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This paper presents some advanced techniques on CAD modelling and CAM programming for S-axis machining
of free-form surfaces. In the CAD stage, based on surface partitioning, the design surface can be created with
separate regions such as convex, concave and saddle. Point-based techniques are used to create the original surface
and the boundary curves of the regions. Some other CAD/CAM techniques for determining tool sizes and tool
orientations are also proposed to generate gouge-free tool paths for each region. A simple B-spline surface was
given as an example to demonstrate the proposed techniques implemented in Creo Parametric. The points on the
design surface and on the boundaries were generated by a Matlab program developed by the author.
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1 Introduction

Nowadays, free-form surfaces have become the rea-
lity of series production in aviation, automotive, and con-
sumer goods industries when CAD systems and modern
scanning instruments entered the re-engineering process
[5] . These kinds of surfaces can be machined on 3-axis
computer numerical control (CNC) machines by using
ball-end cutters or 5- axis CNC machines by using ball-
end, toroidal or flat-end cutters. Irrespective of whether
maching is done in 3-axis or 5-axis mode, the producti-
vity will be low if only one cutting tool is used to machine
the entire surface. This is because of the limitation of the
tool diameter that depends on the radius of the design sur-
face. When choosing a cutting tool for a particular sur-
face, the tool diameter is restricted to a determined value
that must not cause local gouging when the tool is machi-
ning in concave and/or saddle regions. To improve the
machining efficiency, free-form surfaces can be ma-
chined region by region with different tools [2, 6, 15]. By
so doing, the concave regions are often milled by smaller
ball-end cutters and the other regions can be finished by
bigger ball-end cutters or by flat-end cutters.

In general, a free-form surface has regions such as
convex, concave, plane and saddle [6, 7]. In CAD/CAM
(Computer-Aided Design/Computer-Aided Manufactu-
ring) packages, users can not separately choose every re-
gion in the CAM programming stage, so that the design
surface should be partitioned into regions in the modeling
stage. Every CAD system has a particular method to cre-
ate free-form surfaces. However, in current CAD sys-
tems, it is imposible to create free-form surfaces with se-
parate regions unless special techniques are used. [4, 11,
12]

Free-form surface partitioning has been studied by va-
rious researchers using different approaches. To create
the CAD model of the partitioned surfaces, some resear-
chers used C++ to develop their own application pro-
grams and run them in Open GL environment [1, 8-10].
We introduced a practical approach for surface partitio-
ning based on surface curvatures and chain codes tech-
niques [15]. In this research, a Matlab program was deve-
loped for calculating purposes. This program is available

for B-spline surfaces. The input of the program is the con-
trol net and knot vectors and the outputs are points with
their coordinates on the design surface and on the boun-
daries as well. This method is very universally because
once the points are established, the design surface and the
boundary curves can be created easily by many CAD or
CAD/CAM packages. In this paper, some advanced
CAD/CAM techniques for modelling and tool path plan-
ning free-form surface machining are presented. These
techniques were implemented in Creo Parametric (PTC,
USA).

2 Building cad models of free-form surfaces

Free-form surfaces can be designed directly by using
CAD or CAD/CAM packages or obtained through sur-
face fitting from a digitized data set. In the latter case,
often used in reverse engineering, a scanner digitizes sur-
faces of an existing object to get a set of points and feeds
them into a mathematical model for surface fitting. In the
former case, designers have to move control points on the
screen to get the desired surface.

Generally, free-form surfaces can be represented in
the forms of Bezier surface, B-spline surface, or Non-uni-
form Rational B-spline surface (NURBS). Because Creo
Parametric does not support directly creating these kinds
of surfaces from their control points, a replacement tech-
nique is required. In this research, ibl files (files with the
extension .ibl) were used to creat B-spline surfaces from
imported datum curves. In fact, datum curves were cre-
ated in the form of an ibl file and this file was then impor-
ted into Creo Parametric to create a B-spline surface. It
should be noted that the datum curve is a spline created
from more than two points [13] and the B-spline surface
goes through these curves to be created.

Tab. 1 Structure of the ibl file format
OpenArclength
Begin section ! 1
Begin curve ! 1
Points list
Begin section ! 2
Begin curve ! 1
Points list
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An ibl file is a text file that contains geometry defined
by three-dimensional (3D) points. The structure of the ibl
file format is in the Tab. 1.

In the ibl file format, there is a list of points for each
curve. These points are represented with x, y and z coor-
dinates. Actually, they are datum points to which Creo
Parametric will fit splines. The points for creating curves
in the ibl file can be received by sampling points on the
design surface from the Matlab program.

In order to create the original CAD model of a free-
form surface in Creo Parametric, first an ibl file should be
created by Notepad or WordPad applications. Once the
ibl file has been created, the design surface can be created
by using the Blend from file command to import curves
from an existing ibl file.

To split the original surface into regions, the boundary
curves of partitioned regions are required. These 3D cur-
ves can be created from the boundary points whose coor-
dinates are obtained from the calculating results in the
Matlab program as mentioned before.

