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ABSTRACT

GENERATION, VERIFICATION, AND CORRECTION OF
NUMERICAL CONTROL TOOL PATHS

By

Daniel Arthur Wysocki

Numerical Control (NC) milling is a very expensive procedure when machining
errors are not detected during the generation and verification process of the Cutter
Location (CL) file. This thesis presents a three step process in the generation,
verification, and, if necessary, correction of a tool path. The first step uses
chordal deviation techniques to generate a tool path with a minimum number of
CL points. The second involves tool path correction when undercutting occurs in
concave (inside corners) and convex (outside corners) regions of the tool path. If
a more extensive verification is desired, a third process is used with verification
algorithms developed by Oliver [S] for three-axis NC machining centers. These
algorithms take a three-dimensional look at the tool path versus the desired
surface geometry. If an undercut occurs, a correction is made in the tool z-axis
direction. An example is given illustrating each of the three processes mentioned

above.
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Chapter 1

INTRODUCTION

Although Numerical Control (NC) processes have been around since the 18th
century in the Falcon (1728) and Jacquard looms (1800) [1], it has only been
recently, the past four decades, that these processes were really integrated into a
manufacturing environment. Precision components with complex shapes whose
overall costs to manufacture were very high were virtually the only application of

NC up to this time.

With the development of the computer during the past two decades, these
costs were brought down and have allowed these NC processes to be expanded into
many new areas such as the machining of free form or sculptured surfaces.
Besides providing a more efficient way to generate cutter location (CL) files,
computers have given the manufacturing sector a tool to help verify the goodness
of a CL file and correct it if necessary. This process to date has not generally been
automated and this research is a step in the direction of trying to make this

happen.



Chapter 2

BACKGROUND ON NC METHODS AND VERIFICATION

Machining of sculptured surfaces with three-, four-, and five-axis NC
machining centers is being used in a wide variety of industries such as ship
building, aerospace and automotive. The accuracy of the machined surfaces is
critical in these industries. Examples of this are the areas of air flow over an

airplane wing and the face of a gear tooth in an automobile transmission.

In all these industries, ballnose-type cutters are typically used when
machining sculptured surfaces. Parametric surfaces are the most commonly used
specification of sculptured surfaces for NC. For such surfaces, constant u or v
parametric flow lines, where three-dimensional surface points are represented as a
function of u and v, are the most common methods used to generate tool paths.
However, there are two major problems with this method [2] -- surface
parameterization being the first and tool placement the second, as explained

below.

It is very difficult to machine a surface when the actual stepover distance at
the top is larger or smaller than the distance at the bottom, even though the
parameterization is equal at both ends. Sometimes this is referred to as the
triangular patch problem. It causes areas on the surface to be either missed or cut
more than once during the machining process, depending upon the tool path

stepover distance. See Figure 2.1.



Figure 2.1 Surface parameterization problem.

The second problem deals with the placement of the tool. With a correct
theoretical geometric placement of the tip of the cutter, gouging may occur on the
surface being machined or on an adjacent surface. With the tool placement being
correct at the tip of the tool, gouging may still be caused by other parts of the tool
as it moves from point to point. See Figure 2.2. Gouging against an adjacent
surface can be corrected by offsetting the surfaces of concern by the distance of
the cutter radius and using the offset intersection as a limiting point or check

surface for the tool path being generated. See Figure 2.3.



N

Figure 2.2 Tool path gouging against an adjacent surface.

Figure 2.3 Corrected tool path through the use of offset surfaces.
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Gouging occurring on the surface being cut is harder to locate and correct
because the intersecting point of the “butterfly” in the cut might not exist. This
butterfly occurs when a tool is too large to machine an area, such as a corner or a
cusp of a surface, without gouging. It can be shown graphically by tracing the
center point path of the cutter along a tool path. The butterfly starts where the
gouging first occurs and ends where the tool no longer violates the surface. This
point is depicted by A in Figure 2.4. Since Figure 2.4 is illustrated in a
two-dimensional form, a true intersection is shown. Surfaces, however, are
three-dimensional and the normals describing the tool center path can be skewed.

