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Abstract The tool path needs to be determined in an efficient manner to generate the final NC (nurmerical
control) code for efficient machining. This is particularly important in machining free form pockets with an
arbitrary wall geometry on a three-axis CNC machine. Many CAD/CAM systems use linear interpolation to
generate NC tool paths for curved surfaces. However, this needs to be modified to improve the smoothness of
the machined bottom surface, reduce machining time and CL (cutter location) file size. Curved machining can be
a solution to reduce these problems. The unified rough and finish cut algorithm and the tool motion is
graphically simulated. In this paper, a grid based 3D navigation algorithm for generating NC tool path data for
both linear interpolation and a combination of linear and circular interpolation for three-axts CNC milling of
general pockets with sculptured bottom surfaces is developed.

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

1. INTRODUCTION of compound-curved and intricate surfaces. One of
the most important features in determining CNC
nmechining effidency and productivity is the cutter path

With increased demands for complicated form and  potion plaming. This cutter notion on compound-
functional surface shapes in many industrial products, curvature surfaces determines the machining time
the need for an efficient method of CNC machining  and surface roughness (or cusp height). It is to be
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noted that surface roughness always exists because
of the lack of geometry matching between the
cutter and work-piece surface. The major problem
in automatically generating ball end milling cutter
path is the difficulty of determining the cutter path of
general polygons with compound-curvature surfaces.
Generally, a staircase or window-frame procedure is
used. ,

Most CAD/CAM systems connect the data points
with linear segments to generate an NC tool path.
This method creates many shart linear move commands
with sudden changes in direction. Tool paths 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 hnear segments leads
to rough surfaces caused by 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 vaume. This is possible since
curved data only needs starting and ending points,
and the arc center or intermediate control points
while linear movements need all data points to specify
the tool path.

In view of the short comings mentioned above, a
window frame approach with a grid based 3D
navigation algorithm for generating NC tool path
data for both linear interpolation and a combination
of linear and circular interpolation that minimizes
the length of the cutter paths for milling general
polygons with sculptured surfaces is developed in
this paper. Zigzag motions along the X and Y
direction are added to make the smoother surface.
Deep pockets are handled by a unified rough and
finish cut algorithm that uses the z height of the
surface grid data. The grid based unified rough and
finish cut algorithm is graphically simulated using
OpenGL. NC codes for the simulations are generated
autaratically depending on line or arc + line movement.
Figure 1 shows the schematics of the algorithm.

Bottom Surface | —-_Y€S
Definition .l.

1 Navigation
Polgfgon Main interior tool path
Definition Wall machining

%. X and Y zigzag(Optional)
Deep || Tool Path
Polygon Line motion

N Arct+line motion

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

2. RELEVANT LITERATURE

A number of machining strategies and tool-path
plarming algorithms for free form surfaces have been
developed by researchers. These include iso-parametric
mechining, adaptive iso-arve machining, and pocketing
with window frame or staircase style patterns.

By wsing iso-paranretric curves as tool paths, costly
surface-surface intersection algorithms can be
avoided. However, the spacing between iso-parametric
lines, in general, will be non-uniform causing over
machining or under machining [6]. Another problem
with iso-parametric curves is that tool paths are
not optimal for complex surfaces. Some sections
could be densely machined while others may be
sparsely machined [3]. To counter this problem they
developed an adeptive sub-isoaurve extraction approach
that provided more optimal and valid coverage of
the surface by adaptivdly introducing partial sub-isocurves.
Isocurvature machining was proposed due to the
advantages of local placement and orientation of the
tool [7]. However, there are difficulties associated
with the computation of lines of the curvature.