In Creo Parametric, to create a 3D curve through da-
tum 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 /mport tab in the Offset CSys Da-
tum Point window. Once the 3D points have been esta-
blished on the boundaries, the Insert a Datum Curve tool
can be used to get a spline curve through those points.

Creo Parametric supplies the Surface Trim tool in the
Style tool to divide the design surface into regions. In this
case, users should choose 3D curves on the surface as trim
factors. The 3D curves mentioned in the paragraph above
will be used for the trimming.

3 Generating free-gouge tool paths

Local and global gouging is one of the most critical
problems in free-form surface machining. Local gouging
refers to the removal of excess material in the vicinity of
the cutter contact point as the tool moves along the tool
path. At every cutter contact point, local gouging occurs
when the radius of the local surface curvature is smaller
than that of the cutter. Global gouging is defined as inter-
ference between the tool body and the design surface.

In this study, by surface partitioning, the design sur-
face is partitioned into regions. Thanks to the effective-
ness of surface partitioning, gouge detection and
correction can be effectively performed in CAD/CAM
packages in two forms as follows: (1) defining suitable
tools for machining the regions under the condition of lo-
cal gouge-free, and (2) choosing reasonable orientation of
the tool when machining each region and detecting global
gouging.

In general, ball-end cutters are often used for finishing
free-form surfaces. The diameter of a ball-end cutter is

Tab. 2 Control net of a B-spline surface

restricted by local gouging conditions when machining
concave and saddle regions. 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 selected
region. In Creo Parametric, users can perform an analysis
of surface radius to display the minimum radii for a sur-
face [13]. The possible maximum radius of the cutter can
be defined from the minimum radius of each region.

Compared with 3-axis milling, 5-axis milling is more
complicated due to the two additional degrees of freedom.
In 3-axis milling technology, a tool was used without til-
ting the tool axis, while in 5-axis milling technology, a
milling tool was used with an angle in the feed direction
[14]. 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 [3]. In practice, the lead
and tilt angles are often selected by trial and error and
based on the experience of users. In Creo Parametric,
these angles are specified by parameters LEAD ANGLE
and TILT ANGLE [13]. However, sometimes, this met-
hod cannot be used because of global gouging, e.g. ma-
chining deep concave regions. In this case, a strategy with
variable angles between the tool axis and normal vector
must be applied. The following are some techniques
which can satisfy that requirement: (i) The tool axis
always goes through a curve and (ii) The tool axis always
goes through a specified point. These suggested tech-
niques can be very effective to avoid gouging on the par-
titioned surfaces.

4 Application

A number of examples have been implemented in our
research. In this paper, a simple case is presented for the
purpose of demonstration.

Saddle region

Boundary points

Concave region
Fig. 1 A B-spline surface constructed in Matlab
Assume a B-spline surface defined by 5 x 5 control

net as in Tab. 2. The uniform knot vector in both parame-
tric directions is [0 1 23456 7].

(-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)
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By executing the Matlab program developed in this
research, the points on the design surface and the points
on the boundaries were obtained. Figure 1 shows a Mat-
lab figure of the design surface which was sampled to get
a set of 900 points (for a better view). According to the
calculated results, there is one concave region and one
convex region on this surface. Therefore, one boundary is

Tab. 3 Example of list points of an ibl file

required to split the design surface into 2 regions. In the
research, the design surface was sampled to get a set of 4
900 points. In this case, there were 125 points on the
bounday between the two regions.

An ibl file with 15 curves was created for this
example. Each curve has 15 points. Tab. 3 shows the list
of points of the first and the last curve.

OpenIndexArclength
Begin section ! 1

Begin curve ! 1

1 -30 -30
-25.71428571 -30
-21.42857143 -30
-17.14285714 -30
-12.85714286 -30
-8.571428571 -30
-4.285714286 -30
0 -30
9 4.285714286 -30
10 8.571428571 -30
11 12.85714286 -30
12 17.14285714 -30
13 21.42857143 -30
14 25.71428571 -30
15 30 -30

0NN KW

SO OO OO OO oo ococooco o

Begin section ! 15

Begin curve ! 1

1 -30 30 0
-25.71428571 30 -0.68877551
-21.42857143 30 -2.755102041
-17.14285714 30 -6.198979592
-12.85714286 30 -11.02040816
-8.571428571 30 -16.98979592
-4.285714286 30 -21.12244898
0 30 -22.5

9 4285714286 30 -21.12244898
10 8.571428571 30 -16.98979592
11 12.85714286 30 -11.02040816
12 17.14285714 30 -6.198979592
13 21.42857143 30 -2.755102041
14 25.71428571 30 -0.68877551
15 30 30 0

0NN W

In Creo Parametric, by importing curves from the ibl
file, the B-spline surface was created as shown in Figure
2.

Points oncurve 1
‘_“A—<\“‘~
SEES

0 TS

Points on curve 15

Fig. 2 The curves from the ibl file and the B-spline sur-
face

Figure 3 below shows the CAD model of the design
surface after three main steps of modelling. The original
surface was created from an ibl file with 15 curves. Each
curve has 15 points.

