for each region Ry
can be expressed by the characteristic function as follows

Z(x»)’,z,k) 2{1 (2 or 3) if(}{,y,z) = Rk

0 otherwise (12)

where k denotes the region of convex, concave or saddle.

In algorithm1, matrices M,, M, and M3 have the same size as that of the matrix
M. They contain the identification numbers of points which belong to convex, concave
and saddle regions, respectively. In these matrices, the points on the surface of the same
region are presented by a number, say 1 or 2 or 3, and the other points of other regions



are presented by zero. Each character in the matrix owns its indices that represent the
location of the corresponding point on the surface in u# and v directions. Hence, the
coordinates of points on the surface are maintained. These matrices are very useful for
further calculations. Figure 1 below shows the structures of matrices M; M» and Ms.

Ojojojo|O[O]O|O 212121212]2]2(0]0 o(ojO[OjOf0O]O[3]3
i{fojojofO]j1]0]O ofo|l2]2[2(2]0]0]|0 olojofefofofO[3]3
1j1]0jJ0O|1(1]0(0 ofojoj2f(2({0j0OjOf0 Gfojofojofo]jOf3]3
1{f11]j1f{1]0f0Of0 o(ojOjO|OfO|O]O]|O olojofofof0[3][3]3
1f1f1j1f1f{ofjofoO ofolojofo]jofO]0]0 o|ojofOfOof0]3]3]|3
1f1f{ojof1f1]jofo0O ojofol2]2]{0]0f0]0 o|ojofofOfO]|O[3]3
1jojojJO]Of1]0O(0O ofo|l2]2][2(2]0]0]0 o(ojO[OjOfO]0O[3]3
clojojJojojojojo 2{212{2(2]2]2]0]0 olojofofofo]O[3]3
M M; M;

Figure 1: An example of the structure of matrices M; M, and Ms.

3.3 Defining the boundaries of regions

The boundaries of a patch should be defined so that they can be used as the
factors for trimming off the patch from the entire surface when modeling that surface in
CAD/CAM packages. One solution that can be used to define the patch boundaries is to
connect the grid points on the border of each region after partitioning. The boundaries of
these patches can be represented by applying the chains codes method from the image
processing field.

In image processing field, chain codes are used to represent a boundary of an
object in a binary image. In the Freeman chain code technique, the boundary
representation is based on 4-connectivity or 8-connectivity of segments. The direction of
each segment is coded by using a numbering scheme illustrated in Figure 2. If the
partitioned surfaces are coded as binary images and the concave, convex or saddle
regions are considered as objects on the images, hence the boundaries of these objects
can be obtained by tracing the exterior pixels.

1 3 2 1
t t

2 - T » 0 g | ¢ » 0
3 : 6 !
(a) (b)

Figure 2: Chain coding: (a) 4-connectivity, (b) 8- connectivity.

As mentioned above, each data matrix after partitioning (M, M, and M3) contains
only two values of number, 0 and 1 or 2 or 3 depending on regions of convex, concave or
saddle, respectively. The structure of these matrices is similar to the structure of the
matrix of pixels of a binary image which is a digital image that has only two possible
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values for each pixel. In the correlative images of these matrices, the background is Os
and the foreground is 1s or 2s or 3s, as shown in Figure 3.

An M-function named “boundaries” in Matlab® language for finding the
boundaries of objects in a binary image based on the Freeman chain code is presented in
Ref. [11]. This function traces the exterior boundaries of the objects in a binary image
with pixels O as the background. The syntax of this function is as follows

B = boundaries(f, conn, dir) (13)

where f is the binary image, conn specifies the desired connectivity of the output
boundaries and its values are 4 or 8 (the default), dir can be cw (the default) or ccw that
specifies the direction in which the boundaries are traced clockwise or counter clockwise
direction, and output B is a cell array that contains the coordinates of the boundaries
found.

I I Iz
Figure 3: The correlative images of matrices My, M; and Ms.

Because matrices M;, M, and Mj can be considered as the matrices of binary
images, the binary image f in Function (13) can be replaced by matrices M, M, and M.
The result is that the coordinates of all points on the boundaries of the regions can be
defined. These coordinates are not the coordinates of the points on the design surface but
they own their indices that are equivalent to those of the points on the surface in u and v
direction. Hence, some further calculations are required to get the coordinates of points
on the boundaries on the three-directional (3D) surface.

3.4 Create the CAD model of free-form surfaces

Because Pro/Engineer® does not support to directly create B-spline surfaces from
their control points, so that a replacement technique is required. In our research, ibl files
(files with the extension .ibl) are used to create B-spline surfaces from imported datum
curves. In the ibl file format, there is a list of points for each curve. These point are
represented with x, y and z coordinates and they are gathered from the Matlab® program.

From the results of executed Matlab® program, the coordinates of the boundary
points are also obtained. These points are used to create the boundary curves. In
Pro/Engineer®, the Offset Coordinate System Datum Point Tool can be used to create the
spline going through points. The Surface Trim tool in the Style tool can be used to divide
the design surface into regions. In this case, the boundary curves are the trimming factors.
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3.5 Generate free-gouge tool paths for the partitioned surfaces
3.5.1 Local gouging avoidance and definition of tool diameter

A ball-end cutter will not cause any local gouges on the design surface if the
cutter radius is smaller than the smallest radius of the surface curvature in the selected
region. In this reseach, the possible maximum radius of a ball-end cutter can be executed

by calculating the maximum value (Krfm ) of the maximum curvatures of the selected
region. The possible maximum radius of the cutter is calculated by

R. |

K]I]S]a?(
For toroidal and flat-end cutters, to avoid local gouging, the effective radius of the
cutter must be smaller than the minimum radius of curvature of the surface. The effective
radius of the flat-end cutter, Res, can be compute as

R

Rz
7 sing (1.2)

where R is the radius of the cutter and 0 is the inclination angle between the unit
normal and the tool axis, also called the Sturz angle, as shown in Figure 4.

Tool path

Design surface

Feed direction

Figure 4: Effective radius of a flat-end cutter used for 5-axis surface machining.

From the possible maximum radius of the cutter, the tool diameter for each region
can be easily defined. Howerver, sometimes a smaller diameter should be applied to
avoid gouging. A combination of reducing the tool diameter and choosing the suitable
Sturz angle may also be uztilized for global gouging avoidance.

3.5.2 Definition of tool orientation and global gouging avoidance

In 5-axis milling lead and tilt angles are used to define the tool orientation. The
lead angle is the rotation of the tool axis about the cross-feed axis, whereas the tilt angle
is the rotation about the feed axis with respect to the surface normal. In practice, the lead
and tilt angles are often selected by trial and based on experiences of users. In
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Pro/Engineer®, these angles are specified by parameters LEAD_ANGLE and
TILT_ANGLE. In each NC sequence, when establishing the machining parameters, the
values of the lead and tilt angles should be entered by trial as follows.
1. Choose primary values for the lead and tilt angles:
2. Choose the surfaces to be detected. They are the neighbouring regions of the
region to be machined.
3. Simulate the tool paths and perform gouge checking.
- If there are no gouges, accept the values of the lead and tilt angles
- If gouges occur, define the maximum absolute value of the gouge
distance.
4. Recalculate the values of the lead and tilt angle based on the maximum
absolute value of the gouge distance.
5. Repeat steps 3 and 4 until no gouges occur.

3.5.3 Tool path generation

For comparison the machining time of the finish pass between the proposed
method and the conventional method, some constrains should be applied for both
methods when generating the gouge-free tool paths. More concretely, the machining
strategy and machining conditions for the two methods should be similar. Regardless of
machining by any tool, the values of the following parameters for finishing should be the
same: (1) cutting speed, (2) feed rate per tooth, (3) stock left after rough machining, and
(4) scallop height.

The tool path generation methods that can maintain a constant scallop height are
called the iso-scallop tool path generation methods. In these methods, the tool path
interval is variable so that the scallop height is constant along the CC path. Scallops are
ridges, cusps and other surface protrusions left between adjacent overlapping tool passes
that extend above the design surface profile. The tool pass interval, the tool type and
surface characteristics determine the size of scallops left on the surface. In
Pro/Engineer®, the parameter SCALLOP_HGT is used to control tool step by specifying
the maximum allowable scallop for surface milling. Figure 5 represents scallops left after
machining a plane by a ball-end cutter.

Tool :

| ‘ Cross- feed

il

Scallop height

Workpiece

7

Design surface Scallop
Figure 5: Scallops left after machining
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3.6 MACHINING TIME COMPARISON

In this research, machining time is considered as an important criterion to evaluate
the machining efficiency. The machining time for finish cut should be compared between the
proposed method and the traditional one for machining a given surface. In order to get the
machining time of the operation for each application, the NC program was generated by a
post processor of the 5-axis CNC Shoda Router. This post processor is available inside
Pro/Manufacturing®.

3.7 MACHINING EXPERIMENTS
In order to confirm that the proposed method is valid in practice, some machining
experiments were conducted on the multi-tasking machine Mazak® Integrex I'V-100.

4. APPLICATIONS AND RESULTS

A number of applications have been implemented in our research. At first, some
simple cases were conducted for easy implementation and checking the developed
algorithms. After having confirmed that all algorithms worked well based on those
simple cases, some complicated cases were carried out. For comparison purposes, the
machining parameters applied for the two methods are the same to all application, as
shown in Table 2. Three typical examples of B-spline surfaces are presented in the
dissertation.

Parameter Rough Finish
Cutting speed (m/min) 35 50
Feed (mm/rev/tooth) 0.2 0.1
Scallop height (mm) - 0.02
Left stock (mm) 0.5 0
Depth of cut (mm) 3 0.5
Width of cut (mm) 3 tool radius

Table 2: Machining parameters.

4.1 Application 1
Figure 6 shows a B-spline surface defined by 5 X 5 control net as given in Table 3
with the uniform knot vector [0 1 2 3 4 56 7] in both parametric directions.

(-40,-40,0) | (-20,-40,0) (0,-40,0) (20,-40,0) (40,-40,0)
(-40,-20,0) | (-20,-20,0) (0,-20,0) (20,-20.0) (40,-20,0)
(-40,0,0) (-20,0,0) (0,0,-30) (20,0,0) (40,0,0)
(-40,20,0) (-20,20,0) (0,20,-40) (20,20,0) (40,20,0)
(-40,40,0) (-20,40,0) (0,40,-20) 20,40,0) 40,40,0)

Table 3: Control net of a B-spline surface
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Saddle
region

Boundary

Fig. 5 Partitioned surface (applicationl).

The machining strategy for this surface can be as follow

1) Roughing cut in 3-axis mode by a two-flute flat-end mill of 10 mm in

diameter,

2) Finishing cut in 5-axis mode for the saddle region by a four-flute ball-end

cutter of 20 mm in diameter,

3) Finishing cut in 5-axis mode for the concave region by a two-flute ball-end

cutter of 10 mm in diameter.

For comparison purpose, the finishing cut is also performed for the entire surface
by a two-flute ball-end cutter of 10 mm in diameter. Figures 6 below shows an example
the tool paths generated for each region under the condition that the cutter axis always
goes through a fixed straight line over the stock. The machining simulation are given in

Figure 7.

Table 4 presents the results about the machining time and tool path length for the
finishing cut estimated by Pro/Engineer®. The tool path length for finishing of the
proposed method approximately equals 85% to that of the traditional method. This
reduction leads to a saving up to nearly 20% of the machining time for finishing cut of
the proposed method, compared to that of the traditional method. It is a very impressive
number. Hence, in this case, it can be said that the proposed method is really effective in

term of machining time.

Method Tool path length Estimated machining time
(mm) (min)
Traditional method 516.96 10.71
(un-partitioned surface) (100%) (100%)
Proposed method 442.14 8.61
(partitioned surface) (85.5%) (80.4%)

Table 4: Estimated machining time and tool path length comparison (application 1)
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Figure 7: Machining simulation (application 1): after the finishing cut for the saddle
region (left) and after the finishing cut for the concave region (right).

4.2 Application 2

Figure 8 shows a B-spline surface defined by 5 x 4 control net as given in Table 5
with the uniform knot vector [0 1 23 4 5 6 7] in u direction and [0 1 23 4 56] in v
direction. In this example, the surface is divided into four patches, a convex patch, a
saddle patch and two concave patches.

(0,0, 10)
(15,0,30)
(30,0,40)
(50,0,45)
(70,0,40)
(85.0,30)
(100,0,5)

(0,15,30)
(15,15,0)
(30,15,60)
(50,15,60)
(70,15,60)
(85,15,50)
(100,15,15)

(0,30,40)
(15,30,50)
(30,30,70)
(50,30,70)
(70,30,70)
(85,30,40)

(100,30,30)

(0.50.50)
(15,50,60)
(30,50,70)
(50,50.75)
(70,50,70)
(85.,50,10)

(100,50,20)

(0,70,40)
(15,70,50)
(30,70,70)
(50,70,70)
(70,70,70)
(85,70,40)
(100,70,30

(0.85.30)
(15.85.0)
(30,85,60)
(50.85.60)
(70.85.60)
(85,85,50)
(100,85,15)

(0,100,10)
(15,100,30)
(30,100,40)
(50,100,45)
(70,100,40)
(85,100,30)
(100,100,5)

Table 5: Control net of a B-spline surface for application 3
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Figure 8: Partitioned surface (application2)
1, 2 & 3- concave regions; 4 & 5- saddle regions; 6- convex region.

The machining strategy for this case can be as follow:
1) Roughing cut in 3-axis mode by a 2-flute flat-end mill of 12 mm in diameter,
2) Finishing cut in 5-axis mode for the convex region by a 4-flute ball-end cutter
of 25 mm in diameter,
3) Finishing cut in 5-axis mode for the two saddle regions by a 2-flute ball-end
cutter of 18 mm in diameter,
4) Finishing cut in 5-axis mode for the three concave regions by a 2-flute ball-
end cutter of 6 mm in diameter.
In order to compare to the traditional method, the un-partitioned surface is milled
by a 6 mm two-flute ball-end cutter with the same machining parameters and strategies.
The lead angle (o) and tilt angle (B) for regions as follows:
- Region l: o= =-5 (deg)
- Region2: o= = 5 (deg)
- 3,4,5,6:a0=5(deg); B= 0 (deg)
The tool paths for each region and the machining simulation of this application
are illustrated in Figure 9.
The machining time estimation and the tool path length of this application are
illustrated in Table 6.

Method Tool path length Estimated machining time
(mm) (min)
Traditional method 2000.99 (100%) 42.21 (100%)
Proposed method 1282.50 (64.1%) 50.03 (118.5%)

Table 6: Estimated machining time and tool path length comparison (application 2)
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Figure 9: Tool paths for each region and simulation result.

By applying the strategy above, it takes 50.03 minutes for finishing by the
proposed method. Meanwhile, it takes 41.21 minutes for the finishing cut by the
traditional method. It means that the strategy above gives a negative effect on machining
time. There are some other strategies that can be applied to get a shorter time for
machining the surface above. The following are two possibilities.
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1) The strategy above is also used but the convex region is now mill by a 2-flute
flat end cutter of 10 mm in diameter. In this case the tool path length and the estimated
machining time of the finishing cut are 968.77 mm and 39.42 minutes, respectively. The
finishing time of this strategy is about 7% shorter than that of the traditional method.

