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Abstract

This paper presents an algorithm of optimal cutting tool selection for machining of the point-
based surface that is defined by a set of surface points rather than parametric polynomial surface
equations. As the ball-end and fillet-end mills are generally used for finish machining in a 3-axis
computer numerical control machine, the algorithm is applicable for both cutters. The optimum tool
would be as large as possible in terms of the cutter radius and/or corner radius which maximise (s) the
material removal rate (i.e., minimise (s) the machining time), while still being able to machine the entire
point-based surface without gouging any surface point. The gouging are two types: local and global. In
this paper, the distance between the cutter bottom and surface points is used to check the local gouging
whereas the shortest distance between the surface points and cutter axis is effectively used to check the
global gouging. The selection procedure begins with a cutter from the tool library, which has the largest
cutter radius and/or corner radius, and then adequacy of the point-density is checked to limit the
accuracy of the cutter selection for the point-based surface within tolerance prior to the gouge checking.
When the entire surface is gouge-free with a chosen cutting tool then the tool becomes the optimum
cutting tool for a list of cutters available in the tool library. The effectiveness of the algorithm is

demonstrated considering two examples.
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1. Introduction

3-axis computer numerically controlled (CNC) milling machines are commonly used to machine
sculptured part surfaces [1] which are widely used in the aerospace, automobile and mould/die

manufacturing industries [2, 3]. There are two stages in CNC machining: the rough and finish cut [4]. The



main purpose of the rough cut is to remove a large volume of material and leave only a small portion of
raw stock to be removed with precision by the finish cut. The finishing operation aims to produce
workpiece surfaces that conform to the design specification, and in particular have a high quality finish.
The ball-end mill is inevitably used for finish machining because the centre of the ball always lies along
the normal of the surface at a distance equal to the radius of the sphere, which makes CNC programming
simpler. The algorithm of cutter path generation, interference checking and cutter compensation (2D) are
easy to perform using the analytic geometric equation of a sphere [5]. The inherent limitation of the ball-
end mill is that it rubs the material away in the vicinity of the cutter axis where the material is being
removed at almost zero cutting speed irrespective of the spindle revolution. In order to achieve high
material removal rate and improve surface finish, the fillet-end mill is preferred [6, 7]. The cutter path
generation for free-form surface shapes represented by parametric polynomials has serious practical
limitations [8]. Therefore, the generation of the CNC tool paths from the discretized point data without
the need of parametric polynomial equations is an ongoing research issue. In the paper, the point-based
approach is adopted for machining of sculptured surfaces that are defined by sets of surface points rather
than explicit/implicit surface equations. Many researchers are nowadays proposing accurate and efficient
tool path generation methods for the point-based surface [4, 9] with little consideration for selection of
optimal tool size. The appropriate selection of the cutting tool is critical for ensuring the quality and
efficiency of a CNC machining. It is difficult for human process planners to select the optimal cutter due
to complex geometric interactions between the tool size and part shape. The cutting tool selection is a

compromise between the two conflicting objectives [10]:

¢ Maximum material should be removed in each tool pass so that the overall machining time is
reduced.

¢ The tool, while machining, should not gouge any surface point.

Although the former requires a larger tool, the latter restricts the size. A large cutter may cause
local gouging on the part surface whereas a small cutter needs longer machining time and causes
unnecessary tool wear [11]. In some cases, even the tool is locally gouge-free, the tool cannot enter into
the entire surface region because of smaller tool body length and/or fixture size of tool holder assembly,
which causes the global gouging. So the aim of the tool selection is to balance these conflicting
requirements.