Thus, a true butterfly intersection point may not exist, but gouging can still occur.

Figure 2.4 Tool path gouging surface being cut.

In either case, these violation areas can be minimized by either selecting a
smaller tool or looking for the extreme points where the surface can be cut without
gouging. This can be done by finding the “fictitious butterfly,” where the gouging

begins and ends, and eliminating all points in the cut within this region. Minimum
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distance techniques can be used to find these points (see Chapter 4). Results
would be equivalent to the ones shown in Figure 2.5. The surface has not been
fully machined at this point because areas within the butterfly have yet to be cut.

Smaller radius cutters, thus, can be used to machine these areas.

Figure 2.5 Tool path corrected for gouging against the surface being cut.

An exact definition of the surface cannot be machined without using an
infinite number of CL points. Since this is impossible, linear interpolation is
commonly used to approximate curves along a surface. Chordal tolerances as
small as .0001 inch (.003 mm) can typically be programmed. See Figure 2.6. In
addition to linear interpolation, some NC machines can handle higher orders of
interpolation such as circular and parabolic [3]. When the step increments are
small, surface curve approximations can be made through use of osculating circles
or local curvatures [4]. Approximations of this type are dependent upon a
well-behaved surface being present. Surfaces of higher orders can produce

misleading and incorrect results because of the small oscillations that can occur
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with higher-order equations. These are the most commonly used techniques to

generate tool paths; they don’t, however, guarantee that the surface will be

properly milled.

CHOBROAL TOLERANCE

Figure 2.6 Chordal tolerances for linear interpolation.

For years, NC verification was performed by two methods, experimental trial
or proofing runs and visual checking of two-dimensional drawings of generated CL
points [S]. Proofing runs proved to be very time consuming and costly, especially
when coordinate-axis measuring machines are used to verify the model. Visual
checking is effective in identifying large milling errors, but not thorough enough

for a final verification. Proofing runs often followed visual inspections because of

this.

As computers keep getting faster and faster, the problem of automating the
NC verification process, with its enormous amounts of mathematical calculations,

is becoming more manageable.
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SURFAPT [6] is an example of one of the many NC programs on the market
to utilize these faster central processing unit (cpu) times. Checking is performed
visually via watching the simulation on the graphics monitor. This technique is
strictly view dependent and will only allow detection of machining errors visible in
the view displayed on the graphics monitor. A user must be very knowledgeable in
the part being programmed and NC in order to strategically pick the views from
which a visual check should be made to detect possible NC machining errors, and

must be able to recognize an error when it occurs.

An area in which a very large amount of energy is being spent to solve the
NC verification problem is solid modeling. Voelcker and Hunt [7] [8] were among
the first to suggest this. The mathematical calculations involved with solid
modeling, however, are enormous and have made this process not a very desirable

one at this time.

Roth [9] and Atherton [10] have proven in their work that solid modeling can
be used in a more efficient manner for NC verification. Their techniques,
however, were of a visual nature and the problems with visual verification were

discussed earlier.

Wang [11] seems to have produced some better results. Wang is claiming to
have the full capability of NC verification for five-axis milling applications via

solid modeling techniques.

Oliver [5] [12] [13] has developed a procedure using either surface or B-rep

solid modeling representations which has produced results in an O(N) time, where

N is the number of tool path points, which compares to O(N4 ) time complexity for
direct solid modeling. This work differs sharply from the “traditional” solid

modeling simulation approach using sequential boolean operations.



9

Oliver’s research will verify whether a surface was properly milled and will
color code the areas that were missed or gouged. The only view dependency is
that machining errors will only be found in the areas visible in the view selected.

Various views can be used to verify the entire NC machining process.

There is some confusion between simulation and verification. Simulation
does not notify a programmer if an error occurs. The programmer has to identify
the error as it happens on the replay of the machining process and recognize it as
an error. If an error is displayed and the programmer misses it, the process is
assumed to be correct. Verification, on the other hand, notifies the programmer

where the machining error has occurred by color coding or some other means.

