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Abstract NC (Numerical Control) code for the tool path needs to be generated efficiently for
machining of free form pockets with arbitrary wall geometry on a three axis CNC machine, The
unified rough and finish cut algorithm and the tool motion is graphically simulated in Part 1. In this
paper, a grid based 3D navigation algorithm simulated in Part 1 for generating NC tool path data for
both linear interpolation and a combination of linear and circular interpolation for three-axis CNC
milling of general pockets with sculptured bottom surfaces is experimentally performed and verified.

Key Words : NC tool path, linear interpolation, linear and circular interpolation, 3D navigation
algorithm

1. INTRODUCTION

One of the most important features in determining
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CNC machining efficiency and productivity is the

cutter path motion planning especially for
complicated form & functional surface shapes. This
surfaces

surface

cutter motion on compound-curvature

determines the machihing time and
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roughness(or cusp height). it is to be noted the
surface roughness always exist because of the lack
of geometry matching between the cutter and
workpiece surface. Most CAD/CAM systems connect
the data points with linear segments to generate a
NC tool path. This method creates many short linear
move commands with sudden changes in direction.
Tool path created in this way can cause problems
for the CNC machine during the machining process,
and this can affect the finished quality of the part.

Moreover, machining with linear segments leads to
rough surface due to interpolation errors and
significantly longer machining times due to repeated
stop and go operations. Curvilinear machining
algorithms can reduce these problems. Moreover,
with curvilinear machining, the cutter location file
size can be reduced for machining the same amount
of volume. This is possible since curved data only
needs starting and ending points and arc center or
intermediate control points while linear movements
need all data points to specify the tool path.

The grid base unified rough and finish cut
algorithm simulated in part 1 with OpenGL is
verified experimentally [1].

The procedure in Figure 1 to make NC code for
the experiment is the same as simulation process.

In this paper, a grid based navigation scheme is
used to plan the cutter path. A rectangular grid is
created inside the pocket. The grid size and the
cutter size are chosen in an iterative fashion to
ensure that a predefined tolerance for surface
roughness is satisfied.

In the interior of the pocket, tool motion proceeds
from one grid center point to the next, based on a
navigation algorithm. The pocket wall is machined
by determining a series of corner points. The length
of the tool path is optimal in a "greedy heuristic"
sense. Additional zigzag motions along the X and Y
directions may be required at some grid points to
satisfy surface roughness tolerances, and may be
added optionally at other locations to obtain a
smoother surface.

The grid points are later post-processed to generate
a combined linear interpolation and arc interpolation
sequence for machining. the circular arc-machining
algorithm also results in less machining time and
smaller CL files. It may be noted that for advanced
NURB
post-processed for representation as NURBS. NC

interpolators, grid  points may be

code is automatically generated and experimentally
validated.

Bottom Surface Yes ,

Definition
¢ Navigation
Polygon Main interior tool path

Definition Wall machining

X and Y zigzag(Optional)

!

Tool Path

Line motion

Arc+line motion

FIGURE 1. Schematic representation of the unified
rough and finish cut algorithm for
machining free form pockets with

arbitrary wall machining.

2. RELEVANT LITERATURE

Tool path planning strategy and algorithm to
machine complex surfaces has been developed about
iso-parametric machining of free form surfaces[2],
where the tool is moved along a fixed parameter,
parallel plane section machining, where the tool is
moved on a curve determined by the intersecting
plane and the surface[3], and the pocket machining
using window frame or stair case style patterns{4].
Good surveys on tool path planning and numerical
control machining algorithms may be found in [5-7].

By using iso-parametric curves as tool paths,
costly surface-surface intersection algorithms can be
avoided. However, the spacing between iso-parametric
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curves, in general, will be non-uniform, causing over
machining or under machining. Non iso-parametric
curves[8] and constant scallop height machining[9]
may be used to provide more optimal and valid
coverage of the surfaces. These techniques are
computationally intensive.

based surface
machining can result in thousands of small linear

Linear  interpolation curved
motions and is very inefficient for complex surfaces.
Circular interpolation is available on current
three-axis CNC systems, and spline and NURBS
based interpolation schemes have been proposed{10].

An algorithm to generate final NC codes for
machining a general polygon with a sculptured
bottom surface was presented and simulated in part
1 [1] and experimental verification of the grid-based
navigation strategy for NC machining of free form
pockets with arbitrary wall geometry is presented in
this paper.