Research on automatic tool selection for CNC machining is limited. In the method proposed by
Bala and Chang [12], roughing and finishing tools are selected using a circle fitting technique. Their
method is limited to the machining of prismatic parts such as slots, steps, projections, etc. Yao et al. [13]
give an algorithm for finding an optimal set of cutters for machining a set of 2 % D parts in terms of the

real cutting and cutter changing time without consideration of the machined surface accuracy. Yang and



Han [14] present an optimal ball-end mil selection process for sculptured surfaces to be machined by a 3-
axis CNC machine. Their method is an inline process that produces interference-free tool paths. Glaser et
al. [15] develop a method that selects an appropriate size of the cutter based on collision-free milling
process. A maximum effective cutting radius approach is proposed by Lee and Chang [11] to solve the
cutter selection problem for multi-axis machining. Jensen et al. [16] present cutting tool selection
methodology for five-axis finish surface machining based on curvature matching techniques.

Recently, OuYang et al. [17] propose an algorithm to determine the optimal ball-end mill size for
3-axis finish machining of the point-based surface using Voronoi diagram and Delaunay triangulation
techniques, which are computationally expensive. Although the local gouging due to the cutter bottom is
checked in their approach, the global gouging with the cutter body is not addressed. The disadvantage is
that the accuracy of the tool size determination is very much dependent on the estimation of the normal
vector at the surface point. Although the authors recognize that the accuracy of the determined tool sizes
is heavily dependent on the density of the point data, no algorithm is reported to ensure adequate point
density. To encounter the above difficulties, an automatic cutting tool selection methodology for ball-end
and fillet-end mills is proposed in this paper for 3-axis CNC machining in order to provide gouge-free,
efficient and accurate finish machining of any 3-D sculptured surface defined by a set of surface points.
Before proposing the tool selection system, the effect of the cutter bottom size on the machining

efficiency in terms of cutter path length is discussed in the following section.

2. Effect of cutter bottom on machining efficiency

The cutter bottom of the ball-end mill is geometrically hemisphere where the cutting takes place.
For fillet-end mill, the cutter bottom consists of the circular bottom-disk of radius R; and toroidal part
(corner radius of R;), and the material removal takes place only on the toroidal part. For machining
purpose, the cutter path planning is carried out by determining the step-forward distance ( x)and step-
interval distance ( x) so that the combined machined surface error of the chordal deviation (ex) due
to g, and cusp height (ey) due to g, limits within tolerance [18]. If the radii of curvature of the CL-
curve are (p1 < 0), (p2 < 0) respectively in the forward and transverse directions and o, ,a, are slope

angles in respective directions then e, and e, for a ball-end mill of radius R are given by [18]:
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It is evident from Eqgs. (1) and (2) that the chordal deviation does not depend on the cutter size
but the cusp height (shown in figure 1) is very much dependent on the cutter radius. As the cusp height is

very small compared to the cutter radius, Eq. (2) can be approximated by following expression:
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For a fillet-end mill, the distance g, is generally within the cutter corner radius on the same side of the
two cutters [19], as shown in figure 1(b) and the step-interval distance g, is also obtained from equation

(3) by substituting R =R, .The first partial derivative of g = with respect to R is given by:

aﬁ: 46yp§ pZ_R (4)
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It is evident from Eq. (4) that a_Ry>O for a given cusp height e >0 . Therefore the step-interval

distance g, increases as the cutter radius R increases for a given cusp height e , which implies that
less cutter paths are required to complete the surface machining if a larger radius or corner radius cutter is
utilized [20]. Therefore, the largest cutter radius for the ball-end mill and the largest corner radius of the
fillet-end mill from the tool library must be utilised to achieve the maximum machining efficiency in

terms of cutter path length.

In order to find the influence of the bottom-disk radius R; on the material removal rate, the
cutting speed v for a fillet-end mill is derived for a specified spindle speed N and slope angle O

according to figure 2:
v =21N{R, +R, sin 6} (5)
The first partial derivative of v with respect to R, is given by:
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Fig. 1.Cusp height for (a) ball-end and (b) fillet-end mills

Fig. 2. Cutting speed

The Eq. (6) shows that :TV = constant for a given spindle speed, which implies that the cutting speed
1

increases as the disk radius increases when the corner radius is unchanged. Thus it can be concluded that
when two fillet-end mills have the same corner radius, the fillet-end mill with larger disk radius enables to
achieve higher cutting speed. As the step-interval distance (the cutter path length) does not depend on the
bottom-disk radius, the primary emphasis is to be given for selecting the fillet end mill with higher corner
radius and if the corner radii are the same then only the cutter with larger bottom-disk radius is considered

for the tool selection.