Most of the techniques mentioned above are ways that will only detect, but

not correct, milling errors when machining a sculptured surface.

This research presents a method in which the process of generating a cut,
verifying, and correcting it if necessary, can be automated. The process is divided
into three procedures: tool path generation through chordal deviation techniques,
tool path correction of undercutting caused by the tool along the tool path, and
three-dimensional tool path verification and correction in the tool z-axis direction

(See Figure 2.7).
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Chapter 3

TOOL PATH GENERATION

One of the major objectives of this research was to develop a NC verification
process which was independent of the surface type being evaluated. CL points,
surface points, and normals are the only information needed for the procedure.
Surfaces with higher-order polynomial equations tend to have small oscillations in
them. These oscillations are generally numerical artifacts rather than desired
features of the surface design. Therefore, if the CL points pass a series of chordal
deviation checks, which are defined in this chapter, there is no need to be
concerned with local surface curvature. NC machines cut on a point-to-point
basis and not on local curvature. If a point and normal are correct, they can be
used. See Figure 3.1. Therefore, local surface curvature evaluations are not

necessary in any of the NC verification algorithms presented here.

11
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Figure 3.1 Local curvature of higher-order polynomial surfaces.

In the work presented here, as in most surface machining codes, the CL
points are generated along a constant u or v surface parameter direction. If a
certain number of cuts is specified, for example, in the constant v direction, the

distance between the cuts is incremented in u,v space by a distance of d, where

maximum u of surface - minimum u of surface 3.1)
d = .
number of cuts - 1

The first cut is usually started at the minimum u surface parameter and
gradually incremented until the maximum u surface parameter is reached. Each
new cut is defined by the constant u parameter unew. If ten cuts are requested, the
desired cut mentioned in equation 3.2 is equal to 1 for the first cut, two for the

second, etc.

unew = minimum u of surface + d(desired cut - 1) (3.2)



13

Two types of chordal deviation are used to calculate whether a CL point is
good or not. The first deals with three calculated points on a surface. A chordal
height is found between the two outer points. The second involves distance
checking between the lines formed by two surface points and two corresponding

tool center points with respect to the radius as explained below.

Given the three points P1, P2 and P3 (see Figure 3.2), the chordal height, H1,
is equal to the minimum distance from P3, which is at the u,v midpoint between P1
and P2, to the line formed by P1 and P2. This distance lies in the plane
determined by P1, P2, and P3, which does not necessarily contain the locus of the
tool axis between P1 and P2. P3 is chosen to be the parametric midpoint, where it
is assumed that the chordal deviation is near its maximum. In other words, the
assumption is made that the surface is fairly well-behaved with at most a gradual

change in curvature between points P1 and P2.

Hl ——
P3
e ———
Pl P2

Figure 3.2 Chordal deviation with surface points.

Assume chordal deviations have been within tolerance up to some point P1

on the surface, and a possible cut to P2 is being examined. If the chordal height
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H1 is greater than the specified chordal tolerance, P2 is considered a bad point and
a new P2 and P3 must be recalculated at a smaller u,v distance away from P1. If
H1 is within the specified chordal tolerance, P2 is considered a good point. The
distance between P1 and P2 should keep increasing until a bad P2 point is found,
as later described. This, in effect, will create a tendency to spread CL points out
along flat areas and bunch them closer together along the curved areas of a surface

(see Figure 3.3).

Figure 3.3 CL points with corresponding normals on a surface.

In addition to the chordal deviation check mentioned above, a second chordal
deviation check using the radius of the ballnose cutter can be used. Two additional
points, PN1 and PN2, are calculated (see Figure 3.4). PN1 and PN2 are points
along the normal vector a distance equal to the radius of the cutter from points P1

and P2 respectively. First the minimum distance, Dmin, between the line segments
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L2 and L1 formed by the two surface points, P1 and P2, and the points PN1 and
PN2 respectively must be calculated. The minimum distance point on L2 must
also be constrained to intersect L2 between the points P1 and P2. In general, these

lines, L1 and L2, are not coplanar.