2) The surface is partitioned into 4 regions. It consists of 3 concave regions and
the last. Here, there is a combination of two saddle regions 4, 5 and convex 6 (Figure 8)
into one region. The combined region is milled by an 8 mm 2-flute flat-end cutter. The
tool path created for this region is illustrated as shown in Figure 10. In this case the tool
path length and the estimated machining time of the finishing cut are 759.21 mm and
27.68 minutes, respectively. The finishing time of this strategy is about 34% shorter than
that of the traditional method. Hence, it can be said that with this machining strategy the
proposed method is much better than the traditional method in terms of machining time.

Figure 9: Tool paths for the combined region.

4.3 Application 3

In this application, the proposed method is applied on a B-spline surface whose
control net is given in Table 7 and the uniform knot vectors are [0 1 234 56 7] in u
direction and [0 1 2 3 4 5 6] in v direction. This surface is divided into six regions: one
convex region, three saddle region and two concave regions. The CAD model of the
design surface with its regions created in Pro/Engineer® is represented in Figure 10.

(0,0,0) (0,25,25) (0,50,25) (0,75,0)
(20,0,0) (20,25,50) | (20,50,25) | (20,75,50)
(40,0,0) (40,25,75) | (40,50,50) | (40,75,75)
(60.0.0) (60,25,50) | (60,50,25) | (60,75,50)
(80,0,0) (80,25,25) | (80,50,25) (80,75.0)

Table 7: Control net of a B-spline surface for application 3
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The machining strategy for this surface can be as follow

1) Roughing cut in 3-axis mode by a flat-end mill of 10 mm in diameter,

2) Finishing cut in 5-axis mode for saddle region 3 by a 4-flute ball-end cutter of

24 mm in diameter,

3) Finishing cut in 5-axis mode for the two concave regions by a 4-flute ball-end

cutter of 35 mm in diameter,

4) Finishing cut in 5-axis mode for the convex region and saddle regions 2 by a

2-flute end mill of 10 mm in diameter.

The postures of all tools are defined by the lead and tilt angle which are 5 degrees
and 0 degree, respectively.

Like other applications, the original surface was also planned to machine with the
same strategy and parameters by a 4-flute ball-end cutter of 24 mm in diameter. The
machining time for this surface is then compared with the partitioned one, as shown in
Table 8. Figure 11 shows the tool paths for each regions and the machining simulation
result.

Figure 10: Partitioned surface (application 3).
1- convex region, 2 & 3- saddle region; 4- concave region;

Method Tool path length Estimated machining time
(mm) (min)
Traditional method 430.78 (100%) 17.07 (100%)
Proposed method 303.66 (70.5%) 15.63 (91.5%)

Table 8: Estimated machining time and tool path length comparison (application 3)

From Table 8, it can be seen that, in this application, the proposed method also
has an advantage in terms of machining time. This is because in the finishing stage the
tool path length of the proposed method is 29.5% shorter than that of the traditional
method. And the result is that it takes 15.63 minutes for finishing region by region of the
surface. While, if the whole surface is machined by a ball-end cutter of 24 mm in
diameter, the machining time is 17.07 minutes, about 9% longer than the former.
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Figure 11: Tool paths for each region and machining simulation result (application 3).

According to the distribution of regions 1 and 2 (Figure 10), it is not necessary to
machine them separately. These regions can be jointed and machined by the same tool as
presented above. Because the maximum curvatures of region 3 and 4 (Figure 10) are
quite high and the difference between them is not much, these regions can also be
combined into one. This combined region can be milled by a 24mm 4-flute ball-end
cutter. The tool paths for these two large regions are shown in Figure 11.
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Figure 11: Tool paths for the two combined regions.

The simulation result shows that the tool path length for the two combined
regions is 305.19 mm and the estimated machining time is 13.20 minutes. It means by
dividing the design surface into 2 regions, the machining time reduces up to 23%,
compared to the conventional method.

The three applications above show that in particular situations the machining time
can considerably reduce if the freeform surfaces are partitioned in to convex, concave and
saddle regions. This is a great potential for machining that kind of surfaces. However, it
is realised that sometimes the design surface should not be divided into a smaller number
of regions which it has in nature to get a higher machining efficiency.

4.4 Experiments

In order to validate the implementation in practice, some experiments are required. The
followings are two samples machined on the Integrex 100-IV machine. The materials of
the workpieces are made from artificial wood.

Figure 12 shows the result of the machining sequences of the surface mentioned
in application 1. In this test, the rough cut was done by a 10 mm end mill. The concave
and saddle regions were milled by 6 mm and 12 mm ball end cutters, respectively. The
scallop height on the surface was set to 0.02 mm.

Figure 12: Machining sequences of the surface (application 1).
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In Figure 13 are the results of the machining sequences of the surface in
application 2. In this test, the rough cut was done by a 10 mm end mill. The finishing cut
for convex, concave and saddle regions was done by a 12 mm ball end cutters. To see
regions easily, the tool paths for each region were planed in different directions from the
neighbour ones. The scallop height on the surface was set to 0.05 mm.

Figure 13: Machining sequences of the surface (application 2).

The fact that the tests did not use the same tools and machining parameters, which
illustrated in Section 6.3, does not affect the validation of the implementation in practice.
The test results still show that the proposed method has been successfully implemented.

5. CONCLUSIONS

5.1 Summary and conclusions

In the research, the algorithms for surface partitioning and defining the boundaries
of regions were developed and successfully implemented. Compared to the traditional
method, the proposed method can considerably decrease the machining time for the
finishing cut. Although there are only few experiments done, but from the test results, it
can be stated that the proposed method has been successfully verified. The proposed
method can be applied in practice. Like other methodologies, machining free-form
surfaces based on partitioning has advantages and disadvantages.

The main advantages of the proposed method are listed below:

1) The approach is practical and it is easy to perform.

2) By applying the proposed method, the machining efficiency can be improved.

3) The surface quality can be improved.

4) It is easy to create gouge-free tool paths for regions where the Sturz angle

method cannot be applied.
Some main drawbacks of the dissertation can be enumerated as follows:
1) Other kinds of free-form surfaces such as Bézier surface and NURBS surface
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2)

3)

are not accepted for the Matlab® program developed for this study.

To get a high accuracy of the boundaries, a long calculating time in Matlab®
when large surfaces are involved.

The method for determining the tool orientation when generating the tool
paths is tedious and time-consuming in most cases.

5.2 Contributions
Some important contributions of the dissertation are:

1y

2)

3)

This dissertation proposed and developed a new method that allows to
machine free-form surfaces based on surface partitioning. This method is
practical and very workable, and can be applied in industry.

The dissertation brought out an effective method for surface partitioning. The
applications in the dissertation show that this method is robust and efficient.

A Matlab® program was developed to fulfill the calculating tasks in the
research such as surface partitioning, finding the boundaries of regions on the
free-form surfaces, and so forth.

5.3 Future work
The following are some recommendations for future work.
1) Adding some other kinds of free-form surfaces such as Bézier and NURBS

2)

3)

surfaces.

At present, the Matlab® program is only available for B-spline surfaces. In
practice, Bézier and NURBS surfaces are also very popular in definition of
free-form surfaces. Therefore, it is necessary to expand the ability of the
program to diversify applications of Bézier and NURBS surfaces.

Developing an active method for determining the Sturz angle for each region:
An algorithm for global gouging detection and correction can be proposed and
should be implemented in the early stage. The result of the algorithm will be
the value of the Sturz angle that defines the tool posture without gouging.
From the value of the Sturz angle of each region, the lead and tilt angles can
be defined and they are used as some important input parameters in the CAM
stage.

Developing a plug-in integrated in some CAD/CAM packages

For the CAD/CAM packages that allow implementation of algorithms and
macro-programming works, the application of the proposed surface
partitioning method would be useful, and can be customized by the end-user
for the specific computer aided process planning tasks. The surface
partitioning plug-in could therefore be developed and integrated into
commercially available packages.
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ABSTRAKT

Povrchy obecnych tvard mohou byt obrobeny na 3 - nebo 5-osych NC strojich.
Pii vybém feznych nastrojii pro obrobeni urdité obecné plochy, je primér néastroje
omezen ur€itou hodnotou, kterd nesmi zpusobit mistni podiezani pii obrdbéni
konkdvniho a sedlového tvaru. Je ziejmé, Ze obrabéni trva dlouho, pokud se pouZiva jen
jeden nastroj k obrobeni celého povrchu. Proto, pokud konkavni & sedlovy tvar jsou
obrobeny oddélené jednim nebo dvéma odpovidajicimi ndstroji a ostatni oblasti mohou
byt rychle obrobeny ndstroji keeré jsou vétsi, miize byt ¢as obrdbéni znaéné sniZen.

Tato prace se zameétuje pfedevsim na vyvoj novych postupli obrabéni obecnych
ploch. Odvozeng od dil¢ich zakfiveni povrchu, obecny tvar miZe byt rozdélen na
oblasti konvexni, konkdvni a sedlové a v téchto oblastech se uplatni technika koédovani
fetézcll k urceni ohrani¢eni jednotlivich oblasti. KaZdou diléi oblast 1ze pak obrobit
nejvhodnéjdim ndstrojem, ktery muze umoznit velké sniZeni celkového €asu k obrobeni
povrchu. Pro tento G¢el byl vyvinut Matlab® program ktery provadi rozdéleni povrchu
a uréi soufadnice viech bodil na hranicich oblasti. Rekonstrukce obecného povrchu a
simulace drah néstroje v oddé&lenych &astech je uskutednéno pomoci Pro/Engineer®
Wildfire®.

V disertaéni prici jsou nekteré aplikace prezentovany za ulelem ukdzat, Ze
navrzena metoda mhZe snizit ¢asy obrabéni v porovndni s tradi¢nimi metodami, v nichZ
se celd plocha obrobi pouze jednim ndstrojemn. Nékteré testy jsou rovnéz provedeny na
multi-funkénim {(viceosém) stroji k ovéfeni a ohodnoceni navrzené metody. Z vysledki,

lze dospét k zdveéru, Ze navrZend metoda je GspéSna.

Kli¢ova slova:
Obecna plocha, ¢lenéni povrchu, 5-0sé obrabéni, &as obrabé&ni.
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ABSTRACT

The free-form surfaces can be machined on 3- or 5-axis CNC machines. When selecting
a cutting tool to machine a particular free-form surface, the tool diameter is restricted to
an established value that must not cause local gouging when machining the concave and
saddle regions.. Obviously, it would take long if only one tool is used to machine the
entire surface. Therefore, if the concave and saddle regions are machined separately by
oneg or (wo relevant tools; and the other regions are rapidly milled by the bigger ones,

the machining time can be then significantly reduced.

This dissertation mainly focuses on developing a practical method to machine
free-form surfaces. Based on the surface curvatures, a freeform surface is partitioned
into convex, concave and saddle regions in which the chain code technique is applied to
determine the boundaries of each region. Each partitioned region then can be milled by
the most suitable tool that can lead a big reduction in the total machining time of the
surface. For implementation purpose, a Matlab® program was developed to perform the
surface partitioning task and obtain the coordinates of all points on the boundaries. The
freeform surface reconstruction and simulation of the tool path of partitioned regions

were illustrated via Pro/Engineer® Wildfire®.

In the dissertation, some application examples are presented to show that the
proposed method can reduce the machining time, compared to the traditional method in
which the whole surface was machined by only one cutter. Some experiments are also
done on a multi-tasking machine to validate the proposed method. From the machining
results, it can be concluded that the proposed method has been successfully

implemented.

Keywords:

free-form surface, surface partitioning, 3-axis machining, machining time.
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Chapter 1
INTRODUCTION

1.1 Motivation

Free-form surfaces, also sometimes called sculptured surfaces, are smooth regular surfaces,
the major parameters of local topology of which in differential vicinity of any two infinitely
closed to each other points differ from each other [35]. These surfaces are usually used for

the following applications [3]:
(i) Die and mold design and manufacturing,
(i1) Automobile, ship, and aircraft body design, and
(1i1) Commercial artwork

Some examples of dies in industry are shown in Figure 1.1.

Free-form surfaces are often produced in three stages: roughing, finishing, and
bench-work [50]. During the rough machining, the material removal rate is high, results in
high cutting forces and the surface quality is not so important. On the other hand, in the
finish machining stage, the material removal rate is low and the tool is not subjected to high
cutting forces. This stage also requires high surface quality. On the surface after finishing
still remains scallops hence the bench-work consisting of grinding and polishing is required
to remove these scallops. This manual stage is time-consuming and the manual polishing
causes errors and undesirable irregularities. The time spent on the finishing and bench-
work stages is dependent on the size of the scallops and the surface area. For small molds
and dies, it is stated that over 78% of the total production time is spent on finishing,

grinding, and polishing [50].

Traditionally, free-form surfaces are machined on three-axis numerical control (NC)
machines using ball-end cutters. In this case, the tool axis is fixed and easy to position with
respect to the part surface. In general, the overall productivity and material removal rate of
finish surface machining with ball-end cutter is very low [48] and the process is inefficient
[18, 47]. One of the reasons is that with a given diameter of ball-end mill and a scallop

height in finish cut, the surface requires very high density of tool paths in concave regions



that concave regions. In five-axis machining of free-form surfaces, the tools can be ball-end
cutter, toroidal cutter or flat-end cutter and the tool orientation can be changed during
machining. These tools are shown in Figure 1.2. In comparison to three-axis machining,
five-axis machining offers some advantages in producing free-form surfaces. Five-axis

machining reduces the machining time and improves the surface finish.

Figure 1.1: Some dies in industry [46].

When choosing a tool for a particular surface, the diameter tool is restricted to a
determined value that must not cause local gouging when the tool is machining in concave

and saddle regions. If a ball-end cutter is used, the cutter radius must be smaller than the



minimum radius of curvature of the machined surface to avoid local gouging [6, 49].

Therefore, the maximum radius of the selected ball end mill can be calculated as follows

1
max K (1.1)

s, . . .
where, K max 18 the maximum surface curvature of the region to be machined.

For toroidal and flat-end cutters, to avoid local gouging, the effective radius of the cutter
must be smaller than the minimum radius of curvature of the surface [24, 25, 36]. The

effective radius of the flat-end cutter, Resr, can be compute as [51]

R

B o=
T sin@ (1.2)

where R is the radius of the cutter and 0 is the inclination angle between the unit normal
and the tool axis, also called the Sturz angle [14, 30, 50], as shown in Figure 1.3. It can be
seen that the value of the effective radius depends on the Sturz angle. On the other hand, a

ball-end cutter only has a constant effective radius and it equals the radius of the cutter.
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Figure 1.2: Typical cutters used for 5-axis surface machining:

(a) ball-end cutter; (b) toroidal cutter; (c¢) flat-end cutter



Cutter

Tool path

Design surface

Figure 1.3: Effective radius of a flat-end cutter used for 5-axis surface machining.

In general, a free-form surface has regions such as convex, concave, plane and
saddle [9, 35, 39]. Therefore, if the concave and saddle regions are machined separately by
one or two suitable tools and the other regions are milled faster by a bigger tool, then the
machining time may be reduced significantly. To do this, the design surface should be
partitioned into regions. In CAD/CAM (computer-aided design/computer-aided
manufacturing) packages such as Catia®, Pro/Engineer®, Unigraphics NX®,... users can
not separately choose every region and its boundary in the CAM programming stage, so
that the surface should be partitioned into patches in the modeling stage of CAD model of

the free-form surface.

Another critical problem in the free-form surface machining is gouging. Local
gouging can be avoided if the user chooses the right cutting tool as mentioned above. By
using CAD/CAM systems, users can find out the collision (global gouging) when
simulating the tool path. Some NC verification systems such as VeriCut®, NCSIMUL®,
also offer the ability that visually identifies regions that collision occurs. In these systems,
users must manually correct the tool path by adjusting the G codes in the NC verification
systems or they have to regenerate the tool path in the CAM systems by restructuring some

machining parameters. At the moment, this method is quite popularly used in practice.