3. Cutting tool selection system

The proposed cutting tool selection system for 3-axis finish machining is shown in figure 3,
which can be used for any sculptured surface defined by a set of 3D surface points. The system consists
of checking point density and checking for gouging. As the ball-end and fillet-end mills are generally
used for finish machining, the system is applicable for both cutters. Given a point-based surface
represented by a grid of surface points, the system carries out an error analysis on the triangles generated
from the rectangular grid of points using an initial choice of the largest tool (ICLT) selected from the
cutting tool library in order to check the adequacy of the point density. The system refines the triangular
data points until the computed error limits within tolerance. For the ball-end mill selection, the largest
radius of the ball-end mill is considered as the ICLT whereas the largest corner radius of the fillet-end
mill is considered as the ICLT for the fillet-end mill selection because they provide the maximum
machining efficiency in terms of cutter path length. It is noted that the fillet-end mill with larger bottom-
disk radius is considered as the ICLT only when the two fillet-end mills have the same corner radius
because the cutter with the larger bottom-disk radius provides higher cutting speed. In order to utilise the
maximum material removal rate, the list of cutting tool from cutting tool library tools is to be arranged in
the following hierarchy order based on the cutter radius R for ball-end mill and bottom-disk radius R,

corner radius R, for the fillet-end mill:

For ball-end mill:

c,R°)c,[R')....c,R7) ., (R7™)...C.[R") for (i=0.1,....n)

where R'>R™

For fillet-end mill:

c,RV.RS)C, (RRY)..c,(RERE) €, REPLRE ), (R7.RE) for (i=0.1,.....n)
where R} >R.)" and when R} =R}" thenonly R} >R

The local gouging due to the cutter bottom is checked and then the checking of global gouging
due to the cutter body length is performed. Starting with the largest cutter radius and/or corner radius
from the tool library, the local and global gouging are checked and if it fails to do gouge-free machining
then the next cutter from the arranged tool library is considered. When the entire surface is gouge-free

with the chosen cutting tool then the tool becomes the optimum cutting tool for the given tool library.

Intuitively, the accuracy of cutting tool selection for the point-based surface depends on the
density of the surface points. Therefore, the point density checking is essential for accurate estimation of

the tool size.
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Fig.3. Proposed cutting tool selection system



4. Point density checking

The density of the surface points plays a major role in the accuracy of the tool size estimation for
the point-based surface [17]. In this section, an error analysis is performed for the point density checking.
The discrete representation of surface introduces error in two ways [8]: the surface error and cutter error.
The surface error is the difference between the surface and triangular approximation, and can be
computed using the radii of curvature at every surface point based on the circle fitting formula and
triangle edge length. The procedure for evaluation of the surface error is presented in [8]. The cutter error
is the protrusion of the cutter into the triangle plane. Kayal[8] determines the ball-end mill centre when
the spherical part of the cutter touches the three vertices of a triangle and the cutter error is determined as
the deviation of the spherical surface from the triangle edges within the triangle boundary. Kayal [21] also
presents a method where the fillet-end mill centre is determined when the toroidal surface touches the
three vertices of triangle. The cutter error is determined in the triangle normal direction by solving non-
linear equations. The total error is a combination of the surface error and cutter error but the nature of the
combination depends on the local surface shape, as illustrated in the three configurations of figure 4, and
enables to choose appropriate dense set of surface points so that the accuracy of the determined cutter size

can be obtained within tolerance.