Pocket machining is further complicated than
open freeform surfaces because of the surrounding
walls. Contour-parallel machining and directional-
parallel machining are the commonly used pocketing
strategies. Contour- parallel machining uses offset
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segments of the boundary elements of the pocket as
tool path segments (depending on the shapes this
can be an instance of a window frame approach).
Thus the pocket is machined spirally by the tool
being driven along the boundary offset that are at
constant distances form the pocket’s boundary. In
directional-parallel machining (staircase style), the
tool is moved along line segments, which are
parallel to a reference line selected initially. Planning
tool motion when the walls of the pocket are
non—convex is difficult. Hansen and Arbab [4] developed
an algorithm for generating NC tool paths for
arbitrarily shaped pockets with islands. Proximity
maps [5] has also been recently used for efficient
pocket machining with complex wall geometry.
Proximity maps are based on the pocket boundary
and lead to contour-parallel machining. Suh and
Shin [8] developed a neural network model to solve
the tool path planning problem as an optimization of
the traveling salesman problem It is based on a
grid approach. However, this method is applicable
only for rough cuts and for flat bottom surfaces. So
it did not need to consider about geormetrical mismatch
between the tool and workpiecee. A tool path
navigation strategy [2] with legal moves on a grid
has also been suggested to machine non-convex
polygonal pockets with flat bottoms. However, to
date we note that there is very little research reported
for machining free form pockets with arbitrary wall
geometry. Because zigzag machlmng is not required
for flat bottoms with flat end mills, but ball and
mills are recommended for free surfaces with due
to geometrical mismatch.

Beard [1] notes that the linear interpolation approach
has becorre a limiting factor on the contour machining
process since it is not accurate, and forces the
machinist to work from an approximation of the
true work—piece surface. Moreover, the machined
surface is not smooth and file sizes are also enormous.

Linear interpolation based curved surface machining
can result in thousands of small linear motions and
is very inefficient for complex surfaces. Curvilinear
interpolation schermes can be used to circumvent these

problems. Circular, spline and NURBS based interpolation
schemes have recently been proposed by researchers.
[91{10]

3. MAIN ALGORITHM
3.1 Surface Definition

The bottom surface in this algorithm can be
defined by any analytical or parametric method or
even as scattered 3D data In this paper, the 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

Plu,w)=2, 2 PN (u)N, (w)

i=0 j=0
where, P;; are the vertices of the control net and
Nijand N;, are the basis functions. B-spline
surfaces do not necessary pass though the comer

points of the -characteristic polygon, and have
greater local control.

3.2 Grid Definition

The region to be machined is divided into a grid
with size equal to or less than D/V 2, where, D is
the diameter of the tool, as shown in Figure 2. The
following assumption can be made.

Tool encloses entire area of a grid

Digitized
region
Lo
8 T H> Cut portion
)
TY—»
Toolend Tool centg point Tool path X

point And tool start point

Fig. 2. Digitization and tool path motion.
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“Whenever a cutter passes through the center
point of each grid, this grid is completely machined
because cutter will cover entire area of each grid.”

This assumption is true only when the bottom
surface of the pocket is flat. When the pocket has
an arbitrarily shaped bottom surface, uncut material
may stll remain due to the geometric mismatch
between the tool and workpiece. . For 3-axis
machining this situation will occur whenever there
are any regions that the tool center does not pass
through in X or Y directions. To solve this
problem, additional X and Y zigzag motions are
needed for later execution depending on how
smoother surface is required. The selection of grid
size on the specified tool size is important since it
determines machining time and surface roughness.
Larger grid size requires less machining time and
larger surface roughness and visa versa

Any general polygon can be defined for pocket
milling. General polygon means that it includes both
convex and concave shapes.

3.3 Navigation

The navigation strategy plans a sequence of legal
moves from one grid point to the next. A set of
priorities governs movement selection. The priority
depends upon the previous or precedent move,
Generally, the direction to go is always the first
permissible direction in a counterclockwise direction.
Before the details of the proposed methodology are
given the following terms are defined

Definitions

Precedent Navigation (PN) Direction from
previous point P to current point (each center point
of the figures)

Successive Navigation (SN)
current point to next point

Priority Number : Direction (EW,N,S) that has
a priority on precedent navigation

Each end point is tool center.

Direction from

When SN is 3
Priority 1: =Y AJ" -== 3. +Y
Priority 2: +X . 2
Priority 3: +Y When SN is 2 ) .
Priority 4: -X - . W_he_n S;N_'S !
* -X b. .............. .> o
Y zigzag 2. +X
X zigz

Priority 1: +Y
Priority 2: =X
Priority 3: ~Y

Priority 4: +X 2. b
. ? —P e
;Y zigzag ;WN is 2 :

W x zigzag v v hen SN is 3
4+---- T O====--

3.-Y

b) When precedent navigation was in -X direction

Priority 1: +X Wl’frl_Si IS_Z :2~ +Y

Priority 2: +Y

Priority 3: =X .
hen SN is 1

Priority 4: =Y A

(=4

. ) A 1.kx
. Y zigzag IWhen SN is 3 73
' :
X zigzag
Veize. y

p oy
¢) When precedent navigation was in +Y direction.