Although this method is easy to implement, it is time-consuming in most cases when deep
concave and saddle areas are involved. However, if the design surface is divided into
regions then each region can be machined by a different tool path strategy. In this case,
some special techniques can effectively be used to orient the tool in which gouge-free tool
paths can successfully be generated for deep concave and saddle regions. In these
techniques, the tool axis always goes through a curve or a point. Refer Section 4.3.3 (o get

some more information about these techniques.

1.2 Research objective and research methodology

The main objective of this research is to develop a practical machining method that can
decrease the machining time and improve the surface quality by subdividing free-form
surfaces into patches. In this study, a surface partitioning method that bases on the surface
properties is proposed. The boundaries of each region are also defined for further uses. The

tool position and orientation for collisions free are defined as well.

In order to achieve this objective, many tasks related to mathematical calculations
and CAD/CAM should be implemented. The followings are some main tasks in this

research.

a. Describe mathematically free-form surfaces and calculate the surface properties

such as surface normal and curvatures.

b. Develop a surface partitioning method to the free-form surface into patches

according to the surface properties.

c. Develop a method for determining the boundaries of regions on the design

surface.
d. Create the CAD model of the design surface.
e. Generate gouge-free tool paths for the partitioned surface.

f. Compare the proposed methodology to the traditional methodologies in term of

machining time by simulations.
2. Perform machining experiments.

The following chart presents the overview and the procedure of the research,
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Fig 1.4: Flow chart of the research.

There are two powerful tools were used in the research. They are Matlab® and
Pro/Engineer®. Matlab® is used for mathematical calculations and programming tasks,
whereas Pro/Engineer® is used for CAD/CAM tasks. The machining experiments were
performed on a multi-tasking machine Mazak® Intergrex 100-IV series as shown in Figure
1.5. This machine is available in the computer numerical control (CNC) laboratory of the

Department of Manufacturing System, Technical University of Liberec.

1.3 Organization of the Dissertation

The dissertation is organized as follows: An introduction is presented in this chapter. In
Chapter 2, the mathematical expression of free-form surfaces and the surface geometry are
represented. The geometric parameters of a surface such as unit normal vector, curvatures
will be used for subdividing a surface into convex, concave and saddle regions. The surface
partitioning method is proposed in Chapter 3. A special technique based on chain codes for
surface patch boundaries definition is also proposed in the last portion of this chapter. The
method for gouge detection between tools and the design surface and the correction of tool

postures are presented in Chapter 4. In Chapter 5, the method of tool path generation for



each separate region of the surface is introduced. The implementation of surface
partitioning and other related tasks are conducted in Chapter 6. Some machining
experiment results are also presented in this chapter. Lastly, some conclusions are given in

Chapter 7.

M,

INTEGREX 1001V

Figure 1.5: Mazak Integrex 100-1V.

1.4 Summary

In this chapter, an introduction of the research on free-form surface machining based on surface
partitioning is presented. The motivation, the research objective and the research methodology

are briefly introduced.

Some important tasks that should be carried out in the research are subdividing a
free-form surface into convex, concave and saddle regions based on the surface properties,
defining the boundaries of separate regions and developing the interference-free method for
tool positioning when machining each region. Matlab® and Pro/Engineer® will be used as

tools for the calculation and program and CAD/CAM purposes.



Chapter 2
MATHEMATICAL REPRESENTATION OF FREE-FORM

SURFACES AND SURFACE GEOMETRIES

2.1 Introduction of free-form surface representation

Free-form surfaces can be designed directly by using CAD or CAD/CAM packages or
obtained through surface fitting from a digitized data set. In the former case, designers have
to move the control points on the screen to get the desired shape of the surface to be
created. In the latter case, often used in reverse engineering, a scanner digitizes surfaces of
an existing object to get a set of points and feed them into a mathematical model for surface
fitting [3]. In this research a “forward engineering™ as the former case is implemented.
Here, the mathematical representations of free-form surfaces will be given as input data for

further calculation and programming.

2.2 Mathematical representation of free form surfaces

Generally, as mentioned before, free-form surfaces may be designed directly on a computer
using control points, in forms such as Bezier surface, B-spline surface, non-uniform
rational B-spline surface (NURBS). These surfaces are the most popular forms that define

free-form surfaces in CAD/CAM systems.
Bézier surface

Let Bi,n(u) and Bj,m(v) be the Bernstein basis functions of degrees » and »: in the
and v parametric directions, respectively. A Bézier surface with control points p;;, (0 i <

n, 0 £j <m) is the parametric surface defined by [39]

S@.vy=>> p, B, ()B,,(v) @1

=} j=0

where



i

B, (u) =[’_1Ju"(l—u)"_f 22

m) . ;
B;-.m(")=(j] S 2.3)
with
ny  n!
i) ! =
m]_ m! -
j)” Gm= ! @)

The parameter curves of a Bézier surface are spatial Bézier curves. These curves
form the four edges of the Bézier surface as illustrated in Figure 2.1. Bézier surfaces only
pass through the corner points of the characteristic polygon and at these points their edge
curves are tangential to the edges of the characteristic polygon. These surfaces have a
number of limitations. They only allow global modification, and they are somewhat

constraining if smooth transition between adjacent patches is to be achieved [32].

Figure 2.1: A Bézier surface and its control polyhedron.
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B-spline Surfaces

A B-spline surface with control points is defined by [39]
s+l m+l

S,v)=>>"B N, )M, (2.6)

=1 j=1
Upin S S Umay , Vimin SV S Vingx

where Njx(1) and Mj;(v) are the B-spline basis functions in the bi-parametric # and v

directions, respectively. B;; are the vertices of a polygonal control net.

1 if x, Su<ux,,

N, () ={

0 otherwise 27)
N ()= (u—x)N, . (u) + (X —UIN o, ()
o Mivko1 — N Xivk ~ Xin 3)
1 if y vy,
M. (V= ] Jj*l
) {0 otherwise (2.9)
M;,(v)= YN, L) + O = v)N{Jru_l © Q2.10)
Yiga =¥ Yir = ¥in

where the x; and y; are elements of knot vectors.

B-spline surfaces overcome the limitations of Bézier surfaces. These surfaces
approximate a characteristic polygon, as shown in Figure 2.2, and pass through the corner
points of the polygon. At these points, the edges of the surface are tangential to the edge of
the polygon. A control point of the surface influences the surface only over a limited

portion of the parametric space of variables x and v [32].
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Figure 2.2: A B-spline surface and its control points.

NURBS

A NURBS surface with control points is defined by [39]

n+l m+l
33 b PN OM ()
i=1 j=1
S(H, 1?) = u+J1 m+l . @.11)
Z Z B ;N M ;,(v)

i=1 j=1

where the p;; are the three-dimensional coordinates and h;; are the homogeneous
coordinates of the control points; Njx(u) and M;(v) are the non-rational B-spline basis
functions. Note that the same knot values and parameter ranges as those in Equation 2.6 are

used.

The NURBS surface equation is a general form that includes the B-spline surface
equation and it has the advantage of exactly representing the quadric cylindrical, conical,

spherical, paraboloidal, and hyperboloidal surfaces [32].

In practice, the free-form surface of a sculptured part may consist of many
composite surfaces, and each surface can be represented in any form [4]. Here, to illustrate
the approach and to make calculations simpler, we assume that the design surface is a

single surface and some B-spline surfaces are used as examples in this study.

11



2.3 Surface geometry

Surfaces can be represented in implicit, explicit, or parametric form. The implicit form for

a surface is the set of points (x, y, z) that satisfy the equation as follows

f(x,y,z)=0 (2.12)

An explicit equation of a surface is presented as

z=1(x,y) (2.1%)

Equations (2.12) and (2.13) illustrate that the points on a surface have two degrees
of freedom which are directly controlled by the x and y coordinates and they are also called
the non-parametric forms of a surface. Whilg, the parametric form [33] for a surface in

space is
S (u,v)

S(u,v) = Sy (u,v)
S (u,v)

(2.14)

The followings are some geometric parameters of a surface.
- Unit normal vector at a point

(iiven a free-form surface S(u, v) and p is a regular point on this surface. At this
point, Su and Sv are the tangent vectors along # and v parametric directions. Hence Su and
Sv are non-parallel vectors, and a vector perpendicular to them both is the unit normal

vector to the surface, given by [35]

S, XS,

nS (ugV):STS| (2.15)

as shown in Figure 2.3. Any vector t perpendicular to ng is called a tangent vector to S{u,v)
at point p. The plane that contains all the tangent vectors to surface § at point g is called the

tangent plane at point p, and denoted Tp(S), as shown in Figure 2.3.

12



Figure 2.3: Unit normal vector and tangent plane at a point.

- The first fundamental form,®1:

The first fundamental form of a smooth regular surface describes the metric

properties of a free-form surface S, is defined by [35]

®1=dS.dS = Edi® + 2Fdudy + Gdv’ (2.16)
where
as as as as as as
E=—— :F=—— : G=——
udw’ oudv v ov 2.17)

are the fundamental magnitudes of the first order.
- The second fundamental form,®2

The second fundamental form describes the curvature of a free-form surface, is

defined by [35]

P2= —dns .dS = Ldi’ + 2Mdudy + NdV’ (2.18)
where
'S 9s° 9’
P Y N 1)

are the fundamental magnitudes of the second order.

- Gaussian curvature, K, and mean curvature, H

13



Given a free-form surface S(u,v), pis an arbitrary point on it. The curve of intersection
of a plane (Q) containing the normal to the surface at point p and the surface has a
curvature, as shown in Figure 2.4. As the plane (Q) rotates about the normal, the curvature
changes. Euler showed that unique directions for which the curvature is a minimum and a
maximum exist. The curvatures in these directions are called the principal curvatures, Kupin

and K.y, and the principal curvature directions are orthogonal.

The Gaussian curvature, K, the mean curvature, H, and the principal curvatures,

Kmin and Ky, of the surface S(x, v), at a point p, is formulated as [35]

K= % o . (2.20)
H=%[EN;(2;?§;GL]=%(KW+KM) (2.21)
K, =H+VH -K (2.22)
K,,=H-JH*-K (2.23)

Figure 2.4: Curvature of a bi-parametric surface.
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There are a number of techniques that can be used to present the Gaussian and mean
curvatures of a surface. Depending on the display capabilities, the curvatures can be
displayed in forms of contour plots, colors or gray scales [39]. In Figure 2.5 are the
Gaussian curvatures and mean curvatures of a B-spline surface created in Pro/Engineer®

Wildfire® and they are in form of shaded colour.

(a) Gaussian curvatures

(b) Mean curvatures

Figure 2.5: Gaussian curvatures and mean curvatures of a B-spline surface.

Based on the values of Gaussian, mean, and principal curvatures, the surface points

can be divided into six different types as follows [31]:

- Concave elliptic point: If K > 0 and H > 0, the surface lies entirely on the surface

normal side of the tangent plane in its neighbourhood; both K,y and Kyin are positive.

- Convex elliptic point: If K >0 and H < 0, the surface lies entirely on the opposite

side of the tangent plane in its neighbourhood; both Kpax and Ky, are negative.
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- Hyperbolic poinr: If K <{), the local surface lies entirely on both sides of the

tangent plane in its neighbourhood; Kpax and Ky, have different signs.

- Concave parabolic point: It K = 0 and H > 0, the surface lies entirely on the
surface normal side of the tangent plane in its neighbourhood. One of the principal

curvatures is zero and the other is positive.

- Convex parabolic point: It K = 0 and H < 0, the surface lies entirely on the
opposite side of the tangent plane in its neighbourhood. One of the principal curvatures is

zero and the other is negative,

- Planar umbilic poini: If K =0 and H = 0, the surface lies entirely in the tangent

plane in the neighbourhood of the umbilic point.

In order to trichotomize free-form surfaces into convex (included plane), concave
and saddle regions, the local surface shape around a point can also be divided simply into

three different types as follows:
a) K= 0 and H £0: local surface shape is convex
b} K = 0 and H > O: local surface shape is concave
¢) K< 0rand H # 0 local surface shape is saddle.

While Gaussian curvature and mean curvature are used for surface partitioning, unit
normal vectors and principal curvatures are utilized in the task of checking interference

between the tool and the design surface and correcting the tool postures (see Chapter 4).

2.4 Summary

In this chapter, three mathematical types of Bézier, B-spline and NURBS surfaces are
presented as free-form surfaces. Some B-spline surfaces are used as examples in the
research for surface partitioning. Some important surface properties such as unit normal
vector and curvatures are also introduced in this chapter. Once having partitioned a surface
into separate regions of convex, concave and saddle, each region can be machined solely by
different tool. The method for surface partitioning and its implementation is proposed in the

next chapter,
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Chapter 3
SURFACE PARTITIONING AND SURFACE
PATCH BOUNDARIES DEFINITION

3.1 Introduction of free-form surface partitioning

In general, a free-form surface often has three types of regions such as convex, concave,
and saddle. These regions can be divided separately from the design surface based on
surface curvatures as introduced in chapter 2. Figure 3.1 shows a free-form surface with its
regions. In this chapter, after presenting some related works, we propose the methods for
surface partitioning based on Gaussian and mean curvatures and defining the boundaries of

each sole region thanks to the chain codes technique in the image processing filed.

Figure 3.1: A free-form surface and its regions:

1- concave region, 2- convex region, 3-saddle region.

17



3.2 Related works

For the purpose of improving the productivity and the surface finish when machining free-
form surfaces, many surface partitioning methods have been implemented. The following

are some typical researches in this field.

In the study of Chen et al. [4], the geometric properties of free-form surfaces such
as Gaussian and mean curvatures, maximum and minimum curvatures and the surface
normal are used (o form a multi-dimensional vector for surface partitioning. First, in the
rough surface subdivision, based on the surface curvatures, the grid points are roughly
grouped into three regions namely convex, concave, and saddle. Then, the subtractive
fuzzy clustering method and the fuzzy C-means method are used to perform the fine
surface subdivision. The former is used for estimating the number and centers of the
surface patches and the latter is applied to optimize the locations of cluster centers for the
grid points of the patch. The patch boundaries are then defined by using the Voronoi
diagram. This method can divide a free-form surface into simple patches so that each patch
can be properly accessed in a part setup and efficiently machined on a 3-axis CNC

machine equipped a tilt-rotary table (342 axis CNC machining).

Roman and his ¢colleagues [40] also used fuzzy C-means method to partition free-
form surface for 3+2 axis CNC machining. In their study, the geometric properties of the
surface are used as surface partitioning parameters and the patch boundaries are delimited
by using the nearest neighbour method in the u—v plane. Roman [41] also utilized the k-
means clustering method to subdivide a surface into patches and the Minimum Intra-Class

Distance method was implemented for the identification of boundaries of these patches.

The concept of “isophotes” and “light region’ were applied for surface partitioning
by Ding et al [7]. In this study, isophotes are defined as points on a surface that have the
same light intensity from a given source. The angle between the surface normal at a point
and a given reference direction is called isophote angle. A light region is aregion in which
the isophote angles are smaller than a prescribed value. The boundary of this region is an
isoline that consists of isophotes with the same isophote angle. By applying isophotes, a
free-form surface is partitioned into different regions according to the slope made with the

normal direction of parallel intersecting planes.

