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Abstract
This paper preseats ar analytical study on the path command :neration for
linear interpolation of blanking dies cavities defined by frie form closed
curves. These curves are highly used in mechanical applications like dies,
cams, molds, ete. An integrated algorithm is presented in this paper to
epachine these cavities, When the coordinates of the free form curve's nodes
ave given(based on the shape of the die cavity), the proposed algorithm
antomaiically generates the required tool path in three phases: phase (1)
Generation the mathematical representation of the curve that passes through
all the given points using the Four Point Interpolation technigie. Phase (2)
Optimum approximation of the generated curve into a sequence of linear
segments passed on the intended accuracy tolerance. Phase (3) Tool path
generation of the approximszted segments using linear imterpolation. This
research also focuses on the algorithm can control the approximating error
efficiently resulting in the fewest number of linear segments.
The closed curve of the die cavity is constructed from more than one curve
segments; therefore the conditions of C' continuity are adopted in this paper
foy joining the curve segmenis. The proposed system software is most
characterized by ifs elimination of any manual intervention involved in closing
the boundary eurve of the die cavity and in cutter offset determination.

Keywords: CAD/CAM, Interpolation, Tool Path, NC Machining, Free Form
Curves and Blanking Dies.
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[ Intreduction

A major area of interest in the
CAD/CAM systems is the integration
between them. The most important
stage in the integration of computer
aided design and compuier aided
manufacturing is the conversion of the
CAD model into tool path of a CNC
machine{1] .
In  truly integrated CAD/CAM
systems, apart design is developed
and  the manufscturing  process
cantrolled from start to finish within a
single system [2]. Many researches
and Algorithms in the die design field
were found, Cheok and Nee [4)
described  the configuration of
progressive dies and some problems
concerned with the design of these
dizs. Got Shepherd [5] examined
some of the features of sclid modeling
in designing a progressive dies from
construction of the piece parts to
designing the die around the strip with
the md of (Fro E} solid modeling
software. An integrated CAM system
for the manufacturing the upper and
lower part of the die was proposed by
Chot [6]. From the open literature,
most of the researches concerned with
the design and manufacturing of
blanking dies were limited at the basic
primitive shapes for the modeling of
die cavities such as cubic shapes,
Rectangular shapes, circular
shapes,...etc. or a combination
between these shapes. This study
discussed a sirategy for designing and
manufacturing of free form blanking
die cavities.The proposed integrated
software provides users with powerful

mteractive  modification; shape
changing capabilities and some

manufocturing parameters,
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in this paper the CAD model of the
die cavity is go to build using four-
point interpolation technique (3]. In
this technique, each four points or
nodes are interpolated into a curve
segment and so on. All the generated
curve segments are joined (sewing)
together taking C'  continuity
conditions as criteria to generate a
smooth closed curve which represent
the boundary curve of the die cavity.
Figure (1) shows the integrated
system of closed free form die cavity
design  and  manufacturing. The
boundary curve is machined by flat-
end tool; therefore the curve must be
offset along the normal vector of the
curve.

2-Boundary Curve Description of
the Die Cavity

The preferred way to represent skapes
in computer aided geometric design
(CAGD) is with parametric equations
since fully closed space curves can be
expressed by the vector function of
single parameter[3,7].

The parametric free form curve can
be defined by [8]:

POO=(x(0) Y1) 2] (1)

Where u is an independent parameter
takes the values from -0 to +eo.But of
course it is not possible to plot the
curve for all values of -« to +e«. The
designer should select a proper
interval that has some significance to
the modeling sitvation and that has
computational convenience.