Priority 1: -X +Y O = = = - >

Priority 2: ~Y P

Priority 3: +X

Priority 4: +Y 1. -X H 3 +X

VY Zigzag T === - °
When SN is 2

I When SN is 1 4
*_)(Z_ia_z_a_g > 9

o 2. -Y
d) When precedent navigation was in -Y direction.

Fig. 3. Navigation priority and associated X and Y
zigzag motions.

The entire set of legal moves is summarized in
Figure 3. In Figure 3, the movement from the
precedent point to the current point is denoted
by a dotted line. At each current position (at
each center point of figures), the next move can
be planned based on the 4 priorities. If there is
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no obstruction or this is the first cut, the tool
moves to the direction of priority 1. If the
direction of priority 1 is has an obstruction then
directions of priority 2, 3, 4 in sequential order
are checked for possible moves. The X and Y zigzag
motions are shown as dashed lines. These motions
are made depending on the successive navigation
number.

As can- be seen from Figure 3, regardless of the
precedent navigation direction, the searching process
will start with right hand side direction first. If that
side is blocked by a pocket wall or already searched
previously, then it turns left 90 degree, straight
direction from the precedent navigation. By this
method the final prority is the direction to the
precedent point. That is why the searching process
starts from the left most mmimum grid in the
pocket polygon to prevent redundancy and finishes
somewhere at the center part of the pocket polygon.

3.4 Machining by linear interpolation

Linear interpolation proceeds by line movement
from one grid point to the next. Linear moves can
be made by one or any combination of all the
active axes. An example is shown in Figure 4

End Point

Start Point
Fig. 4. Linear movements to generate curve.

As it can be seen in Figure 4, there are
consecutive linear motions to generate mountain +
valley shape curve. In this case, the advantage is
that there is no need of changing active axis plane
for machining. Just the next destination coordinate
(X, Y, and 7Z) needs to be specified after one
movement. However, the disadvantages are that
there are numerous ’‘stop & go’ motions which
cause machining delay and large CL file sizes.

3.5 Machining by Curvilinear Interpolation

The navigation grid points can be post-processed
for curvilinear machining. In this paper a recursive
approach to approximate a curve by a series of
arcs and lines is used. This approach is similar to
Vickers and Bradley [10] and is illustrated in Figure
5. The segmentation algorithm in case of XZ plane
proceeds as follows.

i. Start with a set of cross—sectional points
(X»Z:) i =1,..N.(IF N<3, linear interpolation is
formed)

ii. Calculate the data set mid-point.

ili. Calculate the arc center through the first, mid,
and last points.

iv. Calculate and test the error between the arc
and the intermediate surface points. The error is

given as
Error =|r—-d |
r-lx - x vz -2 0]
where, d is the distance to the data point

(X ;,Z;) from the arc center (X .,Z.) and r is
the arc radius.

v. If the test fails (exceeding the specified
maximum error tolerance), the span of the arc is
decreased from {i =1,...,N} to {i =1,..N-1}

vi. If the test passes, the radius of the arc is
checked to see if it is larger than a threshold value.
If so, a linear command is formed from start to end
poirt.

vil. If the radius of the arc is not larger than the
threshold value, the appropriate circular interpolation
commard is generated, otherwise a linear interpolation
command is generated between starting and ending
points on a given series of points.

viii. The process is stopped if the last point is
reached, otherwise a new arc center for the current
location and the old end point is calculated.

A circle of radius r and center (h, k) in XZ plane
is expressed in implicit form to determine the
center and radius of a circular arc passing through
three data points. The form in YZ plane is the
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same as XZ plane.
X?2+Z%+aX +bZ +¢=0
where a=~2h, b=-2k c=h>+k*~r?
A system of three equations, in the variables g,
b, and ¢, are created for the data points {(X 1, Z,),
(X2.2,), (¥+:24)), all of with lie on the arc

The matrix form of three equations is like follows,

x, z, 1a] |-(x7+2D)
X, Z, 1||lb|=|-x2+2)
X, Z; 1}jec —-(XI+ZH

Surface point data setin a
given XZ plane
[{xi. Zi) i=1,--,N}

S

Decrement arc end

r point by one Yes
Detine data set mid~
"'Laoint Lo (N/2)] @
¥ h
Linear
@ *Interpolation Yes
No

Yes

Cetermine an arc through
the first, mid, and last

_JArc Interpolation l
points [{X1,Z1),
(X2, 22). (%3, 23)}

Test the fittin with Y
¢

New arc from current
location to last point
of the same path

imtermediate surface
points {{(Xi, Z:i=1~N]
vs [(X1,Z1), (X2, 22},
(X3, Z3)1}

1

L

Fig. 5. Arc and line segmentation algorithm.