Bey et al. [1] proposed a methodology for finishing free form surfaces on 3-axes

18



CNC milling machines by considering the local shapes of the surfaces, the choice of
machining strategies and the optimal cutter. There are four stages in the proposed
methodology. Firstly, the design surface (in NURBS form) is approximated into triangles.
Secondly, the geometric properties, such as normal vector and curvatures, are calculated to
identify the local shape of every vertex. The vertices are then grouped into distinct regions
of convex, concave or saddle. Thirdly, the interference detection, correction and
determination of the optimal cutter for each region are done. Lastly, the machining strategy
for each region is chosen and the tool paths are generated as well. Among the four stages,
the surface portioning stage plays a vital role. The research used C++ and Open GL for

implementation purpose.

In order to maximize the machining efficiency by using the largest feasible cutter
(ball-nose, filleted, or end-mill), Li and Zhang [23] also decomposed free-form surfaces
into convex, concave and saddle regions based on the surface curvatures. They called the
concave and saddle regions as the critical regions where local gouging was likely to
happen. These regions are subjects for local gouging analysis in cutter selection. A NURBS
patch was represented as a free-form surface for the implementation purpose. The
algorithm for surface subdivision and for local gouging checking was implemented in C++
and OpenGL environment. The output of their work is the optimal cutter under the local
gouging-free condition, and this tool is used to machine the entire surface. The following is

the algorithm for surface subdivision in for surface subdivision in their work [23].
a) Sample the design surface in (#, v) frame into a set of grid points
b) Calculate the Gaussian curvature and mean curvature at each point
¢) Find the points with the concave and saddle local surface geometry

d) Group the neighbouring concave and saddle points into concave clusters and
saddle clusters, respectively. For each cluster, link the boundary points to form a closed

region.

Li and Zhang also used the algorithm above for checking whether a given flat-end
cutter was able to mill the entire surface without gouging in 5-axis machining [24].
However, in their works, the free-form surfaces were just decomposed into regions in the
calculating stage to determine the optimal tool size and the feasible orientations of the tool.

The CAD models of the surfaces were not partitioned into convex, concave and saddle
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regions and there was only one cutter used to machine the whole surface.

By analyzing the curvatures of a free-form surface, Elber and Cohen [9] developed
another method for surface partitioning. In their work, the second order surface analysis is
used to understand the curvature characteristics and the shape of the surface. They
developed a hybrid method using symbolic and numeric operators to compute curvature
properties and then to create trimmed regions which are solely convex, concave, and
saddle. The same method was used to determine the bounds of the regions. Bézier and
NURBS surface representations were used and all surfaces were created using the Alpha_1
solid modeller which was developed at the University of Utah.  According to the authors,
the curvature estimation technigques are local since they make use of local surface
information only. Local information is inferior to global information in complex settings.
Hence, they used symbolic techniques to help make decisions for surface portioning based
on the entire aspect of a surface. They had utilized scalar and vector fields, whose
definitions are derived from different attributes of the design surface, to analyse the design
surface. The zero set of the second fundamental form computed symbolically as a scalar
field is used to partition the design surface into a trichotomy of convex, concave and saddle

regions.

From the results of Elber and Cohen’s work, there is no doubt that they have
implemented successfully their method for surface partitioning. However, their hybrid
approach using both symbolic and numeric operations for computing curvature properties
is rather complicated. They used the curve on which Gaussian curvatures K(«,v) equal zero
to divide free-form surfaces. It means that the curve on which Gaussian curvatures are zero
should be defined. Yet, Gaussian curvatures K(u,v) is a high order expression of # and v
even for low order NURBS surface patches [23]. Hence, it is very difficult to solve
analytically the equation above. From their paper, it can be seen that high-level math skills

are needed to solve the problems of their approach.

In conclusion, from the literature it can be stated that the approaches using surface
curvatures have been adopted by many researches for surface partitioning. Many methods
have been proposed and successfully implemented. However, many of them are rather
complicated and not effective. In our study, a simple but effective method is proposed.
Here, based on the surface curvatures, tree-form surfaces are also partitioned into convex,

concave, and saddle regions. The boundaries of each patch are defined by using Chain
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Codes method in the image processing field. The output can be used directly for the
CAD/CAM tasks which can be carry out by commercial CAD/CAM packages in industries.

3.2 Surface partitioning

The objective of surface partitioning is to divide a free-form surface into a number of
regions. In each region the points have the same characteristics. These regions, also called
patches, can be machined separately with different types of cutter and strategies. In this
study, a free-form surface is partitioned into convex, concave, and saddle regions, based on

the Gaussian curvature. For implementation, a numerical method should be applied.
The following are main steps for surface partitioning.
(1) Presenting the mathematical model of the free-form surface,
(2) Sampling the surface in z and v directions to get a set of grid points,
(3) Calculating Gaussian curvature and mean curvature at each grid point,

4) Grouping the neighboring concave and saddle points to form concave regions
and saddle regions, respectively. The last portion of points forms convex

regions (including plane regions).
The specitic algorithm for surface partitioning is as follows:
Algorithml: partitioning free-form surfaces
Input
A free-form surface S(u,v) {mathemarical model)
Output

Sets of points belonging to three type of regions {convex+plane, concave and

saddle}
Begin

(1) Sample the input surface to get a set of grid points {p} and store all points in

matrix M

(2) Calculate parameters K and H at every point py;

21



(3) FOR each grid point p;;of the set point {p}

IF K = 0 and H < () THEN save that point in matrix M {data matrix contains

points on convex and plane regions}
END IF

IF K > (0 and H >> 0 THEN save that point in matrix M, {dara matrix contains

points on concave regions}

IF K < 0 THEN save that point in matrix M3 {dara maitrix contains points on

saddle regions)
END IF

END LOOP

End

When saving points of each region into a matrix, the following method is used. For
each group of points, after grouping points on the surface, the points are encoded into an
integer and saved with their indices in a matrix, The points which do not belong to that
group are then encoded as zeros. The encoding procedure of the points for each region Ry,

can be expressed by the characteristic function as follows

12or3) if (x,y,z) € R,

0 otherwise G.1)

X(x,y,2,k) ={

where k denotes the region of convex, concave or saddle.

In algorithm1, matrices M;, M and M3 have the same size as that of the matrix M.
They contain the identification numbers of points which belong to convex, concave and
saddle regions, respectively. In these matrices, the points on the surface of the same region
are presented by a number, say 1 or 2 or 3, and the other points of other regions are
presented by zero. Each character in the matrix owns its indices that represent the location
of the corresponding point on the surface in # and v directions. Hence, the coordinates of
points on the surface are maintained. These matrices are very useful for further

calculations. Figure 3.2 below shows the structures of matrices My, M and Ma. In this
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study, the above algorithm was programmed with MATLAB 7.6.0.
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(a) Matrix M,

(c) Matrix Mz
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Figure 3.2: An example of the structure of matrices M; M, and M.
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3.3 Surface patch boundaries definition

3.3.1 Requirement and solution

In the surface partitioning process, a surface is divided into patches. However, the
boundaries of these patches have not yet been defined. The boundaries of a patch should be
defined so that they can be used as the factors for trimming off that patch from the entire
surface when modeling that surface in CAD/CAM packages. One solution that can be used
to define the patch boundaries is to connect the grid points on the border of each region
after partitioning. The boundaries of these patches can be represented by applying the chain

codes method from the image processing field,

3.3.2 Chain codes

Chain codes are a notation for recording the list of edge points along a contour. They are
often used to represent a boundary of an object, or other one-pixel-wide lines in images
[42]. The object border is defined by a connected sequence of straight-line segments of
specified length and direction. There are a number of advantages of chain code
representation. First of all, it is efficient and compact. Secondly, the chain codes are
translation invariant. Lastly, the chain codes can be used to compute many shape features,

such as the length of the boundary, the area and the perimeter [29, 38].

In the Freeman chain code technique, the boundary representation is based on 4-
connectivity or 8-connectivity of segments. The direction of each segment is coded by
using a numbering scheme illustrated in Figure 3.3, The principle for finding the boundary
of an object using the chain codes is that each boundary pixel of an object has an adjacent
boundary pixel neighbour whose direction from the given boundary pixel can be specified
by a unique number between (0 and 3 (4-connectivity) or 0 and 7 (8-connectivity). When
tracing the object, for any pixel, its eight neighboring pixels should be considered in the
case of 8-connectivity. This is done with the same orientation throughout the entire image
[42]. The same procedure is applied for the case of 4-connectivity. The 8-directional chain
code is more accurate to describe a boundary than the 4-directional chain code, and the

code length may be smaller as well [29].
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The algorithms for border detection of a region in an image using chain codes are
given in References [38, 42]. The chain code representation for the boundary of a binary

image is a sequence of integers as follows [38]
c={c(0),c(l),....c(n-1)} (3.2)
from the set {0, 1, ..., 7} for 8-connectivity or {0,1,2,3} for 4-connectivity.
In expression (3.2), ¢ is called the length of the chain code and this is the number of
elements in the sequence. The first element in the sequence, ¢(0) is called the initial point,
the last element, ¢(n - 1), is called the rerminal point of the code. Figure 3.4 shows an

example of a chain code where 8-neighborhoods are used. In this figure, the reference pixel

starting the chain is marked by an arrow.

. 3 2 1
t t

2 < ¢ »0 1 >0
! ] 2 [
(a) (b)

Figure 3.3: Chain coding: (a) 4-connectivity, (b) 8- connectivity.

i
i

Figure 3.4: An example chain code [42]:

00077665555556600000006444444442221111112234445652211.
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As can be seen from Figure 3.4, the boundary of the object is represented as a
sequence of coded numbers. Each number can store information about the position of the
correlative pixel. Therefore, if a free-form surface is considered as a binary image and
regions, such as convex, concave or saddle, are considered as objects of the image, then the
Freeman chain code technique can be utilized for determining the boundaries of regions of
the surface. The implementation for defining the boundaries of regions of the surface is

presented in the next subsection,

3.3.3 Defining patch boundaries with Matlab®

In Matlab, the Image Processing Toolbox is a collection of M-files that extend the
capability of the Matlab environment for the solution of digital image processing. An M-
function file named “boundaries™ in Matlab language for finding the boundaries of objects
in a binary image based on the Freeman chain code is presented in Reference [11]. This
function traces the exterior boundaries of the objects in a binary image with pixels 0 as the

background. The syntax of this function file is as follows

B = boundaries(f, conn, dir) (3.3)

where f is the binary image, conn specifies the desired connectivity of the output
boundaries and its values are 4 or 8 (the default), dir can be cw (the default) or cow that
specifies the direction in which the boundaries are traced clockwise or counter clockwise

direction, and output B is a cell array that contains the coordinates of the boundaries found.

As mentioned in Section 3.2, each data matrix after partitioning (M1, M and M3)
contains only two values of number, ( and 1 or 2 or 3 depending on regions of convex,
concave or saddle, respectively. The structure of these matrices is similar to the structure of
the matrix of pixels of a binary image which is a digital image that has only two possible
values for each pixel. In the correlative images of these matrices, the background is (s and
the foreground is 1s or 2s or 3s. The correlative “images”™, say I; I, and I;- of matrices M,

M and M3 are shown in Figure 3.5.
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(a) Correlative image [ of matrix M,

(b} Correlative image I of matrix M,

(c) Correlative image [ of matrix M3

Figure 3.5: The correlative images of matrices M, M; and Ma.

Because matrices M;, M> and Ms can be considered as the matrices of binary

images, the binary image fin Function (3.3) can be replaced by matrices M,, M, and M.
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The resule is that the coordinates of all “pixels”™ on the boundaries of the objects in
“images” I, I, and [; can be defined. These coordinates are not the coordinates of the
points on the design surface but they own their indices that are equivalent to those of the
points on the surface in u and v direction. Hence, some further calculations are required to

get the coordinates of points on the boundaries on the three-directional (3D) surface.

In this study, in order to get a high accuracy of the boundary definition, the defaulc
values of conn and dir in Function (3.3) are used. Thus, the syntax of Function (3.3) is now

simpler as

B = boundaries(f) (34)

Once having the coordinates, the boundary curves can be easily created along with
the CAD model of the free-form surface on many CAD/CAM systems. In this study,
Pro/Engineer® Wildfire® is used to create the CAD model of the free-form surface and the

boundaries of the concave and saddle regions as well.

3.4 Summary

In this chapter, some typical works related to surface partitioning is presented. Based on
surface curvatures, the algorithm for partitioning free-form surfaces is proposed. To
implement this algorithm, a special technique in which the points on the surface are stored

in matrices is applied. The structure of these matrices is similar (o that of the binary image.

Some basic information of chain codes is also introduces. Here, chain code
technique is used for determining the boundaries of the convex, concave and saddle regions
on the surface. A Matlab® function file named boundaries will be used for the purpose of

implementation.
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Chapter 4
GOUGE DETECTION AND CORRECTION

4.1 Introduction of gouge detection and correction

Local and global gouging is one of the most critical problems in free-form surface
machining. Local gouging refers to the removal of an excess material in the vicinity of the
cutter contact (CC) point as the tool move along the tool path. At every CC point, local
gouging occurs when the radius of the local surface curvature is smaller than that of the
cutter as depicted in Figure 4.1. Global gouging is defined as the interference between the

tool body and the surface that need to be machined as shown in Figure 4.2.

Tool

O
i
i
!
@Y
-~ \lj Design surface
!

Figure 4.1: An example of local gouging

Design surface

Figure 4.2: An example of global gouging
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There are a number of works that related to gouge detection and correction done by

many researchers. The following are some typical researches.

By comparing the effective curvature of the swept surface of the tool with the
normal curvature of the surface at the contact point, several techniques on local gouging
detection and correction have been developed [19, 21, 27, 36, 37]. Besides, some other
approaches are presented by other researches such as rolling ball and arc-intersection

methods by Gray et al [12, 13], penetration—elimination method by Hosseinkhani [16].

For 5-axis gouge detection and correction, a number of researches with different
strategies have also been done. Lee and Chang [22] proposed a 2-phase approach to global
tool interference avoidance. First, a quick feasibility checking is used to find the
conservative feasible tool orientation by using the control mesh of the surface. Second, a
detailed feasibility checking uses the exact surface to detect the tool collision. With haptic
rendering application, Ho et al. [15] detected and corrected in real-time the collision
hetween the tool and the workpiece to be machined, Tlushin et al. [17] used space
subdivision techniques to solve the problem of global collision. To perform effective
collision avoidance, Lauwers et al. [20] developed a system that integrates the tool path

generation module, the post-processing and machine simulation.

Global gouging can be avoided by finding the suitable range of lead and tilt angles
of the tool. It means to find the right tool posture at every cutter contact point when the tool
moves on the tool path. The feasible tool approach direction can be determined in two ways
[19]:

a) Define a given direction of tool that is feasible or not,

b) Calculate the feasible range of all tool directions at every cutter contact points on

the surface.

In the first method, it the given direction is not feasible, then a new direction must be
applied and the process should be repeated until the suitable one is found. The method is
easy to carry out but sometime it is time-consuming and we can not get the optimal tool
direction. This drawback can be solved by using the second method. However, this method
is very difficult to execute. For a given part surface, the global gouging is effected by tool

radius, tool etfective length and tool holder diameter.
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Nowadays, gouging can be detected in many commercial CAD/CAM packages. For
example, in Pro/Engineer, gouge checking capabilities are provided to allow users a quick
check of cutter location (CL) data for milling NC sequences. Users can perform gouge
checking in every NC sequence or in the whole operation for individual or all surfaces of
the part. To check gouge for the whole operation, the CL data file is required. If no gouges
are detected upon completing the check, the system will inform users a message that there
are no gouges on the detected surface(s). Otherwise, if gouges are detected, the system will
inform users the value of the first detected gouge and can highlight the places of the CL.
points. The system can also supply the information such as cutter position where gouges

occur and the correlative gouge distances as well, as shown in Figure 4.3.