Passmng a curve through a given
discrete data points is denoted by
imternolation  [S], the four-point
interpolation formula is the technique
used for designing any curve segment
which is adopted in this paper. The
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four-point interpolation is a special
case of cubic Hermit curve that passes
through four given points. We begin
by specifying four disiinet points in x-
v plane [P1 P2 P3 P4, assigning to
edch successive u values, so that ul=0
which gives PR, u2=1/3 which gives
P2, u3=2/3 which gives P3 and finally
u=1 which gives P4, The parametric
equation in vector form for four-peint
interpolation is given by [3]:

Plu)=GlH{wPl+ GXu)P2+ G3(u)PI+
GAIPY .. ()

Where 1, G2, G3 and G4 are the
basis functions given by:

Gl{u)=-4 50" +9u’-5 5u+i;
G2(u)=13.50"-22 50" +0u:
G3(u)=-13.5u"+18u"-4.5u;
G{u)=4.5u’-4.5u+u;

The tangent vector at any point on the
curve is given by the first derivative
of the parametric equation defining
the cuive [3,10]. Mathematically the
tangent vector is denoted by P'{u),and
from equations (2 and 3) [3] :

P {up=G 1Y) P1+ G2%w) P2+ G3"(u)
it Gd(uy P4 R 3
Where G1'{u)=-13.5u"+18u-3.5;

G2" (u)=41.5u"-45u+9;

G3* (u)=-41.50"+361-4.5;

G4" (0)=13.50°-9u1: ...(5)
Substituting any value of u from 0 to
| in the above equation with specified
increment of Aw, we can find the
tangent vector at any point on the
curve as shown in Figure (2).

3 Blending Curves Technique

Inserling a missing curve segmenl
between two existing or disjoint curve
segments to form & more complex
composite ¢losed curve or ta close
any open curve is called blending
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curve [ 11]. The blending technigue is
cne of the most important tasks in
closing the open or disjoint curves.
The most imporiant conditions for
blending a curve segment between
two disjoint curves are the conditions
of continuity at a junction between the
two disjoint curves, this condition is
termed  as  geomemic  continuity,
denoted as C° The first-order
geometric continuity C' which s
adopted in this paper requires the
following conditions [3,8] see Figure

{2):

1.B(1)=P(0) I )
PLO=BLE .ot (M
2. POEP e (B)
PLJ=PYS0).ccieeerenineen (D)

Solving equations (2-9) gives the
coordinates of the two missing data
. 3 S ;
points Py and P;° which are required
for blending any curve segment as

follows:

P’ =AC+ BP, -CC-DP' .....(10)
P =EC+ER -FPA+GF*...(11)

Where A = 0.0842 ; B=0.4386;C=

0.0249

D=0.1449 :E=0.1818:F=1.8100
G = 1.0000

C=-p'+55P7-10P +55P/

¢ =.55P +9P - 4.5p° + Py’

4.New Tool Path Generation
Method Using Linear Interpelation
For  traditional CNC  milling
machines, only liner and circular tool
movements are available [8]. Thus,
desired tool paths that are not defined
as linear or circular movement are
generally approximated with
piecewise line segments or circular
ares [12].
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This approximation produces error,
which is terined chordal deviarion (8)
between the original path and the
commanded path as shown in Figure
{31, Manv efficient ool path
gencration have also been introduced.
Kim's algorithm [2] calculates the
tool paths of a three dimensional
parametric space cuives on sculptured
surfaces. The tool path in this
algorithm was approximated by
circular arcs and then approximation
of these arcs by linear segments, the
tool  path calculated for ball-end
cutter.

Danielsson  algerithms  [13], Jordan
algorithm [14] and Moss algorithm
|15] determine the incremental
forward step of parametric curves for
three or two axes computer nunierical
milling machines. These incremental
path generation algorithms are based
on the approximation of curved
sepments by circular ares.

Seung Rvol [15] calculates the tool
path of parametric curves and surfaces
using the Z-map representation,
throughout representing an object as a
sct of Z-axis aligned vectors, which
passing through the grid points on the
xy-plane. In this algonthm the tool
paths are calculated linearly using
three different types of tools.

The key to the new path generation
miethod is based on:

1. The segmentation (approximation of
the curve by a sequence of linear
segments) is nol based a constamt
incremients of paramater Au.

2 The curvature variance of the free
form parametric curve, which is
dependent on the degree of the
complexity of the die cavity. When
the curvature of a curve segment is
oo low, a litle number of linear
sepments are required, but when a

941

NC Machining Of Free-Form Blanking
Dies Cavities Using Linear Interpolaticn

such curve with high curvature a large
number of linear segments are
required as shown in Figure (4). Thus,
in  this  method of  curve
approximation, the incremenis of
parameter Au for each curve segment
is different from the other one.