PN1 L1 PN2

0
rRADIUS T

P1 L2 HZ2 P2

Figure 3.4 Chordal deviation with surface normals.

Then the chordal height, H2, is defined as

H2 = radius of cutter - Dmin between the points P1 and P2. (3.3)

To find the total chordal deviation between P1 and P2, it must be decided if
the local curvature between these points is concave or convex. This can easily be
determined by using the magnitudes of lines L1 and L2. If [L1| is greater than or
equal to [L2|, the surface is convex and if [L2| is greater than |L1|, the surface is
concave. For a convex surface, the total chordal deviation is equal to the sum of

H1 and H2 and for a concave surface, it is equal to the greater of the two values of
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H1 and H2. If the total chordal deviation is greater than the specified chordal

tolerance, P2 is considered a bad point and must be recalculated.

Increment doubling and binary search is used to find both good and bad P2
points along the cut. Several techniques have been used to save compute time

when looking for good P2 points.

The first technique is that P3 only has to be calculated until the first
successful P2 is found. When looking for a good P2 at a distance further away
from P1, a doubling of the last successful u,v increment is made until a bad P2 or
the end of the surface is reached. As the distance keeps doubling, each new P3 is
equal to the previous P2. This is one way to save on compute time with the

recalculation of P3.

The binary search technique really becomes efficient when a good P2 is
followed by a bad one. At this point, a finite region has been established where a
final good P2 can be found. It is between the midpoint, P3, and the current bad

point, P2. The next calculation will narrow this region down considerably.

Convergence on the outermost P2 from P1 must continue for one reason - to
minimize the number of CL points in the tool path. If the method is halted after
the first bad P2 is found, a larger than necessary number of CL points is inserted
into the CL file. See Figure 3.5. If the method is continued, the number of CL

points is minimized. See Figure 3.6.
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Figure 3.5 Tool path with an excess number of CL points.

Figure 3.6 Tool path with a minimal number of CL points.

Let P2new be the next calculated point in the binary search. If P2new is
defined as a good point, the next P2new will be calculated in region B. If it is a bad
point, it will be in region A. See Figure 3.7. The trick here is that the regions
have been narrowed down to a small enough area that a “permanent” midpoint
can be assigned. If the search is in region A, P30 is used as the permanent
midpoint, and if in region B, P3 is used. These fixed midpoints are not the true
midpoints in u,v space, but they are close enough that the savings in compute time
are worth the small errors in chord height which are introduced. When the final
P2 point is found, a true u,v midpoint can be calculated to verify the chordal
tolerance test. If a more accurate chordal tolerance must be held, P3 can be
recalculated as the actual true midpoint during the binary search procedure in

regions A and B.
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Figure 3.7 Binary search for good surface points.

There is a small amount of material left on the surface being machined
between consecutive tool paths, which is referred to as cusps or scallops. The
height of these cusps or scallops should be minimized or kept under a pre-defined

tolerance. See figure 3.8.

L

CUSP HEIGHT —

Figure 3.8 Cusps or scallops between tool paths.

When positioning an adjacent tool path, these cusp heights are calculated in
the following manner. Corresponding tool centers on two adjacent tool paths must
be within one cutter diameter distance of each other. If this is not true, a smaller
stepover distance must be used. Otherwise, areas of the surface will not be
machined. Calculate P1, P2, P3, PN1 and PN2 in the same manner mentioned

earlier. PM is the midpoint between PN1 and PN2. Create the plane, PL1, with
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the three points PN1, PN2 and P3. Next project P1 and P2 into plane, PL1. See
Figure 3.9.

PN \Jv / ‘\ PN2

Pl P2

Figure 3.9 Geometry for cusp height calculation.

Check and see if the projected points P1° and P2 and the point P3 are collinear.

If they are, a flat surface cusp height approximation can be made:

cusp height = : (3.4

radius of cutter - \/ (radius of cuttcr)2 - (distance from PM to PN2)2

If they are not collinear, find the radius, R2, of the circle formed by the

intersection of the two cutter spheres by the Pythagorean theorem.