A curve can thus be represented by a series of
arcs and lines as shown in Figure 6.
Arc 2
Arc 1

Line 1,2 __.A

] £nd Point

\ Arc 3
Arc 4
\.

Fig. 6. Dustration of arc + line movements.

Start Point

] Model a bottom surface |

| Digitize and find a set of tool edge extreme points |

l Input required values i

Calculate the Max. Surface Roughness. if it is

over the predefined valug, redesign input values
{ Make a new polygon

Eonstruct a rectangle circumscribed in the new polygon '
l Find the set of all grid centers inside the new polygon l

Generate tool paths by using the
proposed navigation procedure

Reverse all paths except path
Made by X and Y-zigzag motion

Calcuiate tool centers betweean every
wo tool edge extreme points

| Sarting them in CCW crder (Wall machining data) ]
| Determing the main tool path method (ine or arcHing) |
KGenerate NC code automatically |

i

End v
Fig 7. Flowchart for NC machining of freeform
pocket.

3.6 Overall Algorithm Procedure

Input values are as follows:
a Vertex points of a general polygon
b. Tool diameter
c. Grid size in X and Y direction
d. Predefined tolerance of surface roughness.

Interior Navigation for Main Tool Path

1. Model the sculptured bottom B-spline surface
with Z direction control points,

2. Digitize the 2D shape in XY as a function of
tool diameter and grid size in X and Y directions.

3. Depending on the number of digitized grids in
XY plane, determine the unit parameter value (u
and v) of X and Y directions from B-spline surface
in step 1

4, Match each X, Y values from step 2 with Z
vales from step 3 based on an  ordered
specification. Call this K

5. Calculate the maximum surface roughness. If it
is over the predefined value, redesign input values.
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Finally all surface coordinates are determined in
relation to tool diameter, X and Y grid size.

6. Find a set of edge cutter extreme points (tool
center point) at every vertex (polygon point)
defined by user. Call this set C.

7. Make a new polygon based on C.

8. Determine the set of all grid centers inside the
new polygon found in step 5. Call this new set S.

9. Find the navigation path from the point that
has the left-most minlmum Y value by using
proposed navigation procedure. Call this set U. And
keep the path made by X zigzag and Y zigzag
algorithm separately and find Z value by using set
K Call this set N (zigzag motion).

10. Reverse the navigation path (U) and find Z
value by using set K Call this set P (Miin tool path).

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

2. Calculate tool centers between every two vertices
in set C. Call this set F.

3. Sort the counterclockwise order of set C and
set F and find Z value by using set K Call this
new set W (Pocket wall path).

4. Final navigation path such that T={P+W+N}.

5. Deterrrire line novemertts ar arc + line movements
for machining and simulation path.

6. Generate final NC codes automatically

This procedure can be summarized as shown in
Figure 7 and made step by step in each different
code. If there is something to be modified, it can be
done easily at the specific code. So computational
intensity and time are not issue in this algorithm.

4. ROUGH AND FINISH CUT

When deep pockets are to be machined a rough-cut
algorithm is needed. The rough-cut algorithm is
based on a layer based machining strategy. Instead
of machining material in one pass, the material is

removed in a series of layers. -

Also, in most real machining situations, it is
required to separate machining depth into some
layers to protect tools from deflection and wear and
to overcome the limitation of the tool length.

™ RnughFunsh

1% layer

— \ K oy
s r—{:v- ayer

il oy {
; 2 /-——\\\ | \1 { 39 ayer
3/ \\\y* e £ gt layer
4 SN tn
~. 5% layer
4 Final layer \\.,\ /
AN
Xory

Fig. 8. An example of rough cutting steps.

The proposed method is to control the Z coordinate
on bottom surface points, which means that Z
coordinates of surface points need to be specified to
fit at each layer's specification range. An example
is shown in Figure 8.