\f Surface error

Surface error

N

Surface error

Cutter error Cutter error
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Fig. 4. Combined effect of surface error and cutter error

Given an initial grid of data, an interpolatory subdivision scheme is required to insert extra data
points between the existing surface points. There are a number of such algorithms available: quintic
interpolation based on arc-length parameterisation [22], four-point interpolatory subdivision proposed by
Dyn et al. [23] and interpolation based on the Generalised Cornu Spiral [24]. The rectangular grid of

surface points can be refined using a suitable subdivision scheme so that it is sufficiently dense to



determine the cutter size accurately within tolerance. For simplicity, the grids of discrete points used in
the example have been sampled from parametric surface definition but the algorithms are equally
applicable to any grid of points with any subdivision scheme [8]. The initial data point is to be refined
until it satisfies a specified tolerance. The gouge checking is performed on a set of triangles generated

from a dense rectangular grid of surface points in the following section.

5. Gouge checking

While removing material around the cutter contact point (CC-point), the cutter may interfere
another surface point due to the cutter bottom or any other part of the tool body. This interference is called
the gouging. The interference with the cutter bottom is called the local gouging and the interaction with
the tool body is called the global gouging. Conventionally, the gouging is checked after the entire tool
paths have been computed [16]. Ideally, the gouging should be detected in the early stages of cutter path
planning. In this paper, a unique approach is therefore proposed, wherein the gouging is checked on a
dense set of triangles generated from a rectangular grid of surface points without need to generate cutter
paths. The main thrust of the argument is that the tool path generation algorithm must calculate the
position of the cutting tool such that it touches the surface at one or more points, and does not protrude
the surface anywhere, and this basic procedure must be repeated several times to machine the entire
surface. Given three vertices of a triangle, the cutter position is determined using a specified tool type and

size in order to check the gouging in the following sub-section:

5.1 Cutter position

There are many methods of CNC machining in terms of machine axis numbers and tool shape,
type and orientation. In 3-axis CNC machining, the machine tool simultaneously controls the relative
movement between the part and the cutter along its three primary axes, x-, y -, and z-axis. In 5-axis CNC
machine, two continuous rotations are synchronised with the x-, y-and z- axis movements and these
motions are applied to the cutter spindle, the machine table or sometimes to both. In the point-based
approach, the CL-points are computed considering the points under the CC-region where the material
removal takes place. As the cutting takes place only in the CC-region which is respectively the spherical
and toroidal parts of the ball-end and fillet-end mills, the cutter position is determined by placing the
spherical and toroidal parts of the respective cutters to the surface points. Assuming that the cutter axis is
parallel to the z-axis for 3-axis CNC machining, the cutter is placed in such a way that three vertices
P, (xl,yl,zl),P2 (xz,yz,zz) and P, (x3,y3,z3) of a triangle touches the spherical part of the cutter

(z, £c<z;+R). The a, b, c components of the cutter centre C(a, b,c) of the ball-end mill of radius R



are then given by [8]:
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Similarly, when the three triangle vertices Pl(xl,yl,zl), Pz(xz,yz,zz) and P3(x3,y3,23)

touches the toroidal part (CC-region) of a fillet-end mill having the bottom-disk radius R; and corner

radius R,, the a, b, ¢ components of the cutter centre C(a, b,c) are given by [21]:

¢ =max{B,.B,} (10)

-y1X§-y1y§—y1(R1+\/R§—c j +y1(R +4/R; - ) +
2
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where, (,,B, are given by:
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within the allowable range (zl <c<gz, + Rz)

Gouge points

CC-region

Fig. 5. Local gouging of ball-end mill

5.2 Local gouging

When one edge of the cutter machines the surface at a cutter contact (CC) point, the other part of
the cutter bottom may interfere the surface points. This interference is called the local gouging. In order to
check the local gouging for a ball-end mill, the distances from all the points within the CC-region as

shown in figure 5 is checked. For the cutter position of C(a,b,c) determined from Egs. (7-9), the

P(X, Y, Z) the condition of gouging is derived from the equation of sphere:

(x—a)2 +(y—b)2 +(z—c)2 >R’ for (x—a)2 +(y—b)2 <R’ (13)
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Fig. 6. Local gouging of fillet-end mill