! INFORMATION WINDOW (25 _gouge.dat)

Fle Edit View
CUTTER POSITIOH GOUGE DISTANCE ~
(21.8177, 3.1573, -17 .6475) -1.5929
(21.8177, 3.1573, -20.4784) —3.9543
(21.8177, 3.1573, -20.4784) -3.9543
(20.1859, 2.7239, -21.5565) -3.9543
(21.8138, 2.7239, -22.7829) -4 .6448
(21.2876, 2.7239, -23_1756) -4 _F775
(23.0752, 2.0588, -24_6681) -8.1799
(36,9248, 2.0588, -24.6681) -0.1799
(38.7124, 2.7239, -23.1756) -4.7775
(39.5365, 2.7239, -21.9762) -4.2367
(39.8148, 2.7239, -21.5506) -3.9543
(39.9078, 4_1542, -21_8999) -4 _7318 =

< | 2

Close

Figure 4.3: An example of the information about detected gouges in Pro/Engineer.

In the example above, the surfaces to be protected from gouging can be (a) drive
surfaces (surfaces to be machined), (b) check surfaces (other surfaces on the part), or (c)

both. These surfaces are manually added or removed by users.

In this study, by surface partitioning, the design surface is partitioned into regions.
Thanks to this advantage of surface partitioning, the gouge detection and correction can be

effectively performed in CAD/CAM packages in two forms as follows.

a) Defining the most suitable tools for machining the regions under the condition

of local gouge-free.
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b) Choosing the reasonable orientation of the tool when machining each region

and detecting global gouging.

In the second form, a minimum number of detecting surfaces can be chosen by evaluating
the distribution characteristics of the region to be machined and the whole partitioned
surface. Hence, the processing time of the CAD/CAM system can be reduced. These two

forms will be described in detail in the next subsections.

4.2 Local gouging avoidance and definition of tool
diameter

It is obviously that a ball-end cutter will not cause any local gouges on the design surface if
the cutter radius is smaller than the radii of the surface curvatures in the vicinity of the CC
point. And of course, in the case of flat-end and toroidal cutters, if the effective radius of
the cutter is less than the minimum radius of curvature of the surface patch then local
gouging will not be occurred when machining that patch. To calculate the minimum radius
of curvature of a region, the maximum surface curvature should be known. Hence, form the
value of the maximum surface curvature of that region, the possible maximum radius of the
cutter can be chosen, as presented by Equation (1.1) and (1.2). This possible maximum

radius is the base for choosing the (ool diameter to machine the region.

In this reseach, the possible maximum radius of a ball-end cutter can be executed by

two ways as follows.
1. In Matlab®:

- Calculate the principal curvatures (Kpy and Ky, at every point of the

selected region, and store all the values of Ky, in matrix,
- Extract the maximum value from that matrix, that is K. .
- Calculate the possible maximum radius of the cutter by Equation (1.1).
2. In Pro/Engineer®:
- Create the partitioned surface.

- Use the Geometry Analysis tool with the radius option to get the minimum

radius for the selected region, or
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- Use the curvature option in the Geometry Analysis tool to evaluate the

curvature of surface and get the maximum value for the selected region, and
- Calculate the possible maximum radius of the cutter by Equation (1.1).

For flat-end mill and toroidal end mill, the procudures above can also be applied,
but here the effective radius of the cutter is compared to the minimum radius of curvature
of the surface. Hence, Reg is used instead of Ry« (in Equation (1.1)). Remember that when
changing the Sturz angle, this results in the change of the eftective radius of a flat-end
cutter or a torroidal cutter, then local gouging may occur. Therefore care must be taken
when choosing the Sturz angle for machining surfaces with flat-end and toroidal cutters.
Normally, users can choose a suitable Sturz angle for machining each patch thanks to some

simple calculations.

From the possible maximum radius of the cutter, the diameter of the tool used to
machine each region can be easily defined. Howerver, sometimes a smaller diameter should
be applied to avoid gouging. A combination of reducing the tool diameter and choosing the

suitable Sturz angle may also be uztilized for global gouging avoidance.

4.3 Global gouging avoidance and definition of tool orientation

4.3.1 Overview

In free-form surface machining, a ball-end, flat-end or toroidal cutters can be used to mill
saddle and concave regions. If the radius or the effective of the cuter is smaller than the
minimum radius of curvature of the region, then local gouging will not occur, as mentioned

above. However, the tool can cause global gouging in the following cases:

1. The toolis machining in a concave region, global gouging may happen between
the cylindrical body of the tool and other saddle or convex regions nearby. An

example of this case is given in Figure 4.4.

2. The tool is machining in a saddle region, global gouging may happen in this

region itself, other neighbouring saddle or convex regions.

3. The tool is machining in a convex region, global gouging may happen in other
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neighbouring saddle or convex regions.

Figure 4.5 below shows a ball-end cutter machining in a concave region near a
convex region. In this case, if the distance from the tool axis to the nearest point on the part
surface is smaller than the cutter radius, the interference will occur. To avoid interference,
the tool should be inclined to another direction that performs a smaller Sturz angle (8) so
that the distance above is longer than the cutter radius. In industry, the Sturz angle is
typically between 5 and 10° [19]. In practice, the Sturz angle is defined by lead and tilt

angles. These angles are introduced in the next subsection.

Tool

Design surface

Figure 4.4: An example of global gouging.

4.3.2 Lead and tilt angles

Compared with 3-axis milling, 5-axis milling is more complicated due to the two additional
degrees of freedom. The major difference between these two operations is the existence of
the lead and tilt angles. The lead angle is the rotation of the tool axis about the cross-feed
axis, whereas the tilt angle is the rotation about the feed axis with respect to the surface
normal [45], as shown in Figure 4.5. These angles can be zero, positive or negative [2] and
they define the tool posture during machining. If the lead and tilt angles are zero then the tool

axis will coincide with the normal vector at the CC point.

In Figure 4.5, OXYZ is the workpiece coordinate system and pFCng is the local
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coordinate system where the lead and tilt angles are defined. The local coordinate system is
established by feed (F), cross-feed (C) and surface normal (ns), used to analyze the cutting
operation at the CC point (p). Since the cross-feed direction is perpendicular to the feed

direction, hence F, C, ng vectors establish an orthogonal basis.

Design surface

Figure 4.5: Coordinate systems and lead and tilt angles.

o- lead angle, p-tilt angle, 6-Sturz angle, @-screw angle.

Investigating the optimal values of these angles for a particular cutting process is
not easy and really challenging. In practice, the lead and tilt angles are often selected by
trial and based on experiences of users. These angles are used as some of the input
parameters for the CAM stage in 5-axis machining free-form surfaces. For instance, in
Pro/Engineer®, these angles are specified by parameters LEAD_ANGLE and
TILT_ANGLE [52]. They define the tool orientation with respect to the surface normal for
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5-Axis surface milling NC sequences. As the same manner, EdgeCAM uses “Tilt Angle”
and “Lead Lag Angle” for tool axis control in the case of the tool is rotated from its surface

normal orientation in two planes [53].

4.3.3 Implementation of gouge avoidance

In this research, to machine region by region of the partitioned surface, 5-axis machining
mode is applied for the finishing stage and Pro/Engineer® Wildfire® is used to generate
the tool paths for the design surface. In the CAM stage, besides choosing the right tool path
strategy for each region, defining the tool orientation that is gouge-free is also very
important. Therefore, care must be taken when determining the lead and tilt angles. The
following is the procedure for global gouging detection and correction implemented in the

research.

In each NC sequence, when establishing the machining parameters, the values of

the lead and tilc angles should be entered by trial as follows.
1. Choose primary values for the lead and tilt angles:

2. Choose the surfaces to be detected. They are the neighbouring regions of the

region to be machined.
3. Simulate the tool paths and perform gouge checking.
- If there are no gouges, accept the values of the lead and tilt angles

- If gouges occur, define the maximum absolute value of the gouge

distance.

4. Recalculate the values of the lead and tilt angle based on the maximum absolute

value of the gouge distance.
5. Repeat steps 3 and 4 until no gouges occur.

The method above is to apply for the strategy in which the tool axis always makes a
constant angle with the normal vector at every CC point (called the Sturz angle method).
Sometimes, this method cannot be used because of global gouging, e.g. machining deep
concave regions, as shown in Figure 4.6. In this case, a strategy with variable angles
between the tool axis and normal vector should be applied. The following are some

methods which can satisfy that requirement:
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(i) The tool axis always goes through a curve, as shown in Figure 4.7(a).

(i)  The tool axis always goes through a specified point, as shown in Figure
4.7(b).

These suggested methods may be very effective with the partitioned surfaces. This
is because the regions on that kind of surfaces can be separately machined by different

tools and tool path strategies.

Interference

Figure 4.6: Interference when machining deep concave region.

(a) (b)

Figure 4.7: Tool axis always goes through (a) a curve and (b) a point.
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4.4 Summary

In this chapter, the background of gouge detection and correction is presented. For local
gouging avoidance, it is necessary to choose cutters whose radii (or effective radii) are
smaller than the minimum radius of curvatures of the surface patch. Besides, a practical
method for global gouging detection and correction in Pro/Engineer is also proposed. This
method uses the lead and tilc angles to define the right postures of the cutter that there is no

global gouge between the cutter and the design surface.
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Chapter 5

TOOL PATH GENERATION

5.1 Introduction of tool path generation

In free-form surface machining, tool path is a series of straight lines and arcs while the
design surface is a surface whose curvatures vary. Thus, the design surface is approximated
by a series of straight lines and arcs for machining. This approximation results in an
inaccurately machined surface. This kind of errors always exists and can be accepted if the
errors are within tolerance. Getting a machined surface that is as close as possible to the

design surface is one of the machining goals.

An NC tool path used to machine a free-form surface consists of a set of 0ol
positions. The NC controller interpolates sequentially between these points as the tool
moves from point to point [50]. Computing a sequence of CL-points from a given surface is
the main objective of tool path generation. To generate CL data for machining free-form
surfaces, commercial CAD/CAM systems such as Catia®, Pro/Engineer®, Unigraphic®
NX®, SurfaceCAM® can be used. In general, users have to determing many parameters
related (o the machining process for the system. After generating the CL data, post

processing is done to get NC codes for machining,.

5.2 Tool path generation methods

Depending on the type of tool path generation surface, CC-surface or CL-surface, tool path
generation methods are classified into two groups: (CC-based method and CL-based
method. CC-surface is also the design surface while CL-surface is a surface defined by the
trajectory of the reference point of the cutting tool when the cutting tool move over the

design surface [6].
- CC-based method

In the CC-based method, by sampling a sequence of CC points from the design
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surface, tool paths are generated and then CC-points are converted to CL-points. The CC-
point is a point on the design surface at which the cutting tool makes a tangential contact
and the CL-point is the corresponding reference point on the cutting tool to specify its
location in the NC program [6]. This method can be classified in to 3 main categories as (1)
parametric method; (2) drive surface method; (3) guide plane method depending on the

path planning techniques [33].

1) Parametric method: tool paths are planed on parametric domain and they are
mapped back to the design surface, as shown in Figure 5.1(a). [so-parametric tool path is

one of the earliest techniques of this method.

2) Drive surface method: tool paths are generated by intersecting the design surface
with a series of planes called drive surfaces. The intersecting curves are used for generating
tool paths, as shown in Figure 5.1(b). Iso-planar tool path is one of the techniques of this

method.

3) Guide plane method: tool paths are planed on separate guide plane and then they

are mapped back to the design surface as depicted in Figure 5.1(c).

Drive surface Design surface

Design surface

Tool path
Tool path

7 €Cpoint .~

] ——

-
-~
r{CC_uoEm
4
3

e,

1 7 . ’/ v Design surface
¢ : ] l/ I/ Guide plane
(a) (b) (©)

Figure 5.1: CC-Based tool path generation methods [33].

- CL-based method

In the CL-based method, first, the CL-surface has to be generated from the design

surface. This surface is then used as a path generation surface. This method can also be
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classified in to three main categories as depicted above.

In general, it is very difficult to obtain the optimum tool paths for machining free-
form surfaces. Up to now, a number of methods have been developed to generate tool paths
for machining free-form surfaces as mentioned in References [8, 51]. The following are

some commonly used methods [5].
1) Iso-parametric methods

In these methods, uniformly spaced parametric lines in the parametric domain are
generated then mapped on the design surface. The result is that the tool paths are non-
uniformly spaced curves because of the non-uniform transformation between parametric
and Euclidean spaces. Therefore, the scallop heights on the machined surface are varied
and thus a non-uniform surface finish is obtained. This method may be the most common

used method due (o its straightforwardness.
2} Iso-planar methods

In these methods, tool paths are planned as the intersection curves between the
design surface and a family of parallel planes. These methods are often preferred for three-
axis machining [51]. Similar to the iso-parametric methods, the iso-planar methods do not

correspond to a constant scallop height
3) Iso-scallop methods

The tool path generation methods that can maintain a constant scallop height are
called the iso-scalliop tool path generation methods. In these methods, the tool path
interval is variable so that the scallop height is constant along the CC path. These methods
have been developed to achieve high efficient surface machining [5] in three-axis
machining as well as in five-axis machining, and were proposed in References [10, 26, 28,
43, 44, 46].

Scallops are ridges, cusps and other surface protrusions left between adjacent
overlapping tool passes that extend above the design surface profile [31]. The tool pass
interval, the tool type and surface characteristics determine the size of scallops left on the
surface [50]. Figure 5.2 represents scallops left after machining a plane by a ball-end cutter.
In five-axis machining, controlling scallop height is an important factor because a small
scallop height significantly reduces the time for manual grinding and polishing in the

benchwork stage.
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Figure 5.2: Scallops left after machining by a ball nose cutter.

5.3 Implementation of tool path generation

There is no new algorithm for generating tool paths developed in this research. To evaluate
the efficiency of surface partitioning in term of machining time, in comparison with the
traditional method in which the whole surface is machined by one cutter, the iso-scallop
method is utilized. Currently, scallop height control, that can provide a constant surface
finish, is available in commercial softwares such as Pro/Engineer®, EdgeCAM®,
Turbocam®, SurfCAM®, VISI CAM®, FeatureCAM®),... In some softwares, the term
“cusp height” is used instead of the term “scallop height”, for example EdgeCAM® ans
GibbCAM®. In our research, Pro/Engineer® is used to generate the tool paths for each
separate region. In Pro/Engineer®, parameter SCALLOP_HGT is used to control tool step

by specifying the maximum allowable scallop for surface milling [52].

In the research, for comparison purpose, the machining time of several surfaces are
tested. The design surfaces are machined by two ways with the same scallop height value.
The first one is that the entire surface is machined by only one cutter and the last one is that
the partitioned surface is machined patch by patch by different cutters. And of course, some
other machining parameters are also identical for the two ways (refer chapter 6 for more

information).
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5.4 Summary

In this chapter, a short introduction of tool path generation methods is presented. The iso-
scallop method is used for generating the tool paths of the design surface. In order to
compare the machining time between the proposed method and the traditional one, the
design surfaces are milled with the same scallop height value. The parameter

SCALLOP_HGT in Pro/Engineer® is used for this purpose.