R2 = \/ (radius of cutter)2 - (distance from PM to PN2)2 (3.5)

The cusp height can now be calculated as,

cusp height = (distance from P3 to PM) - R2. (3.6)
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Arc length may vary along the constant surface parametric flow lines because
of the surface parameterization problem described in Chapter 2. The surface
parametric distance may be equal at the top and bottom of the surface, but the arc
length may vary. See figure 2.1. Therefore, a few samples should be taken along
the surface when machining along constant parametric flow lines to maintain the
desired cusp height. For instance, if a surface is being machined along constant u
parametric lines, samples can be taken at v = 0, .25, .5, .75, and 1.0 if the
parameterization in the v direction of the surface is from 0.0 to 1.0. The smallest
u,v stepover sample within the cusp height tolerance is used to assure the cusp
height is not likely exceed its defined tolerance. Many areas between tool paths
will contain cusps that are well within the tolerance. This is okay, because the
objective is to machine the surface so that the cusps or scallops are equal to or less

than the cusp height tolerance.

Related work dealing with the topics discussed in this chapter can be found in

the following references: [6] [14] [15].



Chapter 4

TOOL PATH VERIFICATION AND CORRECTION

Chordal deviation checks, such as those mentioned in Chapter 3, do not
guarantee that a tool will not undercut or gouge the surface being machined.
There are two situations where undercuts could occur. The first happens when the
cutter is too large to properly mill concave regions, such as sharp corners, of a
surface. These regions are depicted as A in Figure 4.1. The second deals with the

convex regions such as outside corners. See region B in Figure 4.1.

Figure 4.1 Undercutt..iy cuncave and convex regions of a surface.

A sequence of four CL points is needed to make the check and correction for
the undercutting of an inside corner of a surface as denoted in region A. The
“butterfly” or the point at which the undercutting begins and ends will occur

between the three-dimensional line segments P1P2 and P3P4 respectively. See

21
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Figure 4.2. P2 and P3 do not have to be adjacent CL points in the tool path, but

will converge upon each other as the corner becomes sharper or comes to a point.

P4
BUTTERFLY

P3

Pl P2
Figure 4.2 Undercutting of an inside corner of a surface.

Figure 4.3 shows the definitions used in discussing the finding of the
butterfly. Four points PN1, PN2, PN3, and PN4, are created at the tool center
positions relative to P1, P2, P3, and P4. These tool center points are a radius

distance away from the surface points along the corresponding normals.

PN 4

PN PN2

PN3<;\\

P1 P2

P3

Figure 4.3 Tool center geometry for undercutting check.
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To find the areas of undercutting, set P2 equal to the second point and P3
equal to the second from last point of the tool path. Iterate P3 backwards along
the cut until the distance between P2 and PN3 or P3 and PN2 is less than the radius
of the cutter. At this point a butterfly will occur between the two
three-dimensional line segments P1P2 and P3P4. Interpolate to the intersection
point of the butterfly (this interpolation process is described below) and eliminate
all CL points in between the start and end points of the butterfly. If the distance
check does not fail, set P2 equal to the third point of the tool path and start the
iteration process again with P3 equal to the second from last point of the tool path.
This sequence is performed until all possible iterative combinations have been
exhausted. If a butterfly is not encountered, the maximum number of iterations is
equal to (n-3)!, where n is equal to the number of CL points in the tool path.
However, if a butterfly is encountered, and CL points within the tool path between

P1 and P2 are eliminated, the total number of iterations will be less than (n-3)!.

When the distance check mentioned above fails, the butterfly intersection
point can be found by using the following interpolation method. Refer to Figure

4.4.

Form the following vectors (the lines formed by PN1, PN2 and PN3, PN4

respectively are most likely not coplanar):
A = PN1PN2 4.1)
B = PN3PN4. (4.2)
Next, find the vector, C, normal to vectors A and B.

C=AxB (4.3)
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Find the vector, D, normal to vectors A and C.

D=AxC (4.4)

Form the plane, PL1, normal to vector D at PN1 and containing the vector A.