From the top view, XY grid navigation tool path
is the same for each layer (only the depth varies).
At each layer, there is a range of Z values, such as
-01in< Z < 0 (top surface), -02in < Z < -0.lin,
and 03in < Z <-02Zin etc. If Z values of the
bottom surface belong to at each layer's Z value
zone at each layer machining time, those Z values
would be changed into the highest layer’s Z value
bigger than the maximum Z value of the bottom
surface to prevent unwanted cut which include over—cut.

As the same principal for material removal is
being used in this paper, the algorithm is termed as a
unified rough and finish cut method. The sequence
of machining steps for a deep pocket are 1)
Machine layers 1 through N, 2) Finish cut, 3) Wall
machining, and 4) X zgzag and Y zigzag machining
(optional)

5. CASE STUDY

The proposed procediure is implemented in Visual
C++, and OpenGL.
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5.1 General Polygon

1. Input

a. Vertex points of a general polygon

b. Tool diameter: 0.25 in

¢. Grid size in X direction: 0.125 in

d. Grid size in Y direction: 0.0625in

e Predefined tolerance: 0.04in
2. Output

a. Output is a set of cutter path to remove inside
area of a general polygon with an arbitrarily shaped
bottom surface.

b. Drawing of sculptured surface of the polygon.

The top view of the polygon used in the case
study and the grid defined is shown in Figure 9.
The cutter edge extreme points in this Figure are
the points used for wall machining. The grid points
interior to the polygon formed by the cutter edge
extreme pomts are used for the main navigation
There is a mountain on Y direction and mountain
and valley on X direction on the surface.

Cutter edge extreme points Thick line is boundary of inside grids
1\ ~—]

r )
Qi )

u s A

Y Y

v S !

New polygon initial grid map based on unit distance

Original polygon petween tool centers in X and Y

Fig 9. Polygon definition (Grid and cutter edge
extreme points are shown)

. Line movement

£ Vertex

Search end and r.nachi.ning A
start point

Search start and machining end point

Fig. 10. Isometric view of main tool path (in red)

Move t6 t.he.néarest e;dr;sm.e =
Y g € e ¥
point after main tool path

Fig. 11. The pocket wall tool path (in green)

____________ Cutting direction
. (counterclockwise)
L e————

T Vertex

P - X zigzag direction
I r;:'-'-_--1\:‘:;,\‘7_5)(<Countercloc;kwise)

<

o "y
o  — 3o
I 1

T

First Y zigzag

Fig. 13. Isoretric view of final result with Y zigzag

Figure 10 shows main tool path and wall machining
is displayed in Figure 11. Optional X and Y zigzag
tool path to make smoother surface is shown in
Figure 12 and 13.

Arc + line movement

Substituting linear main tool path to arc + line
tool path had been resulted on the following Figure
14.
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Fig. 14. Arc + line movements.

Yellow(light) lines show linear movement and
blue(dark) lines show arc movement. A lot of line
segments are saved by arc movement.

5.2 Rough and Finish Cut with Rectangle Pocket

The rough and finish cut is shown in Figure 15
The final layer is the main tool path as explained
in the navigation algorithm section. After final layer
is machined, it is followed by pocket wall machining,
and X and Y zigzag machining. The algorithms for
those are the same as the previous case study.

Final (Same stvie of the main tool path as the orevious case studv)

Fig. 15. Rough & finish cut with layers.

5.3 Comparison of line and arctline movement

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
2. 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 16.

(b) Arc (in blue and dark) + line (in yellow
and light) movements
Fig. 16. Simulation of complex bottom surface
(Max. surface roughness: 0.008%n)

6. CONCLUSION

An algorithm to generate the final NC codes for
machining a general polygon with a sculptured
bottom surface was presented and simulated with
linear interpolation and a combination of circular
and linear interpolation. The algorithm improves on
the classical window frame approach by using the
strategy of navigation based on a set of grid points.
Both convex and non-convex polygons can be
handled by this algorithm. The bottom surface of
the polygon can also be any freeform surface. The
algorithm presented here also lays a framework for
the inplementation of advanced curvilinear interpolation
algorithms. The curvilinear algorithms improve the
accuracy of machining and reduce the machining
time and CL file sizes by reducing the number of
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NC commands. With new NURBS based controllers
beginning to emerge on the horizon this strategy
will be invaluable to fully exploit the new controllers.
The algorithm presented here uses a unified approach
to machine deep pockets by a series of rough-cuts.
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