43



Chapter 6
APPLICATIONS

The main objective of this chapter is to illustrate the applications of the proposed
methodologies that are presented in the previous chapters. In this chapter, three different
examples are given to demonstrate the implementation of the proposed method on free-form
surface machining. In each example, four important tasks including surface partitioning,
defining the region boundaries, generating the tool paths for each region and machining
simulation the operation for the whole surface are presented. The results of comparisons in
terms of machining time between the proposed method (with surface partitioning) and the
traditional method (without surface partitioning) are also represented. Besides, for
understanding purpose, some explanations about the Matlab® function and script files, building
CAD models of free-form surfaces are expressed before illustrating the application. In order to
confirm that the proposed method is valid in practice, some machining experiments were
conducted on the multi-tasking machine Mazak® Integrex [V-100. The experiment results

are also shown in the last portion of the chapter.

6.1 Matlab® function and script files

In chis study, a Matlab® program that consists of and some function and script files were
written and developed. The M-script file executes the two main tasks of surface
partitioning and finding the boundaries of all regions. The M-function files are utilized to
support for the M-script file. The following are some characteristics and applications of

these Matlab® function and script files,

6.1.1 The M-script file

The inputs of the M-script file are the coordinates of the points of the control net and knot
vectors that define the B-spline surface used for surface partitioning. The following are

some important outputs of this file:
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1) 3D coordinates of points on the design surface,

2) 3D coordinates of points of different regions on the design surface,
3) 3D coordinates of points on the boundaries of the regions,

4) Maximum values of the principal curvatures of each region,

5) Figure of the design surface with highlighted points on the boundaries of

regions.

The 3D grid points on the design surface are used to create the datum curves of the
surface and to form a set of points for surface partitioning. To create the datum curves (see
Section 6.2.1), a very limited points are used, while a numerous of points are required to
accurately partition surface into regions. The higher the density of the grid points, the more
accurately the partitioned regions. Therefore, it is better to choose two different values of
the grid distance on the surface. For this purpose, first the M-script file should be man with a
small value of the grid distance to get the 3D points for creating the datum curves of the B-
spline surface. Last, a large one is applied to get a dense 3D grid points for surface

partitioning.

6.1.2 The M-function file for calculating the geometric parameters of
the surface

This function file is used 0 compute some geometric parameters of the design surface.
These parameters are used for the surface partitioning procedure and some other purposes.

The following are computations that have to be done in this function file:

1) Computation of unit normal vectors at every point on the design surface, based
on Equation (2.15): unit normal vectors are used to calculate the fundamental
magnitudes (L, M and N) of the second order, which then in curn are used to

compute Gaussian and mean curvatures.

2) Computation of Gaussian curvatures at every point, based on Equations (2.17) —
(2.20),

3) Computation of mean curvatures at every point, based on Equations (2.17) —
(2.19), (2.21): Gaussian and mean curvatures are used to group points on the

surface into regions.
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4) Computation of principal curvatures at every point, based on Equations (2.20) —
(2.23): principal curvatures are used to define the maximum diameter of the

cutters to machine regions.

In this function file, the 3D coordinates x, y and z of the points on the surface are
the input parameters. The output parameters of the function file are unit normal vector ns,

K, H, Kuax, and K.

6.1.3 Other M-function files

In order to create B-spline surfaces in the main M-file (the M-script file), some supporting
function files were also written. They are function files for determining the B-spline basis
functions, knot vector, etc... To get the points on the boundaries of the regions, an M-

function file named boundaries [11] is also required.

6.2 Building CAD models of freeform surfaces

6.2.1 ibl file format

Because Pro/Engineer® Wildfire® does not support to directly create B-spline surfaces
from their control points, so that a replacement technique is required. In our research, ibl
files (files with the extension .ibl) are used in the procedure of creating B-spline surfaces
from imported datum curves. In fact, the datum curves are created in form of an ibl file and
this file is then imported into Pro/Engineer® (o create a B-spline surface. It should be noted
that the datum curve is a spline created from more than two points [52] and the B-spline

surface to be created goes through these curves.

Basically, ibl files can be created in the VB6.0 or C++ Builder program. However,
they can also be created by Notepad or WordPad applications. An ibl file is a text file that
contains geometry defined by 3D points. The structure of the ibl file format that has 9
curves is as follows

Open  Arclength

Begin section ! 1
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Begin curve ! 1

Points list
Begin section ! 2

Begin curve ! 2

Points list

Begin section ! 9
Begin curve ! 9
Points list

In the ibl file format, there is a list of points for each curve. These points are
represented by x, y and z coordinates. Actually, they are datum points which
Pro/Engineer® will fit splines. The points for creating the curves in the ibl file can be
received by sampling points on the design surface in Matlab®. Figure 6.1 shows the
structure of a curve through 10 points in the ibl file format.

Begin section ! 1

Begin curve !'1

1 -37.3 -37.5 -3.125

2 -32.14285714 g 7 -4.320790816

3 -26.78571429 -37.5 -5.229591837

4 -21.42857143 -37.5 -5.8514030061

5 -16.07142857 -37.5 -6.18622449

6 -10.71428571 -37.5 -6.25

7 -5.357142857 -37.5 -6.25

8 0 3 -6.25

9 5.357142857 -37.5 -6.25

10 10.71428571 35 -6.25

___________ -y oz
coordinates coordinates coordinates
Point numbers

Figure 6.1: The structure of a curve in the ibl file format.
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6.2.2 Building CAD models of free-form surfaces in Pro/Engineer®
Wildfire®

In order to create the CAD model of a free-form surface in Pro/Engineer® Wildfire®,
first an ibl file should be performed. Once having the ibl file, the following procedure

can be used to import a surface from an ibl file:
1. Choose Insert > Advanced > Blend from file > Surface,

2. Select the coordinate system that curves will refer to. Normally, the default

coordinate system PRT_CSYS_DEF is chosen,
3. Choose the file name (with the extension .1bl),
4. Choose the direction of adding material.

As mentioned earlier, it is better to split the design surface into regions in the CAD
stage. The result is that in the CAM stage users can choose region by region to generate the
tool paths. For the splitting purpose, the boundary curves of partitioned regions are
required. These 3D curves can be created from the boundary points which their coordinates

are obtained from the calculating results in Matlab®,

To create a 3D curve through datum points, the Offset Coordinate System Datum
Point Tool can be used. In this tool, the coordinates of the points should be stored in files
with the extension .pts and they are imported form the Import tab in the Offset CSys Datum
Point window as in Figure 6.2. The coordinate system and its type are also necessary when
using this tool. An example of creating 3D curve through datum points, using the Offset
Coordinate System Datum Point Tool is illustrated in Figure 6.2, The Insert a Datum Curve

tool can be used to get a spline curve through points.

The Surface Trim (ool in the Style tool can be used to divide the design surface
into regions, In this case, the 3D curve mentioned in the paragraph above is an important
factor for trimming. Figure 6.3 shows an example of timming the convex region of the

surface illustrated in Figure 6.2.
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Figure 6.3: An example of trimming a region on a surface.
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6.3 Applications and discussion

6.3.1 Overview

A number of examples have been implemented in our research. At first, some simple cases

were conducted for easy implementation and checking the developed algorithms. In these

cases, we have chosen the B-spline surfaces which have only two or three regions. After

having confirmed that all algorithms worked well based on those simple cases, some

complicated cases were carried out. The latter is to aim to improve that the proposed

method can be available for many different applications. The implementation procedure is

performed as shown in Figure 6.4 below.

[ B-=plinemath. mod& ]

i

- Set of points for ikl file
- Set of points on
boundaries of regions

Data for CAD

Criginal surisce

Partitioned surface

CAD stage

N

Tool paths for entire surface

iyt

CONSTRAINS
- Cutting speed: identically
- Feed per tooth: identically
- Scallop height: idenfically

13
&7 )
Tool paths for esch region

CAM stage

Comparsion of
machining time

Figure 6.4: Flow chart of the implementation.

The first stage in the implementation procedure is to create the data for the CAD

stage. This stage is mainly done in Matlab®. According to the calculating results from
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Matlab®, the following data is useful for further work:
1} Number of regions,
2} Coordinates of the points on the boundaries,
3) Values of maximum curvamres on regions,

From these data, the B-spline surface and its regions can be easily created in Pro/Engineer

as described in Section 6.2,

For determining the tool axis orientation, lead and tilt angles can be applied. Here,
the cutter axis always establishes a fixed inclination angle with respect to the surface
normal. In other words, the surface normal vector is used as the reference for tool axis
definition. However, in the cases that the suitable lead and tilt angles for tool positioning
can not be found, a variable inclination angle of the tool with respect to the surface normal
should be used. In Pro/Engineer®, the parameter [GNORE_SURF_NORMS should be
chosen to compute the (ool axis definition without respect to the surface normal, instead of
the parameter USE_SURF_NORMS (the default) [52].

Machining time is an important criterion. Therefore, it should be compared between the
proposed method and the raditional one for machining a given surface, In this study, the
operation for machining a given surface is performed in two passes, i.e. rough and finish.
To compare the machining time of the finish pass between the proposed method and the
conventional method, some constrains should be applied for both methods when generating
the gouge-free tool paths. More concretely, the machining strategy and machining conditions
for the two methods should be similar. Regardless of machining by any tool, the values of the

following parameters for finishing should be the same:
1} Cutting speed,
2) Feed rate per tooth,
3) Stock lefc after rough machining, and
4) Scallop height.

In order to get the machining time of the operation for each application, the NC program
was generated by a post processor of the 5-axis CNC Shoda Router. This post processor is

available inside Pro/Manufacturing®.
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In the next subsections, three typical cases are presented. Two of them were

experimented to validate the implementation.

6.3.2 Application 1

Assume a B-spline surface defined by 5 X 5 control net as in Table 1. The uniform knot
vector in both parametric directions is [0 1 2 3 4 5 6 7]. This surface can be constructed in

Matlab® as shown in Figure 6.5. In this Figure, the points on the boundary are highlighted.

Table 1: Control net of a B-spline surface

(-40,-40,0) | (-20,-40,0) [ (0,-40,0) | (20,-40,0) | (40,-40,0)
(-40,-20,0) | (-20,-20,0) [ (0,-20,0) | (20,-20,0) | (40,-20,0)
(-40,0,0) | (-20,0,0) | (0,0,-30) (20,0,0) (40.0,0)
(-40,20,0) | (-20,20,0) | (0,20,-40) [ (20,20,0) | (40,20,0)
(-40,40,0) | (-20,40,0) | (0,40,-20) [ 20,40,0) 40,40,0)

40

-40

Figure 6.5: Illustration of a freeform surface in Matlab® (application 1).
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The calculating results from Matlab® shows that there are only two regions on this
surface: one concave region and one saddle region. The maximum curvatures on the
concave and saddle regions are 0.1830 mm™ and 0.0840 mm'', respectively. As a
consequence, there is only one boundary required to split the design surface into regions.
And if ball-end cutters are used, to avoid local gouging, their radius must be smaller than

5.465 mm and 11.903 mm 0 machine the concave and saddle regions, respectively.

The CAD model of the design surface and the boundary between the two regions
created in Pro/Engineer® are illustrated in Figure 6.6, The partitioned surface with its two

regions is shown in Figure 6.7.

In this application, the machining strategy for the partitioned surface can be as

follow
1} Roughing cutin 3-axis mode by a two-flute flat-end mill of 10 mm in diameter,

2} Finishing cut in 5-axis mode for the saddle region by a four-flute ball-end cutter

of 200 mm in diameter,

3) Finishing cut in 3-axis mode for the concave region by a two-flute ball-end

cutter of 10 mm in diameter,

Assuming that the workpiece made from wrought medium-carbon alloy steels (275 - 325
HB), and carbide tools are used. The machining parameters for the first application are
given in Table 2. These parameters are also used for the traditional method to machine the

design surface with a two-flute ball-end cutter of 10 mm in diameter.

It must be noted that Pro/Engineer® can use parameters SCALLOP_HGT and
STEP_OVER [52] to control the scallop height and the step-over distance of the (ool
respectively in the same sequence. In this case, the system will automatically calculate the
scallop height which will be generated by the STEP_OVER and then compares that value
to that of SCALLOP_HGT. The system will use the lesser of the two [52]. Hence, in Table
2, the width of cut is chosen by a rather big value so that the system will choose the value

of the scallop height parameter.
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Table 2: Machining parameters for 1 application

Parameter Rough Finish
Cutting speed (m/min) 35 50
Feed (mm/rev/tooth) 0.2 0.1
Scallop height (mm) - 0.02
Left stock (mm) 0.5 0
Depth of cut (mm) 3 0.5
Width of cut (mm) 3 tool radius

Boundary

Figure 6.6: Original surface with the boundary between two regions.

(a) (b)

Figure 6.7: Partitioned regions (application 1): (a) saddle region and (b) concave region
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The tool paths for each region on the design surface can be created with different
strategies. In this example, the Sturz angle method is not available because the global
gouging will occur on the saddle region. Figures 6.8 below shows an example the tool
paths generated for each region under the condition that the cutter axis always goes through
a fixed straight line over the stock. Figure 6.9 illustrates the results of the machining

simulation of the surface after the finishing cut for the two regions.

(b)

Figure 6.8 Example of tool paths for partitioned regions (application 1):
(a) tool paths for saddle region, and (b) tool paths for concave region.
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(a)

(b)

Figure 6.9: Machining simulation (application 1): (a) after the finishing cut for the
saddle region and (b) after the finishing cut for the concave region.
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Table 3 presents the results about the machining time and tool path length for the
finishing cut estimated by Pro/Engineer®. It is easy to make a simple comparison between
the two methods. It can be seen that the proposed method has much shorter time in
machining. The tool path length for finishing of the proposed method approximately equals
85% to that of the traditional method. This reduction leads to a saving up to nearly 20% of
the machining time for finishing cut of the proposed method, compared to that of the
traditional method. Itis a very impressive number. Hence, in this case, it can be said that

the proposed method is really effective in term of machining time.

Table 3: Estimated machining time and tool path length comparison (application 1)

Method Tool path length Estimated machining time
{mm) (min)
Traditional method 516.25 21.29
(un-partitioned surface) (100%) (100%)
Proposed method 441.84 17.06
(partitioned surface) (85.5%) (80.1%)

The application above is a very simple case. From this application, it can be
realized that the proposed method can be successfully implemented to partition a simple
surface into regions and each region can be separately machined by different cutting tools.
However, some other complicated cases should be carried out for a more comprehensive

view. In the next subsections are some typical ones that we have done in the research.

6.3.3 Application 2

Table 4 presents the 7 X 7 control net of a B-spline surface with the uniform knot vectors [0
123456789]in uand v directions. The shape of the surface and the boundaries of
regions (in form of highlighted points) on the surface created in Matlab® are shown in
Figure 6.10. In this example, the surface is partitioned into six regions by four boundaries

as illustrated in Figure 6.11.
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In comparison with the previous one, this application is much more complicated.
Here, the design surface can be partitioned into six regions by four boundaries as shown in
Figure 6.10. The CAD model of the design surface with its regions created in
Pro/Engineer® is illustrated in Figure 6.11. The values of the maximum curvature of the
concave and saddle regions are givenin Table 5. From these values, the probable maximum

radius of the ball-end cutter used to mill each region is also calculated, as shown in Table 5.