(P-PN1)eD=0 (4.5)

Figure 4.4 Geometric configuration for butterfly interpolation.

To find the approximate butterfly minimum distance point PN3’ (intersection
point in the planar case) between points PN3 and PN4, intersect the line PN3PN4
with plane PL1. The intersection point is PN3’. This process will also produce the
parametric value, T3, which represents [PN3’-PN3|/ [PN4-PN3|. Form a line in u,v
parametric space between P3 and P4. Substitute T3 into the equation of this line to
get a new interpolated u,v point, U3’ and V3’. Evaluate this new surface point, P3’
and form the new tool center point, PN3”. PN3’ and PN3” will most likely not be
coincident because of the parametric spacing problem described in Chapter 2.

PN3”, however, will be much closer to the butterfly intersection point than PN3 is.
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This process can be followed to find PN2” by substituting equation 4.6 for
4.4 and 4.7 for 4.5.

D=BxC (4.6)
(P-PN3)eD=0 4.7

PL1 will now be normal to the vector D at PN3 and contain the vector B.
PN2’ is be found by intersecting the line PN1PN2 and PL1. PN2” is found by the

same process mentioned above to find PN3”.

Find the distance between PN2” and PN3”. If they are not coincident,
substitute PN2” for PN2 and PN3” for PN3 and repeat the entire interpolation
process. After a few interpolations, PN2” and PN3” will converge upon each other
or upon the minimum distance points between the two lines PN1PN2 and PN3PN4.
PN2” and PN3”, at this point, are the start and end points of the butterfly in

question.

Undercutting of outside corners is detected and corrected in a manner similar
to that discussed above for inside corners. Four surface points, P1, P2, P3, and

P4, are needed for the undercut check.

For an undercut to occur on an outside corner of a surface, the following

conditions must be met (refer to Figure 4.5):

| P2P3 | < radius of cutter, (4.8)
| PN2PN3| > |P2P3|, and (4.9

H2 > pre-defined chordal height tolerance. (4.10)
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PN2 PN3

PN PN4

P4

Figure 4.5 Geometry for undercutting an outside corner of a surface.

Condition 4.9 indicates the surface normals at P2 and P3 are pointed in an
outward direction away from the surface points. H2 in 4.10 gives the amount of
undercutting caused by tool path motion from CL points P2 to P3. H2 is calculated

in the same manner as was mentioned in equation 3.3.

To machine the surface correctly without undercutting the surface, a CL
point, PS5, and its associated normal, must be inserted into the tool path. See
Figure 4.6. PS will allow the cutter to clear the outside corner of the surface while
it proceeds along the other side, from P2 to P3, without undercutting or gouging
the corner at P2 and P3. PS5 is calculated from the theoretical intersection point of

the three-dimensional lines PN1PN2 and PN3PN4.
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Figure 4.6 Inserted CL point to prevent undercutting.

PNS is the theoretical intersection point of the two lines mentioned above.
Being that these lines are three-dimensional, they may be skewed. If they are, a
true intersection point will not exist. PNS is then equivalent to the midpoint of
PN2’ and PN3’. PN2’ and PN3’ are calculated in the same manner as they were
for the inside corner problem mentioned above. The one difference is that PNS is
calculated only from PN2’ and PN3’. Since there is not a surface parametric
spacing problem, as there was with the inside corner problem, only one iteration is
needed to find the exact solution. P2’, P3’, PN2”, PN3”, and T3 are also not
needed for the calculation; therefore, the iteration process can be stopped at this

point during the initial pass.

To find PS, form a vector from PNS to the midpoint found between the points

P2 and P3. This vector will give the direction where PS5 can be found in relation to
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PNS. PS is located a radius distance from PNS in this direction. The CL point
associated with P5 and the direction vector formed by PS to PNS is then inserted
into the tool path between CL points associated with P2 and P3. Therefore, the
outside surface corner formed by the points P1, P2, P3, and P4 will not be gouged

because of the insertion of point PS.