The tool moves along the coordinates on the
workpiece, not along the parameters on the surface
to prevent the over- and under-machining which
iso-parametric machining. Additional
zigzag moves may be required or can be optionally

happens in
added for a smoother surface. the strategy presented
here can also be used in applications where NC tool
path planning is required for reverse engineered data.

3. POCKET MACHINING ALGORITHM

3.1 Surface, Polygon, & Grid Definition

As described in Part 1, B-spline surface is used as ‘

an example to illustrate the algorithm. the B-spline
surface formulation uses a control net of 3D points
and the B-spline polynomial basis functions for
blending. Points on the B-spline surface are specified
by the tensor product

P(tu)=Y, 3 PN, ()N, (1)
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e
2
P=P(t,u)=[l/6]2[t3 2t llMTBM y
u
l—l
-1 3 -3 1 Poo Po1 Poz poa-
M= 3 -6 0 4 B= Dy Pu P2 P13
-3 3 31 Do P21 Pay P
1 0 0 O Do P31 P3z P33 |

where, P, are the vertices of the control net and
N, ;and N, are the basis functions. B-spline surfaces
do not necessary pass though the corner points of
the characteristic polygon, and have greater local
control.

Any general polygon can be defined for pocketing,
A general polygon means that it includes both
convex and concave shapes. The pocket wall shape
is specified by the polygon and the bottom surface
of the pocket is specified by the B-spline surface.

The region to be machined is divided into a grid
with size equal to, or less than, p/\/2, where, D is
the diameter of the tool, as shown in Figure 2. from
each of the grid center-points, the tool moves to one
of four adjacent grid centers. When the pocket has
an arbitrarily shaped bottom surface, uncut material
may still remain because of the geometry mismatch
between the desired surface and the ball-end mill.
Figure 2 also shows an uncut region because the
tool center did not pass through the uncut region.
For three-axis machining, this situation will occur
whenever there are any regions that the tool center
does not pass through in the X- or Y-directions.

To reduce the surface roughness, additional X and
Y zigzag motions may be required for later
execution. The selection of grid size based on the
specified tool size is important since it determines
the machining time and surface roughness. A larger
grid leads to less machining time and larger surface
roughness, and vice versa.
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FIGURE 2. Grid definition and uncut material in
ball-end miilling

3.2 Predefined Surface Roughness

Surface roughness (scallop height) is proportional
to the relation between tool diameter and grid size.
As the tool diameter becomes larger for a given grid
size, the roughness is reduced. The relation between

CL{(cutter location) and CC(cutter contact) of the tool
must be considered to determine surface error and
surface roughness. The tool moves along the center
points of the grids (CL). For a flat bottom surface
the CL and CC points would be identical.

However, for an inclined bottom surface, these
points are different as can be seen in Figure 3. The
magnitude of the difference between CL and CC
points is also proportional to the tool diameter and
grid size. This should be considered when a complex
and more accurate surface is required. The following
relations can be deduced from Figure 3.

0 = tan ' (Z inc/ unit grid size)

Surface Error = R(1 - cos0)

4B = EB as A's ABD and EBC are nearly similar
AD EC

. \/unit grid size* + (R — Zinc)*

B Rcos@

N Junit grid size* + (R — Zinc)* — R

- Scallop Height

.. Scallop Height

_ Recos 9(\/unit grid size* + (R — Zinc)> —R)
- \/ unit grid size* + (R — Zinc)®
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FIGURE 3. The relation of cutter location (CL) and
cutter contact (CC) points to surface
enor and roughness.

A detailed iterative algorithm for calculating the
grid size based on a computation of surface
surface

roughness for a predefined when the
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roughness tolerance is exceeded. It is possible that
the grid is extra fine at some locations, and at these
points, zigzag motion may not be needed and is
omitted.

3.3 Navigation

The navigation strategy plans a sequence of legal
moves from one grid center-point to the next as
shown in Part 1. A set of priorities governs the
choice of move. The priority depends upon the
previous or precedent moves. Generally, the direction
in which to go is always the first permissible
direction in a counterclockwise direction.

3.4 Machining by Linear Interpolation

Linear interpolation proceeds by line movement
from one grid center-point to the next. However,
there are a large number of points, which causes
machining delay and large CL files.

3.5 Machining by Curvilinear Interpolation

The navigation grid points can be post-processed
for curvilinear machining. A recursive approach to
approximate a curve by a series of arcs and lines is
used. Threshold values for the arc radius are used to
obtain valid arcs for circular interpolation. If the
threshold radius is exceeded, then linear interpolation
is used.

A curve can thus be represented by a series of
arcs and lines, as shown in Figure 4. If switching
from arcs in the XZ to the YZ plane, the active
machining axis must be changed.