For the fillet-end mill, two radii R, and R, are responsible to cause the local gouging. For 3-axis
CNC machining with the cutter-axis parallel to the z-axis, the local gouging is possible only within the
cutter projected area, as shown in figure 6(a). The fillet-end mill centre is determined from Egs. (10-12)

and the condition that the P(x,y,z) gouges the cutter bottom is then derived according to figure 6(b):

z>c-R, for (x—a) +(y-b)’ <R? (14)

We=af +Gof R | rbmcf <t for RE<lmaf sl-bf s®Roer) a9

5.3 Global gouging

Global gouging refers to the interference of the cutter body including spindles or fixtures with
the part surface. In order to avoid global gouging, it is necessary to chose appropriate sizes of neck length,
neck diameter and overall length. In some cases, even if the tool is accessible to the entire surface, the
tool cannot enter into some regions because of smaller tool body length. This is due to the tool body
which collides with the other surface points. Thus tool body collision poses a constraint to the finish

machining.

In this paper, the tool body has been abstracted as a series of stacked cylinders/cones due to
symmetry. Figure 7 shows the different parts of the tool consisting of neck cylinder of length L, and
diameter Dy, cone of length L, and two diameters D,, D;, and shank cylinder of length L; and diameter Ds.

Given a cutter position C(a,b,c) determined in sub-section 5.1, the global gouging of a surface point

12



P(x,y,z) with the part of the tool body can be checked by determining the shortest distance from the
surface points to the cutter axis. In order to find the distance from the cutter axis, the geometric equation
of the cutter axis is to be evaluated. There is a problem for determining the equation of the cuter axis. As
the x-, y-coordinate are the same, the equation of the cutter axis cannot be determined straightforward
without transforming the coordinate system. Without loss of generality, the axis and surface points are
therefore rotated by angles o, B, y respectively about the x-, y-, z-axis in such a way that

C(a,b,c),P(x,y,z)are transformed to C(a',b',c'), P(x',y',z') respectively:

a' acosycosfcosa —asinysind +bcosycosPsina +bsinycosa —ccosysin 3

b’ | =| —asinycosfBcosa —acosYysin 0 —bsin ycosfBsina +bcosycosa + csin ysin 3

¢’ asinf3cosd +bsinBsina +ccosf (16)
X' x cosycosPcost —xsinysind +ycosycosPsina +ysinycosd —zcosysin 3

y' |=| —xsinycosPcosa —xcosysin 0 —ysin ycosfsina +ycosycosa +zsin ysin 3

z' xsinfcos +ysinBsina +zcosf a7

If another point C'(a,b,h) (h % O) is chosen on the cutter axis in the original coordinate system, the

shortest distance between the cutter axis and P(x',y',z') is given by:

i i k
—ccosysinf3+hcosysinf3 csinysinB—hsinysinff ccosf3—hcosf
Ax Ay Az

(18)
\/(— ccosysinf+hcosysin 8)2 + (c sinysin 3 —hsin ysin B)Z + (c cosf—hcos B)z

where, 1, j, k are unit vectors in X, y, z directions respectively.

Ax = (x - a)cosycosBcosa - (x - a)sinysina + (y - b)cosy cosBsina + (y - b)sinycosa -
(Z—c)cosysinB
Ay = —(x —a)sinycosBcosa —(x —a)cosysina —(y —b)sinycosBsina + (y —b)cosycosa +

(z - c)sin ysinf3

Az = (x - a)sin Bcosa + (y - b)sin Bsina + (z - c)cosB

13
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Fig. 7. Tool dimensions considered for global gouging

Given a cutter position C(a',b',c') determined from Eq. (16), the conditions of the global gouging for
the P(x’,y',z') obtained from Eq. (17) are then derived based on the geometric property of a cylinder

and cone using the shortest distance evaluated according to Eq. (18):