The method just described detects and corrects undercutting caused by a
ballnose cutter on a surface with reference to the surface points at the tip of the
tool. The algorithms, however, are only two-dimensional with respect to the
cutter. They do not have the capability to detect if the side of the tool is violating

the surface even when the tool path at the center is correct. See Figure 4.7.

CCRRECT TOQQLPATH UNDERCUTTING CRUSED
2-D RLGORITHMS By SIDE OF TO30L

Figure 4.7 Undercutting caused by the side of the tool.
To solve this problem of gouging caused by the side of the tool, verification

algorithms developed by Oliver [5] [12] [13] are implemented. Oliver’s algorithm

is a new application of surface and solid modeling technology. Oliver’s goal was
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to minimize unnecessary computations when checking tool paths against the
desired part geometry. In other words, Oliver has developed an interactive
algorithm to verify NC tool paths against part geometry while outputting the
magnitudes of the undercuts as they occur during three-axis milling operations.
This research will use the results generated by these NC verification algorithms to
correct undercutting caused by tool path errors. Therefore, Oliver’s research is the
final step in automating the process of generating, verifying, and correcting NC

tool paths of three-axis milling operations.

The necessary input for Oliver’s NC verification algorithms are as follows;
surface geometry to verify against,
discrete grid size of the surfaces,
radius of cutter,
height of cutter, and

successive pairs of tool CL points.

The discretization process is a grid network of surface points and normals
from which to make the NC verification check. The accuracy of the results is
limited by the grid size. The denser the surface grid, the greater the accuracy.
The denser grid also causes an increase in computational time, so optimizing the
grid size will optimize the response time. There are three choices currently used
by this research; a default grid size, a user-specified grid size, or a grid size
generated relative to the size of the cutter. A grid size generated with respect to
the cutter will compute a pre-defined number of grid points for every cutter

diameter distance on the surface.

A decision making process must be formulated to direct the tool cutter to mill
the surface properly when a violation is detected by Oliver’'s NC verification

algorithms. The algorithms provide the necessary information to determine which
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side of the cutter is actually violating a surface and by what magnitude. A decision
is then made in which direction to move the cutter to prevent this violation. As a
first step, this research is only directing the cutter to move in the z-axis direction
with respect to the cutter. Moving the cutter in this direction will cause areas of
the surface to be missed during the machining process. These missed areas are
marked and used as a starting point for another tool-path to be generated with a

smaller radius cutter.

Related work dealing with the topics discussed in this chapter can be found in

the following references: [2] [16] [17].



Chapter §

RESULTS AND DISCUSSIONS

Chapters 3 and 4 presented a method on how the generation, verification,
and correction, if necessary, of tool paths can be automated in NC three-axis

milling procedures. This chapter will illustrate some results of these methods.

The surface to be machined is a ruled surface ten inches long by seven inches
wide. A two inch high cusp exists in the middle and fades out along the width of

the surface. See Figure 5.1.

Figure 5.1 Ruled surface with two inch cusp to be milled.

The corners of the cusp are sharp to help magnify the undercuts which will
occur when machining these areas. The tool or cutter will be of a ballnose-type,
five inches in diameter. Tool paths will be generated in the direction across the

cusp. See Figure 5.2.

31
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UNDERCUT

TOOL PATH GUTSIDE CORNER

DESIRED
PART GEOMETRY

UNDERCUT
INSIDE CORNER

Figure 5.2 Sharp corners to help magnify the undercut problem.

When machining in the direction across of the cusp, undercutting occurs at
each of the sharp corners. Chordal deviation methods described in Chapter 3
cannot prevent the undercutting. They can, however, space the CL points in an
efficient manner to detect them. CL points along the tool path are minimized with
respect to the surface curvature which is found through the chordal deviation
checks. The spacing between the CL points is maximized by the chordal deviation
method used with three surface points while the cusps are detected by the surface

normal vector chordal deviation check. See Figure 5.3.
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Figure 5.3 Three tool paths generated by chordal deviation methods.