(a) (b) (©
Fig. 3 CAD model of the design surface: (a) original
surface with boundary points, (b) original surface with
boundary curve, and (c) partitioned surface: 1- saddle
region, 2- concave region

The minimum radii for the concave and saddle regions
are 4.6575 mm and 12.6627 mm, respectively. An
example of the minimum radius of the concave region is
shown in Figure 4.

E

Analysis |Feature

Geometry ‘ SurfF10{5TYLE_1) |

nsde -237.2901
Plat | Qutside M
Secale 10.00

| Min. outside radius: 4 6575

Fig. 4 The minimum radius of the concave region

foutade 4.6575

One of the objectives of machining free-form surfaces
region by region is to improve machining productivity.
This means that the proposed method (with partitioned
surface) is really effective when the machining distance
is shorter than that of the conventional method (with un-
partitioned surface). For comparison, some constraints
should be applied for both methods. Regardless of which
tool is used for machining, the values of scallop height
and tolerance for finishing should be the same.

Scallops are ridges, cusps and other surface protrusi-
ons left between adjacent overlapping tool passes that ex-
tend above the design surface profile. In Creo Parametric,
the SCALLOP HGT parameter is used to control tool
step by specifying the maximum allowable scallop for
surface milling [13]. The tool path approximates curved
geometry by a series of straight line segments. The ma-
ximum distance that the straight line path deviates from
the curved geometry is set by the TOLERANCE parame-
ter in Creo Parametric [13].

The two regions of the design surface can be finished
by ball-end cutters. From the values of the maximum cur-
vatures of the two regions, to avoid local gouging the radii
of the cutters must be smaller than 4.6575 mm and
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12.6627 mm to machine the concave and saddle regions,
respectively. In this application, after a rough cut the
whole surface in 3-axis mode by a flat-end mill of 10 mm
in diameter, the machining strategy for the partitioned
surface can be as follows:

e Finishing cut in 5-axis mode for the saddle re-

gion by a 20 mm four-flute ball-end cutter,
o Finishing cut in 5-axis mode for the concave re-
gion by a 8§ mm two-flute ball-end cutter.

!
f

Fig. 5 Tool paths for each region and machining simu-
lation results

The design surface has a symmetrical shape. The
concave region is rather deep and the areas near the boun-
dary on both regions are quite steep. In consequence, fi-
xed lead and tilt angles are not available for this applica-
tion. This is because the tool will cause global gouges on
the other side of the saddle region when it is machining
this region. Gouges also occur on the saddle region when

the tool is machining on the concave region. To create
gouge-free tool paths, the techniques in which the tool
axis always goes through a fixed curve or point was used.
Here, the tools were set to go through a straight line loca-
ted at 30 mm above the top of the design surface.

To compare the machining distance of the finish cut
between the proposed method (partitioned surface) and
the traditional method (un-partitioned surface), the tole-
rance and scallop height must be the same for all tools.
Here, the SCALLOP_HGT and TOLERANCE parame-
ters were set to 0.01 mm and 0.02 mm respectively. Fi-
gure 5 shows the tool paths generated for each region and
the machining simulation results without gouges.

The machining distance for the un-partitioned surface
and the partitioned surface estimated by Creo Parametric
were 7 474.736 mm and 5 594.084 mm respectively. It
can be seen that the machining distance of the partitioned
surface is much shorter than that of the un-partitioned sur-
face. The total length of the tool paths generated by the
proposed method is approximately equal to 75% of the
traditional method. This reduction comes from the tool
paths for the saddle region having a much shorter
distance. This is because the saddle region was progra-
med to be cut by a bigger tool diameter while the tole-
rance and scallop height were also maintained. Assuming
that the cutting speed was 50 m/min, the feed rate per to-
oth is 0.1 mm/rev/tooth. Then, the machining time esti-
mated by Creo Parametric for the traditional method and
proposed method were 18.781 mimutes and 16.699 mi-
mutes respectively. This means that the proposed method
can save up to 11,1% of the machining time. If the cutting
speed is incresed by 50% when machining the saddle re-
gion, the machining time of the whole surface is 12.297
minutes. In this case, a reduction of 34.5% of the machi-
ning time can be made. Hence, it can be said that the pro-
posed method is really effective in terms of machining
distance and machining time, compared to the traditional
method. Figure 7 shows the result of the machining
sequences of the design surface on the Integrex 100-1V
(Mazak, Japan).

c)

Fig. 7 Machining sequences of the design surface: (a) part after the roughing cut; (b) part after the finishing cut for the
saddle region; (c) final part
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5 Conclusion

The proposed CAD/CAM techniques can be useful
for modelling and tool path planning for free-form sur-
faces. From points archieved from a Matlab program, a
free-form surface and the boundary curves which can de-
fine convex, concave and saddle regions of the design sur-
faces can be created in Creo Parametric. The boundary
curves can be used as a trim tool to partition the design
surface regions in the CAD modelling stage. In the CAD
stage, the gouge-free tool paths for each region can easily
be created with different tools and therefore the machi-
ning distance and the machining time can be reduced con-
siderably. Applying the proposed CAD techniques for
modelling free-form surfaces using a digitized data set is
the future work of this study.
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