4.1An Algorithm for boundary
Curve Approximation and Tool
Path Generation

In this work the tool path of closed
free form curve is generated for flat
end mill of diameter d. Referring to
Figure(5),the tool movement is started
with the point P; and going forward
toward point P;;; along a straight line
joining them so that the chordal
deviation (8) stay within the required
tolerance (179, which is dependent on
the application of the work piece and
the type of milling machine being
used.

4.1.1 Problem Statements

The problem statements of boundary
curve approximation are as follows:

1) Evaluation of the coordinates
of the poimt Py sothat 8 <T.

2) Evaluation of specific value
of (u) on the curve in the range u €
[0.1] and computing tangent vector P/"
at this specific value of (u) i.e., at Py in
Figure (5).

The condition of this specific point is
that the tangeat vector ar this specific
point should be parallel to the line
segment joining Py, and P,

5.1.2 Solution Approach

1) The programming iteration
approach is the strategy adopted in
this paper to solve problem (I)
presented above. This program is
based on a successive scanning
scheme for the curve segment, in this
scheme and referring to Figure(5) :

Ly The initial
iteration based on the

state s
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expectation “that the curve segment is
approximated by 2 single linear
segment from Py to Py, e, Au=1.
b} Caleulation  the
coordinates  of the point P
corresponding to its specific value of
() os will be seen later.

) Caiculation
produced chordal deviation (5).

the

The normal distance from the point
(P} to the line PP, along the
normal vector (N) represents the error
{6) between the curve and the linear
segment. From the tiangle P, P, ain
Figure(5).

C'DS{E}.} =L, Pg.;Pia-]
or a=Cos'(L.PiiPssi} vevvnna (12)

Where L is the unit vector in the
direction of P, P,
Sinfu)=51 J L ) i
Where || L || is the magnitude of the

veclor L
Subsstituting (13) in {12) yields,

5=§ L fSin [Cos™ (L. PP, )] ..(14)

If the eror (6) calculated by the
equation (14) is equal or less than the
required tolerance (T), the algorithm
is stopped and the segmentation of the
curve will be done depending on the
vilue of Au at P ie., (AU= Up=1).
But when (8) is greater than (T) the
point P, is transferred to the point
P(u) towards P.; by reducing the
imitial value of (u= o) to the new
vilue (u) as shown in Figure(6) where

= Wy =vdu
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Where (v) is an independent variable
andv=123,..., l/du.
(du) is the iteration increment

which is very small and dependent

on the degree of
segmentation which is as the designer
need.

Here it is selected so that
P{Uny) is very close to P(u,) .

At this stage, and assuming that the
chordal deviation between P, and
Pu) at v=2, ie. (4= Uy, -2du) is
equal or less than (T) ,then the
optimum value for this segment is (u;
= | -2du), but the next step of
scanning will be ranging from[u,= 1 -
Jdu two 1] and so on until the
scanning reaches the critical limit
which is [1-du to i].

2) Evaluation of specific value
of (u) on the curve segment. This
point can be evaluated by using the
mean vaiue theorem (MVT) in which
[17): if v=f (X) is continues ai every
poimt of the clesed interval [u.u,. ]
and differentiable at ¢very point of
interior (v, then there is at least
anc wumberiny) between a and b ar
which the tangent vecior [ * (u) is
parallel to the chord AB. Figure(7)
shows geometrically the mean value
thearem.,

Mathematically :

P} (e ) - Py '{ulj / P:t {L]'i-lI] - P\ {Ui] =f
e

where P, (u,,,) = y-coordinates of the
curve at u;.,
P, (u;) = y-coordinates of the curve at
i

P, (u;41) = x-coordinates of the
curve al v

P. (y) = x-coordinates of the
curve at u
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~

}‘ml From Equations 3 and 4

{ " {(u) = tangent vector of the curve
at u which is given by [22]

£ (u) = [(dy/du) / (de/du)], ......{(17)