By using the methods described in Chapter 4, the area of undercutting can be
eliminated from the tool paths. Undercutting of inside corners is corrected by the
elimination of the violating CL points and the insertion of two new CL points at the
beginning and end point of the butterfly generated at the tool center path.
Undercutting of outside corners is eliminated by the insertion of a CL point at the
theoretical intersection of the two tool center point lines before and after the cusp.

See Figure 5.4.

Figure 5.4 Elimination of inside and outside corner undercuts.
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The number of cuts generated can be determined by two methods. The first
is simply by specifying the number of cuts, as illustrated in Figure 5.3, and the
second by specifying the cusp height and letting the cuts be spaced accordingly. In
Figure 5.5, a cusp height of 0.002 inches is requested with a result of nine cuts or
tool paths. The cuts may not be equally spaced because the distance between cuts
is relative to cusp height and not stepover distance on the surface. Tool paths in

Figure 5.5 are illustrated by the normals at each of the CL points.

Figure 5.5 Tool path spacing by cusp height.

Undercutting greater than the pre-defined tolerance may occur between tool
paths. The methods illustrated above only guarantee that undercuts will not occur
along a tool path within the pre-defined tolerance. These methods, however, are
only a two-dimensional check and correction with respect to the cutter. The side
of the cutter might be violating the surface. NC verification algorithms developed

by Oliver [S] are used to detect and correct these violations.

With the cusp fading out from one side of the surface to the other and with

the size of cutter being used, undercutting occurs between the tool paths. Oliver’s
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algorithms detected these undercuts with a discrete grid size of fifty by fifty.
Maximum degree of gouging was found to be 0.075 inches. CL points violating
the surface were adjusted along the tool z-axis direction. Figure 5.6 and 5.7 show
the tool paths before and after the correction was made. Tool center paths are

used to illustrate the tool paths because of the complexity of the CL file.

TeOL PATH CBRRECTED

TOOL PATH BEFORE
VERIFICATIOGN

Figure 5.6 Superimposed tool paths before and after Oliver’s algorithm.

Figure 5.7 “True” view of superimposed tool paths.
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Currently, there is only a one-way link between the two software packages
(tool path generation and correction, and Oliver’s NC verification). The tool path
generation and correction software can pass as input the tool motions to Oliver, but
it cannot interpret the results that are returned. Therefore, the results obtained
from Oliver are interpreted outside the two software packages. These analyzed

results are used to correct the tool motions by hand in the tool z-axis direction.



Chapter 6

CONCLUSIONS

This thesis has demonstrated a method to automate the generation,
verification, and correction of tool paths for three-axis NC milling procedures.
The method is divided into three segments; generation through chordal deviation
techniques, correction of undercuts of inside and outside corners, and
three-dimensional verification through Oliver’s algorithms. Algorithms for the
generation and correction of cuts along a tool path were kept simple for fast
computational time. They are also independent of the surface type. They have
been developed in a manner that is independent of the number of surfaces that can
be processed. In other words, a tool path can extend across an arbitrary number
of surfaces of various types, because the algorithms are only concerned with
surface points and normals and not the type of surface. Therefore, this makes the

method very attractive for the manufacturing sector.

In an example, tool paths were generated on a seven inch wide by ten inch
long ruled surface. A two inch cusp existed on one side of the surface and faded
out along the width of the surface to the other side. Tool paths were generated in
the direction across from that of the cusp using a five inch diameter ballnose
cutter. Chordal deviation techniques allowed the tool paths to be generated with a
minimal amount of CL points. Undercutting detection and correction algorithms

found and eliminated gouging caused by the tool in the tool path direction while

37
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verification algorithms developed by Oliver helped detect and correct areas of

gouging not detected by these computational fast means.

Future development will include a more sophisticated approach in
determining tool path spacing when a cusp height is specified. By taking a more
global look at the surface, undercut or violation areas can be avoided by proper
tool path spacing. Expansion of Oliver’s algorithms from its present state of
three-axis NC verification to five-axis will render it more useful. Finally, a
tree-structured decision making process is needed to correct tool path violations
when detected by Oliver’s algorithm. In other words, instead of going over a

violation area, find a way around it.
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