2
dpy <% for (x'—a')2+(y'—b')2S% and z'=2c¢'+L, (19)
D2 Df ' \2 ' \2 Dg r r
dPA <7 for TS(X —a) +(y _b) ST and ZZC+L1 (20)

- 2 2
dpy <%+(z'—c'—Ll{D3T?2] for%s (x'—a')2 +(y' —b')2 S%and

c'+L,<z'<c'+L, +L, (21)

D D; D]
dps <73 for TZS (x'-a’f +(y' -b') ST3and z2¢'+L +L, (22)
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6. Machining examples

The proposed cutter selection algorithm is applied in two examples. The first example is a
point-based model (shown in figure 8) that is generated from the surface model consisting of 3 %2 bi-
cubic Bézier patches. These patches consist of doubly convex, doubly concave and saddle type surfaces
and the entire model is machinable using a 3-axis CNC machine. The local gouging and global gouging
are checked respectively using Eqgs. (13-15) and Egs. (19-22) on the triangles generated from the

rectangular grid of surface points.

Fig. 8. Point-based model of 3 X 2 Bézier surface

Tool R D] Dz D3 L] Lz L3
no. (mm) (mm) (mm) (mm) (mm) (mm) (mm)
B, 125 25 25 25 55 2 125
B, 10 20 20 20 38 2 122
B; 9 18 18 16 34 2 106
B, 8 16 16 16 30 2 110
B; 7.5 15 15 16 30 2 110
Bs 7 14 14 12 26 2 94
B, 6 12 12 12 22 2 88
Bs 5 10 10 10 18 2 82
By 4.5 9 9 10 18 2 82
By 4 8 8 8 14 2 86
B 35 7 7 8 14 2 86
B, 3 6 6 6 12 2 68
Bis 2.5 5 5 6 12 2 68
By 2 4 4 6 8 4 62
Bis L.5 3 3 6 8 6 62
Bis 1.25 25 2.5 6 6 6.5 54
By, 1 2 2 6 6 7.5 54

Table 1. Tool library for ball-end mills
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A list of cutters given in Table 1 is used for the ball-end mill selection. The tool selection is

started with a tool no. B; of R = 12.5 mm on a (1 11 ><61) grid of surface points that estimates the total

error for point density checking 0.0092 mm and it is observed that the tool gouges 32226 data points.
Then tool no. B, of R = 10.0 mm gouges 1616 data points for a (1 11 ><61) grid of surface points that

estimates the total error 0.0108 mm. Even tool no. B; of R = 9.0 mm gouges 180 data points on a
(121 X 71) grid of surface points that estimates the total error 0.0089 mm. Finally, tool no. Bsof R = 8.0

mm does not gouge any data point for a (121 X 71) grid of surface points that estimates total error 0.0097

mm. Therefore, tool no. B4 of R = 8.0 mm becomes the optimum tool for the tool library given in Table 1.

Tool R] Rz D1 Dz D3 L] Lz L3
no. (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
F, 1 5 12 11.85 12 12 24 74
F, 2 4 12 11.85 12 12 24 74
F; 1 4 10 09.85 10 10 20 70
F,4 3 3 12 11.85 12 12 24 74
Fs 2 3 10 09.85 10 10 20 70
Fs 1 3 08 07.85 08 08 16 66
F, 4 2 12 11.85 12 12 24 74
Fg 3 2 10 09.85 10 10 20 70
Fy 2 2 08 07.85 08 08 16 66
Fio 1 2 06 05.85 06 06 12 52
Fy 5 1 12 11.85 12 12 24 74
Fi, 4 1 10 09.85 10 10 20 70
Fi3 3 1 08 07.85 08 08 16 66
Fi4 2 1 06 05.85 06 06 12 52
Fis 1 1 04 03.96 06 04 26 40

Table 2. Tool library for fillet-end mills

The fillet-end mill selection is performed for the model shown in figure 8 using a list of cutters
given in Table 2. The selection is started with tool no. F; of R;= 1.0 mm, R,= 5.0 mm for a (131 ><81)
grid of surface points that estimates the total error for point density checking 0.0107 mm and it is found
that the tool does not gouge any surface point. Therefore, tool no. F, is the optimum fillet-end mill for the
given tool library.