. End Point
\ Arc 3
e/

FIGURE 4. lllustration of Arc + Line Movements

Start Point

3.6 Complete Pocketing Algorithm

The entire pocketing algorithm is now summarized.

Input values
1. Vertex points of pocket.

2. Tool diameter
3. Grid size in X- and Y- directions.
4. Predefined tolerance of surface roughness.

Interior navigation for main tool path

1. Model sculptured bottom B-spline surface.

2. Define pocket polygon and overlay X, Y grid

3. For each grid point obtain corresponding Z value.
Call this ordered set G.

4. Calculate maximum surface roughness. Redesign
input values if predefined tolerance is exceeded.
Recalculate set G.

5. Find a set of cutter edge extreme points at each
pocket vertex. Call this polygonal set H.

6. Determine the set of all grid-centers inside H.
Call this new set S.

7. Find the navigation path(in G and not in S) from
the point that has the lefi-most minimum Y value.
Call this set L. Store X and Y zigzag motions
separately in a set N.

8. Reverse the navigation path (L). Call this set M
(main tool path).

Wall machining and X zigzag and Y zigzag tool

paths

1. Find the nearest neighborhood point within set H
to begin wall machining.

2. Calculate tool centers between each pair of
vertices in set H. Call this set F.

3. Sort H and F in CCW order. Call this new set
W(Pocket wall path).

4. Final navigation path is given by the set T={MU
WUN}.

5. Determine

line movements or arc + line

movements for machining.
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4. CASE STUDY

The proposed pocketing algorithm is implemented
in Visual C++ and OpenGL for graphical simulation
in Part 1. NC code is then automatically generated

and machined on a three-axis vertical machining
center.

4.1 Machining of Free Form Pocket

Input

1. Vertex points of pocket.
2. Tool diameter: 6.35 mm.

3. Grid size along X: 3.18 mm
4. Grid size in Y: 1.59 mm
5.

Predefined tolerance : 1.02 mm

Output
1. Output is a set of pocket cutter paths.
2. Drawing of sculptured pocket surface.

The B-spline surface used to describe the bottom
of the pocket has a mountain in the Y-direction and
a mountain and a valley in the X-direction. The
Simulation result in isometric view of the pocket
along with the defined grid is shown in Figure 5(a).

s Vertex

(a) Pocket simulation

(b) Machined pocket sample
FIGURE S. Free Form Pocket

Simulation is performed to obtain the tool path to
machine the pocket. Initially, the interior grid
navigation is carried out, then wall machining is
performed, and finally zigzag motions are added. The
grid navigation points may also be post processed to
obtain arc interpolation. Experimentally machined
samples are shown in Figure 5(b). The sequence of
figures shows the main tool path, wall machining
and the addition of the X and Y zigzag motions.

4.2 Machining of Complex Bottom Surface

1. Input

a. Vertex points of a rectangular

b. Tool diameter: 0.25 in

c. Grid size in X and Y direction: 0.05 in each
e. Predefined tolerance: 0.0lin

N

. Output

Output is a set of cutter path to remove
inside area of a rectangular and drawing of free
form bottom surface as shown in Figure 6. The
pocket is machined wusing arc and lnear
interpolation and the simulated path and the
corresponding machined sample are shown in

each case.

(a) Simulation of complex hottom surface

_51_



(b) Machined pocket sample
FIGURE 6. Complex surface pocket
(Max. surface roughness: 0.0089in)

A comparison between linear machining and a

combination of. linear and curvilinear

interpolation is made with variables of
machining time and file size. the machining time
of linear machining was 7 min 44 sec with the
120 KB while
interpolation shows 7 min 3 sec machining time
and 39 KB file size. Spindle speed was set at

s=7500 r.p.m. and 25 inch/min of feed rate.

file size of curvilinear

5. Conclusion

showed in Part 1 for the
machining of general polygon pocket with a free
form bottom surface was verified with the
machined examples since it reduces the
required machining time and NC code file size.
The algorithm presented and proved in this
paper lays a framework for the implementation
of advanced curvilinear interpolation.

In this paper, final NC code data have been
generated automatically for both linear and
movement. The
algorithms improve the accuracy of machining,

Simulations

curvilinear curvilinear
and reduce the machining time and file size. the
number of tool retractions is expected to be
proportional to the number of non-convex
vertices in the polygon. If zigzag machining is
used, the number of tool retractions would be
higher. the algorithm developed in this paper

can also be directly applied to machine reverse
engineered objects, as it is based on a grid of
points.
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