Table 4: Control net of a B-spline surface for application 3

(0,0, 10)
(15,0,30)
(30,0,40)
(50.,0,45)
(70.0,40)
(85.0,30)
(100,0,5)

(0,15,30)
(15,15,0)
(30,15,60)
(50,15,60)
(70,15,60)
(85,15,50)

(100,15,15)

(0,30,40)
(15,30,50)
(30,30,70)
(50,30,70)
(70,30,70)
(85.30.40)

(100,30,30)

(0,50,50)
(15,50,60)
(30,50,70)
(50,50,75)
(70,50,70)
(85.50,10)

(100,50,20)

(0,70,40)
(15,70,50)
(30,70,70)
(50,70,70)
(70,70,70)
(85,70,40)

(100,70,30

(0,85,30)
(15,85,0)
(30,85,60)
(50,85,60)
(70,85,60)
(85,85,50)

(100,85,15)

(0,100,10)
(15,100,30)
(30,100,40)
(50,100,45)
(70,100,40)
(85,100,30)

(100,100,5)

100

Figure 6.10: Illustration of a freeform surface in Matlab® (application 2).
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Table 5: Maximum curvatures Ky, of regions and probable maximum radii Ry, of the

ball-end cutter used to mill these regions

Region Knax, mm™ Rppax , mm
1, 2 0.2229 4.486
3 0.2113 4.733
4 0.1010 9.901
5 0.1054 9.488

Figure 6.11: Partitioned surface (application2)

1, 2 & 3- concave regions; 4 & 5- saddle regions; 6- convex region.

There are three concave regions on the surface. According to the maximum
curvatures measured on the concave regions, they can be only milled by ball-end cutter of 8
mm in diameter or smaller for local gouging avoidance. Meanwhile, the other regions can
be milled by much bigger ball-end or flat-end cutters. The machining strategy for this

surface can be as follow:
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1} Roughing cut in 3-axis mode by a 2-flute flat-end mill of 12 mm in diameter,

2) Finishing cut in 5-axis mode for the convex region by a 4-flute ball-end cutter

of 25 mm in diameter,

3) Finishing cut in 5-axis mode for the two saddle regions by a 2-flute ball-end

cutter of 18 mm in diameter,

4) Finishing cut in 5-axis mode for the three concave regions by a 2-flute ball-end

cutter of 6 mm in diameter,

Assume that the workpiece and tool materials are the same as those in application 1. The
machining parameters for the second application are similar to those given in Table 2.
These parameters are also used for the case of the un-partitioned surface which is milled by
a 6 mm 2-flute ball-end cutter. For determining the tool orientation when machining each

region, the values of the lead and tilt angle are shown in Table 6.

Table 6: Lead and tilt angles for each region

Region Lead angle (deg) Tilt angle (deg)
1 -5 -5
2 5 5
3.45&6 7 0

Figures 6.12 shows an example of the (ool paths generated for each region. The
machining time estimation and the tool path length of this application are illustrated in
Table 7.

With the machining parameters and the tool path strategy above, the tool path
length of the proposed method is much shorter (only 649%) compared to the tool path length
of the traditional method. However, there is an increase in the finishing time of the
proposed method. It takes 50.03 minutes for tinishing by the proposed method. Meanwhile,
it takes 41.21 minutes for the finishing cut by the traditional method. It means the
machining time of the proposed method is about 19% longer than that of the traditional
method. This is because when using the big cutters the revolution of the tools and their feed

rates become (0o small to maintain constant cutting speeds as applied for the small ones.
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Table 7: Estimated machining time and tool path length comparison (application 2)

Method Tool path length Estimated machining time
{mm) (min)
Traditional method 2000.99 42.21
(un-partitioned surface) (100%) (100%)
Proposed method 1282.50 50.03
(partitioned surface) (64.1%) (118.5%)

Obviously that the strategy above gives a negative effect on machining time.

Therefore it is not good to apply that strategy for the proposed method. There are some

strategies that can be applied to get a shorter time for machining the surface above. The

following are two possibilities.

a)

b)

The strategy above is also used but the convex region is now milled by a 2-flute
flat-end cutter of 10} mm in diameter. In this case the tool path length and the
estimated machining time of the finishing cut are 968.77 mm and 39.42
minutes, respectively. The finishing time of this strategy is about 7% shorter

than that of the traditional method.,

The surface is partitioned into 4 regions. It consists of 3 concave regions and
the last. Here, there is a combination of two saddle regions 4, 5 and convex 6
(Figure 6. 11) into one region. The combined region is milled by an 8§ mm 2-
flute flac-end cucter, The ool path created for this region is illustrated in Figure
6.13. The result of the machining simulation for the whole surface is illustrated
in Figure 6.14. The machining time estimation and the tool path length of this

option are illustrated in Table &.

From Table 8, it can be seen that this option can lead to a big reduction of

machining time. The simulation result shows that the tool path length of the proposed

method for finishing cut equals about 40% to that of the traditional method. This yields to a

big saving up to 34% in finishing time compared to the traditional method. The proposed

method takes only 27,68 minutes for finishing cut while the traditional method needs 42.21

minutes to finish the whole surface. Hence, it can be said that with this machining strategy

the proposed method is much better than the traditional method in terms of machining time.
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Table 8: Estimated machining time and tool path length comparison (recommended
strategy, application 2)

Method Tool path length Estimated machining time
(mm) (min)
Traditional method 2000.99 42.21
(un-partitioned surface) (100%) (100%)
Proposed method 75921 27.68
(recommended strategy) (40%) (65.6%)

Figure 6.14: Machining simulation (application 2).
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6.3.4 Application 3

In this application, the proposed method is applied on a B-spline surface whose control net
is given in Table 9 and the uniform knot vectors are [0 1 234 5 6 7] in u direction and [0 1
2345 6]in v direction. Figure 6.15 shows the Matlab® constructed surface of the design
surface. This surface is divided into six regions: one convex region, three saddle region and
two concave regions. The CAD model of the design surface with its regions created in

Pro/Engineer® is represented in Figure 6.16.

Table 9: Control net of a B-spline surface for application 3

(0,0,0) (0,25,25) (0,50,25) (0,75,0)
(20,0,0) (20,25,50) | (20, 50,25) | (20,75,50)
(40,0,0) (40,25,75) | (40,50,50) | (40,75,75)
(60,0,0) (60,25,50) | (60,50,25) | (60,75,50)
(80,0,0) (80,25,25) | (80,50,25) (80,75,0)

B T
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R
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Figure 6.15: Ilustration of a freeform surface in Matlab (application 3).
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Figure 6.16: Partitioned surface (application 3).

1- convex region, 2 & 3- saddle region; 4- concave region;

Table 10 below shows the values of the maximum curvatures of the concave and
saddle regions on the surface. If ball-end cutters are used to machine these regions, the
cutter radii can be chosen by referring their probable maximum radii which are calculated

from the maximum curvatures, as shown in Table 10.

Table 10: Maximum curvatures Ky, of regions and probable maximum radii Ry, of the

ball-end cutter used to mill regions

Region K nax, Mmm-™ Rpax , mm
2 0.0181 55.248
3 0.0808 12.376
4 0.0537 18.622

It is impractical that a 110 mm ball-end cutter is used to mill saddle regions 2.
Hence, a flat end mill may be a better choice to machine these regions. This tool is also
used to machine the convex region. The machining strategy for this surface can be as

follow
1) Roughing cut in 3-axis mode by a flat-end mill of 10 mm in diameter,

2) Finishing cut in 5-axis mode for saddle region 3 by a 4-flute ball-end cutter of

24 mm in diameter,

65



3) Finishing cut in 5-axis mode for the two concave regions by a 4-flute ball-end

cutter of 35 mm in diameter,

4) Finishing cut in 5-axis mode for the convex region and saddle regions 2 by a 2-

flute end mill of 10 mm in diameter.

Assume that the workpiece and tool materials are the same as those in application 1. The
machining parameters of the finishing cut for this application are given in Table 2. The tool
postures are defined by the lead and tilt angle which are 5 degrees and 0 degree,
respectively. Figure 6.17 shows an example of the (ool paths generated for each region. The

machining simulation of the operation for this application is presented in Figure 6.18,

Like other applications, the original surface is also planned to machine with the
same strategy and parameters by a 4-flute ball-end cutter of 24 mm in diameter. The
machining time for this surface is then compared to that of the partitioned one, as shown in

Table 11.

Table 11: Estimated machining time and tool path length comparison (application 3)

Method Tool path length Estimated machining time
{mm) (min)
Traditional method 430.78 17.07
(un-partitioned surface) (100%) (100%)
Proposed method 303.66 15.63
(partitioned surface) (70.5%) (91.5%)

From Table 11, it can be seen that, in this application, the proposed method also has
an advantage in terms of machining time. This is because in the finishing stage the tool
path length of the proposed method is 29.5% shorter than that of the traditional method.
And the result is that it takes 15.63 minutes for finishing region by region of the surface.
While, if the whole surface is machined by a ball-end cutter of 24 mm in diameter, the

machining time is 17.067 minutes, about 9% longer than the former.
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Figure 6.17: Tool paths for each region (application 3).
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Figure 6.18: Machining simulation (application 3).

According to the distribution of regions 1 and 2 (Figure 6.16), it is not necessary to
machine them separately. These regions can be jointed and machined by the same tool as
presented above. Because the maximum curvatures of region 3 and 4 (Figure 6.16) are
quite high and the difference between them is not much, these regions can also be
combined into one. This combined region can be milled by a 24mm 4-flute ball-end cutter.

The tool paths for these two large regions are shown in Figure 6.19.

il

Figure 6.19: Tool paths for the two combined regions.
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The calculation result shows that the tool path length for the two combined regions
i8 305.19 mm and the estimated machining time is about 13.20 minutes. It means by
dividing the design surface into 2 regions, the machining time reduces up to 23%,

compared to the conventional method.

The three applications above and many other cases as well in our research show that
in particular situations the machining time can considerably reduce if the freeform surfaces
are partitioned in to convex, concave and saddle regions. This is a great potential for
machining that kind of surfaces. However, it is realised that sometimes the design surface
should not be divided into regions which it has in nature. A smaller number of regions can

be a better choice of to get a higher machining efficiency.

6.4 Experiments

The three examples above are typical cases that we have done in the research, From these
examples, it can be stated that all algorithms presented in the previous chapters have been
verified and the proposed method has been successfully implemented in theory. The
implementations above, including surface partitioning, tool path generation, simulation and
post processing, are conducted within the Pro/Engineer environment. In order to validate
the implementation in practice, some experiments are required. The followings are two
samples machined on the Integrex 100-IV, one of a series of multi-tasking machines from

Mazak® Corporation. The materials of the workpieces are made from artificial wood.

6.4.1 Experiment 1

Figure 6.20 shows the result of the machining sequences of the surface mentioned in
application 1. In this test, the rough cut was done by a 10 mm end mill. The concave and
saddle regions were milled by 6 mm and 12 mm ball end cutters, respectively. These tools
are available in the CNC laboratory of the department. The scallop height on the surface

was set to 0,02 mm.
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(a) (b)

)

Figure 6.20: Machining sequences of the surface (application 1): (a) part after the

roughing cut; (b) part after the finishing cut for the saddle region; (c) final part

6.4.2 Experiment 2

In Figure 6.21 are the results of the machining sequences of the surface in application 2. In
this test, the rough cut was done by a 10 mm end mill. The finishing cut for convex,
concave and saddle regions was done by a 12 mm ball-end cutter. To see regions easily, the
tool paths for each region were planed in different directions from the neighbour ones. The

scallop height on the surface was set to 0.05 mm.
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(a) (b)

(c) (d)

(e)

Figure 6.21: Machining sequences of the surface (application 2):

(a) part after the rough cut; (b), (c) & (d) part after some sequences; (e) final part.

In the two tests above the appropriate tools were not used. This was because at that
moment other suitable tools were not available at the laboratory. The fact that the tests did
not use the same tools and machining parameters, which illustrated in Section 6.3, does not
affect the validation of the implementation in practice. The test results still show that the

proposed method has been successfully implemented.
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6.5 Summary

In this chapter, some useful information about Matlab® function and files, building CAD
models of partitioned free-form surfaces is given. The implementations, including surface
partitioning, tool path generation, simulation and post processing, are successfully carried
out for three different cases of B-spline surfaces. To evaluate the proposed method in terms
of machining time, compared to the traditional method, some comparisons have been
executed inside the Pro/Engineer environment. Besides, two experiments are also presented
to show that the proposed method can be performed in practice. These experiments were

done with success on a 5-axis CNC machine.,
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Chapter 7
CONCLUSIONS

This chapter summarizes the research conducted in this dissertation. Some conclusions of the
dissertation are also given. In addition, some synoptic contributions achieved from the

research and some recommendations for future work are provided, too.

7.1 Summary and conclusions

Free-form surfaces are widely used in a variety of products in industry. The free-form
surface machining process is time-consuming and expensive. Therefore, a reliable and
practical machining method that can significantly reduce the machining time may be very
useful for applications in industry. In this research, the proposed method in which the free-
form surface can be machined region by region with different tools has accomplished this

goal.

In the research, the algorithms for surface partitioning and defining the boundaries
of regions were developed and implemented successfully. Based on the surface curvatures,
a free-form surface can be partitioned into regions whose shapes are convex, concave or
saddle. The boundaries of these regions are defined as well. Therefore, the entire surface
can be finished separately by several sequences with different tools. The concave and
saddle regions can be milled by a small (ool and a bigger tool can be applied for the last
regions. Compared to the traditional method, the proposed method can considerably

decrease the machining time for the finishing cut.

Although there are only few experiments done, but from the test results, it can be
stated that the proposed method has been verified successfully. The proposed method can
be applied in practice. Like other methodologies, machining free-form surfaces based on

partitioning has advantages and disadvantages.
The main advantages of the proposed method are listed below:

1) The approach is practical and it is easy to perform with the support of some

popular commercial softwares such as Matlab® and Pro/Engineer®.
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2) The machining time can be reduced significantly because the larger cutting
tools can be used instead of the small ones to machine the regions on the
surface, especially the convex and saddle regions. It means that the

machining efficiency can be improved considerably.

3) The surface quality can be improved. This is because the scallop heigh left
on the surface by the big cutting tools is smaller than that of produced by the

small ones.

4) It is easy to create gouge-free tool paths for regions where the Sturz angle

method cannot be applied.
Some main drawbacks of the dissertation can be enumerated as follows:

1) B-spline surfaces were used as examples to illustrate the proposed method,
while other kinds of free-form surfaces such as Bézier surface and NURBS

surface are not accepted for the Matlab® program developed for this study.

2) To get ahigh accuracy of the boundaries, the density of the grid points on the
design surface should be high. This can cause a long calculation time in
Matlab® when large surfaces are involved. It is due to the fact that the
algorithms work on the discrete points to calculate the surface properties and
so forth.

3) The method for determining the tool orientation when generating the tool

paths is tedious and time-consuming in most cases.

7.2 Contributions

This dissertation proposed and developed a new method that allows to machine free-form
surfaces based on surface partitioning. In this method, the free-form surface for the CAM
programming is a partitioned surface with separate regions. This provides CAD/CAM
users the flexibility in choosing the most suitable tool to machine each region. Moreover,
the gouge-free tool paths for regions are also easy to achieve. As presented in the
dissertation, this method is practical and very workable, and can be applied in industry.

This is the primary contribution of the dissertation.
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Another important contribution is that the dissertation brought out an effective
method for surface partitioning. This method is based on the surface curvatures to divide
the free-form surfaces into regions, and uses chain code technique to determine the
boundaries of the regions on the surface. Thanks to this combination, it is easy to conduct
the task of surface partitioning. The applications in the dissertation show that this method is

robust and efficient,

Last but not least, a Matlab® program was developed to fulfill the calculation tasks
in the research such as surface partitioning, finding the boundaries of regions on the free-
form surfaces, and so forth. Some output parameters of the program are the coordinates of
3D points on the surface to be partitioned and on the boundaries. These output parameters
can be easily exported into Excel® and then they can be used as important inputs for CAD

purposes in most CAD/CAM softwares.