As an industrial example, the shoe last model consisting of 120 bi-cubic Bezier surface is
considered. Figure 9 shows the point-based model of the shoe last supplied by Clarks International, which
is chosen because it consists of several doubly curved free-form surfaces, but it does not contain pocket
areas, planar surfaces or irregular topologies. The algorithm of cutter selection is applied on the shoe-last
model and tool no. F; becomes the optimal tool which does not gouge any surface point. The surface
textures and machining times are measured to compare the relative performance of different tool sizes on
machining. The other two cutting tools namely tool nos. F, and F; are therefore considered. The
tolerances for the point density checking, cutter path planning and gouge checking along with the

different cutting speeds are given in Table 3. The step-forward and step-interval distances are determined
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adaptively in such a way that the machined surface error which is the combined effect of chordal

deviation and cusp height is limited within tolerance 0.01 mm

Fig. 9. Point-based model of shoe-last supplied by Clarks International

The part of the shoe last model is machined with a Hermle C600U 5-axis machining centre
equipped with a Heidenhain TNC430 controller using the feed rate 2000 mm/min and spindle speed 3000
rpm. The material used for machining is Cibatool board material BM 5460. The surface finish from
raster milling has been compared to polyhedral machining using PowerMILL, a commercial software
developed by Delcam Plc. The surface texture of three machined shoes is sampled with the Hobson
TalyMap instrument for the tangent continuous regions, and measured in terms of the roughness and
waviness using TalyMap Universal software. It has been observed that three shoes produce the same level
of surface finish and the finished surfaces are comparable in quality to polyhedral machined surfaces. It is
seen from Table 3 that the machining time is the least for the tool no. F, and therefore, this is the optimal
tool size for the tool library given in Table 2. Thus the cutting tool selection algorithm enables to limit the

machined surface error within tolerance, and minimises the machining time.

Tool no. F; Tool no. F, Tool no. F;

Tolerance for point density checking (mm) 0.01 0.01 0.01
Tolerance for adaptive cutter path planning (mm) 0.01 0.01 0.01
Tolerance for gouge checking (mm) 0.01 0.01 0.01
Rapid feed (mm/min) 4000 4000 4000
Plunge feed (mm/min) 2000 2000 2000
Cutting speed (mm/min) 2000 2000 2000
Spindle speed (rpm) 3000 3000 3000
Estimated machining time (sec) 632 675 672
Actual machining time (sec) 795 889 854

Table 3. Machining parameters for three tools
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7. Conclusions

An optimal cutter selection algorithm for the ball-end and fillet-end mills has been proposed for
any 3D free-form surface defined by a set of surface points. The algorithm is limited to a 3-axis CNC
machine for finish machining. The proposed method chooses an optimal cutter from the list of cutters
available in a standard cutting tool library in such a way that the point-based surface is machined with the
largest cutter in terms of cutter radius and/or corner radius without gouging any surface point. A unique
algorithm of the local and global gouging is presented for finish machining of the point-based surface.
Given three vertices of a triangle generated from a rectangular grid of surface points that represents the
point-based surface, a unique cutter position is determined using a specified tool type, size and then the
gouging is checked whether the cutter interferes with any neighbourhood data point. The distance
between the cutter bottom and surface points is used for the local gouging and the shortest distance
between the cutter axis and surface points is used to detect the global gouging. Thus the proposed
algorithm enhances the machining efficiency without compromising the machined surface quality.

The machining efficiency could be increased using multiple cutters for different regions based
on the geometric features of the surface, which is certainly an area of the author’s future research. The
challenging issues are to decompose the surface into different regions and determine the optimum tool
sizes for respective regions. Then generating cutter paths for all regions with their respective optimum
tool sizes and linking respective tool paths from one region to another without pronounced tool marks left

at the boundary are the author’s future research work.
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