7.3 Future work

Although this dissertation makes some useful contributions to the field of free-form surface
machining, it is necessary to carry out some more work to improve the dissertation. As
listed above, the dissertation has some drawbacks that need to be overcome. Besides, the
proposed method may be developed to a higher level for an ease of use (to end users). The

following are some recommendations for future work.

1) Adding some other kinds of free-form surfaces such as Bézier and NURBS

surfaces:

At present, all applications in the research are implemented for B-spline
surfaces. In practice, Bézier and NURBS surfaces are also very popular in
definition of free-form surfaces. Therefore, it is necessary to expand the abilicy
of the program to diversify applications. This work can be easily carried out by
developing the M-function files for creating those kinds of surfaces. These

function files will support the written Matlab® program.
2) Developing an active method for determining the Sturz angle for each region:

An algorithm for global gouging detection and correction can be proposed and
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3)

should be implemented in the early stage. This algorithm will be used to detect
the interference between the cutter and the design surface when the tool is
machining the concave and saddle regions. Some information from surface
partitioning stage can be used for gouging detection. The result of the algorithm
will be the value of the Sturz angle that defines the tool posture without
gouging. From the value of the Sturz angle of each region, the lead and tilt
angles can be defined and they are used as some important input parameters in

the CAM stage.
Developing a plug-in integrated in some CAD/CAM packages

For the CAD/CAM packages that allow implementation of algorithms and
macro-programming works, the application of the proposed surface partitioning
method would be useful, and can be customized by the end-user for the specific
computer aided process planning tasks. The surface partitioning plug-in could
therefore be developed and integrated into commercially available packages. In

this case, some languages such as C and C++ may be used for programming.
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APPENDIX

Appendix 1: Some M-function and script files

function Ni = BasisFunction(ik,t,xknot)

% This function calculates the basic functions of B-spline surfaces
NiL. = N_Left(i.k,t.xknot);

NiR = N_Right(i k,t.xknot});

Ni = max(NiL,NiR};

%Go from the left
function N1 = N_Left(i k,t,xknot)
if (k==1)
if (xknot(i)y<=t} & (t<xknot(i+1)}
Nl=1;
else
Nl=0;
end
return;
end

if (xknot(i+k-1)~=xknot{i))
N1 = (t-xknot(i}). *N_Left(i.k-1,t,xknot)/(xknot(i+k- 1)-xknot(i));
else
N1 =0,
end
if (xknot(i+k)~=xknot(i+1))
N2 = (xknot(i+k)-t}. *N_Left(i+1,k-1t,xknot}/(xknot(i+k)-xknot(i+1));
else
N2=0,
end
Nl =NI1+N2;

%Go from the right
function Nr = N_Right(i.k,t.xknot)
if (k==1)

if (xknot(1)<t) & (t<=xknot(i+1))

Nr=1;
else
Nr=10;

end

reurn;
end
if (xknot(i+k-1)~=xknot(i))

N1 = (t-xknot(i}).*N_Right(1,k-1.t,xknot)/(xknot(i+k- 1 )-xknot(i}};
else

Nl =0,
end
if (xknot(i+k)~=xknot(i+1))

N2 = (xknot(1+k}-t}). *N_Right(i+1 k-1t xknotW( xknot(i+k)-xknot(i+1));
else

N2 =0,
end
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Nr=NI1+N2;
function xi = KnotOpenUniform(k,N)
% This function calculates the knot vector

xi(1:k)y=10;
for i=k+1:N

Xi(i) = (i-k)AN-k+1);
end

Xi(N+1:N+k) = 1;
function MN = MatrixBasisFunction(knot,N,xknot,t)
% This function create the matrix of the basic function
for i = L:lengthit)

for j=1:N

MN{i,j} = BasisFunction(j knot,t{i},xknot);

end

end

oooooooooooooooooooooooooooooooooo

function @ = B_Spline(Bij,Nxi,Myj}
%% This is the main function to create the B-spline surface
nx = size(Nxi,1);
ny = size(Myj.1};
Q = zeros(nx,ny,3});
for ix=1:nx
for iy=L:ny
for 1=1:s1ze(Nxi,2)
for j=1:size(Myj,2)
Qix,iy,:} = Qix,iy, +Nxi(ix, iy*Bij(1,),. ) *Myj(iy j);
end
end
end
end

function [K,H,Kmax,Kmin,nx,ny,nz] = surfaceproperties(X.,Y,7)

% This function calculates Gaussian curvature (K), mean curvature (H), principle

% curvatures {Kmax, Kmin}, unit normal vectors (n} and their components (nx, ny, nz)
% at every grid point on a free-form surface.

% X, Y and Z are 2D array of points on the surface.

% Calculate the first derivatives
[Xu,Xv] = gradient(X);
[Yu,Yv] = gradient(Y);
[Zn,Zv] = gradient(Z);

% Calculate the second derivatives
[Xuu,Xuv] = gradient(Xu);
[Yuu,Yuv] = gradient{Yu);
[Zuu,Zuv] = gradient(Zu);
[Xuv,Xvv] = gradient(Xv);
[Yuv,Yvv] = gradient(Yv),
[Zuv.Zvv] = gradient(Zv);

% Reshape 2D arrays into vectors
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Xu =Xu(:); Yu =Yu(x); Zu =Zu();
Xy =Xv(); Yv =Yv(1), Zv =Zv();
Xuu =Xuu(:y; Yuu=Yuu(:)y, Zuu=Zuui);
Xuv=Xuv(:), Yuv=Yuv(: Zuv=Zuv(:)
Xvv=Xvv(:l; Yvww=Yw(i); Zvv=2Zvv()

Xu = [XuYuZul;
Xv = [XvYvZv];
Xuu = [Xuu Yum Zuy];
Xuv = [Xuv Yuv Zuv];
Xvv = [Xvv Yvv Zvv];

% Calculate the fundamental magnitudes of the tirst order

E = dotiXuXu?2);
F = dot(Xu,Xv,2),
G = dot(Xv,Xv]2);

% Calculate the unit normal vectors and thier components

m = cross(XuXv,2)

p = sqrt(dot{m,m,2));
n = m/pppl

nx = ni.l})

nx = reshape(nx,size(X));
ny = n{.2)

ny = reshape(ny,size(X));
nz = nf:;3)

nz = reshape(nzsize(X));

% Calculate the fundamental magnitudes of the second order

L = dotXuun?2);
M = dottXuv,n2):
N = dot(Xvv,n2);

[s.,t] = s1ze(Z);

% Calculate Gaussian curvatures
K={(L.*N - MADHNE.*G - F.A2),
K = reshape(K,s,1);

% Calculate mean curvatures
H=(E.*N + G.*L - 2 *F *M}./(2*(E.*(G - F."2));
H = reshape(H,s,t);

% Calculate principal curvatures
Kmax =H + sqri(H.A2 - K};
Kmin = H - sqrt(H.A2 - K);
function [lcPmax,lcPmin] = MaxMinLocalCurvature(M,gPmax,gPmin)
% This function calculates the critical values of the principal curvatures
Vmax =[];
Vmin = [];
for i = l:size(M,1)
for j = 1:size(M,2)
if (M(i,j)~=0)
Vmax = [Vmax,gPmax(1,j)];
Vmin = [Vmin,gPmin(ij};
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end
end
end

lcPmax = max{Vmax);

lePmin = min{Vmin);

M-script file

% This is the main M-file that executes the surface partitioning tasks

clear all; clc;

% The vertices of the polygonal control net of the B-spline surface to be created (application 1)
Bij(1,1.:) = [-4(.4(.0]; Bij(1.2,)) =[-20.-4{00]; Bij(1,3,:.) = [0.-4{.0]; Bij(1.4,) = [20,-40,0]: Bij(1.5,:) = [40,-40,{}]:
Bij(2.1,7) = [-40,-20.0]: Bij(2.2..) = [-20,-20,0]: Bij(2.3.) = [0,-20,0]: Bij(24..) = [20.-20.0]; Bij(2,5.:) = [40.-20.0];
Bij(3.1,) = [-40,0,0: Bij(3.2.5) = [-20,0.0]:  Bij(3.3.7) = [0,0.-30]; Bij(3.4,) = [20.0.0];  Bij(3.5.:) = [40,0,0]:
Bij(4,1.) = [-4(:.20.0]; Bij(4,2,:) = [-20.2000]; Bijd,3,:) =[(,20,-40]: Biji4,4.) = [20.20.0];, Bijd.5.:) = [40,20,0]:
Bij(5,1.) = [-4(0.40.0]; Bij(5,2,:) = [[20.40.0]; Bij(5,3,:) =[(14d0-20]: Biji5,4.) = [20.40.0);, Bij(5.5.:) = [40,40,0]:
% Calculate the knot vectors of the design surface

kx=3ky=3

Nx = size(Bij,1);

Ny = size(Bij,2);

yknot =[(:Nx+kx-1];
ty = linspace(ky-1.Ny,70);
xknot =[0:Nx+kx-1];
tx = linspace(kx-1,Nx,50);

Nxi = MatrixBasisFunctionikx, Nx,xknot,tx);
Myj = MatrixBasisFunction(ky Ny, yknot.ty);

Qt= B_Spline(Bij,Nxi,Myj);

figure; hold off;
surf(Qt(:,:,1),Qt(:,:,2),0Qt(:,:,3));
xlabel('x'); ylabel('y'); zlabel('z');
x=Qu,L 1) y = QL 2); 2 = QL3

% Create 3 coordinates of points of the grid
Point3D =[];
for i=1:size(x, 1)
for j=1:size(x,2
Point3D = [Point3D; x(i,j),y{i,j),2(i,)];
end
end

% Plot points of the grid
F%oplot3(Point3D(:,1) Point3D(:,2) Point3D{:,3},*");

% Calculate surface properties from M-function "properties’
M = zeros(size(x});
[K.H.Kmax,Kmin nxny,nz] = properties(x,y.z);

surf(x,y.z); hold on; %3-D shaded surface plot
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Index1_3 =[]; %Concave
Index2_4 =[]; %Convex
Index5 =[]; %Saddle

for i = 1:size(K,1)
for j = 1:size(K.,2)

%if (K(i))==0} & (H(ij)==0)
%M(i)) =0;
%Index() = [Index(;i,j];

end

if (K(i,jy>=0) & (H(i,j)>0)
M= 1;
Index1_3 = [Index1_3:i,j];

end

if (K(ij)y>=0) & (H(i,j)<=0)
Mii, ) =2;
Index2_4 = [Index2_4:ij];

end

if (K(1,j)<0) & (H(i,j)~=0
M{i,j) = 5;
Index5 = [Index5;i,j];

end

end
end

%Points of concave regions
if length{Index1_3} ~=1)
P1.3=1;
norml_3 =[];
fori = l:size(Index1_3,1)
P1_3 = [P1_3%;x(Index1_3(1,1}Index1_3(1,21,y(Index1_3(1,1),Index1_3(1,2))....
z(Index1_3(i,1).Index1_3(i,2)}];
norml_3 = [norml_3;nx(Index1_3(i,1),Index1_3(i,2)) ny(Index1_3(i,1),Index1_3{i,2)),...
nz{Index1_3(i,1),Index1_3(i2N];
end
end
%Points of convex regions
if length{Index2_4} ~=1)
P2 4=]]
norn?2_4 =[];
for i = l:size(Index2_4,1)
P2_4 = [P2_4;x(Index2_4(1,1},Index2_4(1,21),v(Index2_4(1,1),Index2_4(1,2)),...
z{Index2_4(i, 1}, Index2_4{i,2)];
norm2_4 = [norm2_4;nx(Index2_4(i,1},Index2_4(i,2)}ny(Index2_4(i,1),Index2_4(1,2)),...
nz{Index2_4(i,1),Index2_4i2N];
end
end
%Points of saddle regions
if length{Index5) ~=
Pi=[]
norms = [J;
for i = 1:size(Index5,1)
P3 = [P5;x(Index5(i, 1), Index5(1,2)),y(Index5(1, 1), Index5(i,2)) z(Index5(i, 1 . Index5(1,21)];
norm3 = [norm3;nx{Index5(i, 1 }.Index5(1,2)),ny(Index5(i, 1), Index5(1,2)),...
nziIndex3(1, 1), Index5(1,2};
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end
end

% Find the boundaries of concave regions
MI13=M;
fori= l:size(M,1)
for j = 1:size(M,2)
if M(ipy~=1
MI13(i,j) =0;
end
end
end

B13 = boundaries{M13);
n13 = length(B13);
% Return points on the boundaries of concave regions
PB13cell = cell(0);
fori=1:nl3
Bnl3 =B13{i};
PBnl13 =[],
for j = 1:size(Bnl3,1)
PBnl3 = [PBnl13;x(Bn13{j.1),.Bnl3{.20.y(Bn13{j.1).Bn13{j.21),z(Bn13(),12.Bnl13(.2))];
end
PB13cell = cat(1,PB13cell, PBnl3);
end

%Find the boundaries of convex regions
M24 = M;
for1= l:sizeiM, )
for j = L:size(M,2)
if M(i,j)~=2
M24(ij) = ;
end
end
end

B24 = boundaries(M24};
n24 = length(B24);
% Return points on the boundaries of convex regions
PB24cell = cell(0);
for 1=1:n24
Bn24 = B24{i};
PBn24 =J;
for j = 1:size(Bn24,1)
PBn24 = [PBn24;x(Bn24(j,1),Bn24(j,2)),y(Bn24(j,1),Bn24(j,2)),2(Bn24(j,1},Bn24{j,20];
end
PB24cell = cat{1,PB24cell, PBn24);
end

%Find the boundaries of saddle regions
M35 =M;
for i = l:size(M,1)
for j = L:size(M,2)
it M(i,j)~=5
M35y =0
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end
end
end

B5 = boundaries(M3);
n3 = length{B3);
%Return points on the boundaries of saddle regions
PB5cell = cell(0);
for i=1:n5
Bn5 = B5{1};
PBn5 =],
for j = 1:size(Bn3,1)
PBn5 = [PBn5;x(Bn5(j,1),Bn3(j,2)),y(Bn3(j,1),Bn5(j,2)),z(Bn5(j,1),Bn5(j.,2))];
end
PB5cell = cat(1 PB5cell, PBn5);
end

%Display points on boundaries
Yetigure;hold on;

%for i=1:length(PB3cell}

%PB5 =PB5cell{i};
Dplot3(PBS(:,1),PB5(:,2),PB5(:,3),'k.");
Yeend

for i=1:lengthf PB 13cell}

PB13 =PBl13cell{i};
plot3(PB13(:,1),PB13(:,2),PB13(:,3),'b.");
end

for i=1:length(PB24cell)

PB24 = PB24cell{i};

plot3(PB24(:, 1), PB24(:,2),FB24(:,3),'h.");

end

% Calculate the maximum and minimum values of principal curvatures
[Kmax13,Kminl3] = MaxMinLocalCurvature(M 13 Kmax,Kmin}); %Concave regions
[Kmax24, Kmin24] = MaxMinLocalCurvature(M 24, Kmax, Kmin); %Convex regions
[Kmax5,Kmin3] = MaxMinLocal Curvature(M35, Kmax, Kmin}; %Saddle regions
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