Solving equations (2-5, 16 and 17)
yields

QURUAE=0 ..ooviiiiieniiinennni(18)
Where Q

41.5P3+13.5P4
R = 18P1-45P2+36P3-36P4

-13.5P1+4].5P2-

S=581-82
S51=-5.5P1+9P2-4.5P53+P4
52 = Left hand side of

equitkion {16}
Soiving equation { | 8) we get :

uy = (-R12Q) - % power of [(R"2 -
4Q5)/2Q]
u; = (-R/2Q) + %% power of [(R"2 -

408) / 2Q}

since u2 > ul, we select u2 in order to
reduce as many as possible the
number of linear segments.
Substituting w2 in equations (2) and
(3) will get the coordinate of the
specific point P; and substituting this
point in Equatin 14 to find the value
of chordal deviation (8)

The new tool path generation
algorithm 1s summarized as follows :

P ntroduce (T
2.5¢t Upee=1: tige=0 .
J.Setv=1.

4. Introduce the number of data points
(n).
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5.Introduce the iteration increment
{du).
6.Calculate the number of curve
segments {N) by equation (5) .
7. Introduce the required tolerance (T).
8. Do the following steps (N) times
for each curve segment:
9. Set u=ugy.
10, Determine the position vector
starting with the point P.; at ug, by
Equations (3) and (4).
11. Deteninine the position vector of
the point P.., at u; by Equations (3)
and (4).
12. Apply the mean value theorem to
find the point (#) between [ug, u;] by
Equations (2,3,19).
13. Evaluate the tangent wvector,
normal vector and position vector at
().
14, Evaluate the
between P, and P}.,.
15. Evaluate the angle « by equation
(13).
16. Evaluate chordal deviaticn (8) by
equation (14).
1I7. & =<Torb=T, then set A=y,
for the current curve segment and go
to step (18). Otherwise,
if u, reaches the critical range, go to
step (19). Otherwise, setv=v + |, go
to step (18).
18. 1f N finished go to step (19).
Otherwise, go to step (9).
19. End of algorithm.

unit wvector L

4.2An Alporithm for Cutter Offset
Determination

To machine & part contour, the path of
the tocl center must be defined. Since
the tool has finire dimensions, the
path must be offset. Once the tangent
vector and normal  vector are
delermined of free form curve, an
accurate offset can be determined.
The twol paths of flat end milling
cutter with radius (r) are derived as
follows (see Figure 8):
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= | Oy = Pra(ur) | Cos(0) ... (21)

Pi(u) = Oy + | Oy = Pg{u) | N
e (22)

From equations (20-21), the cutter
ofiser point OC; , corresponding to
the pomt Pgu) of a linearly
approximated free form curve, are
given by

O = Pm) — (r / 1) . N
. . 1

t.Experimental resuits and
Discussion

We have implemented our algorithm
using MATLAB  programming
language [iB). Fig (9.a, b and c)
shows an example of free form closed
curve design. We first set the 202 data
points, After that, we use the
algerithm described in section (4) to
find the missing da points, which
are necessary to close the curve, Afler
the caleulation of the missing points,
and with the aid of equations (3) and
{4) described in section (2) the curve
can be designed as shown in Figure
(9.c). Table (1) shows the information
used in design the curve and the data
extracted from the adopted algorithm.
Based on these results, we use the
algorithm deseribed in section (5.1)
for converting esch curve segment
inte a sequence of linear segments,
taking the value the value of the
required tolerance as (T=0.00004
mn.

Table (2) and (3) shows the eptimum
values of forward steps of the
parameter Au for cach curve segment,
their  corresponding x and v
coordinates of liner segmemts and
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corresponding  absolute  chordal
deviation (5).
Based on these results, Figures (10.ab
and ¢) gives charts showing the
relation between the number of points
used and the chordal deviation for
cach curve segments respectively.
The required tolerance is also plotted
on these charts, which exhibit a good
approximation scheme adopted in this
paper ,since that the maximum
cherdal  deviation for all  curve
segments stay within the required
tolerance.
The CNC program of the designed
closed curve consists of ( 1900 ) steps
for each layer of totally (8) layers of
the tool paths. The die block has the
dimensions of (400,450,50) mm
Msing the algorithm for cutter offset
points pointed cut in section 3.2 and a
flat end milling cutter of (10) mm
diameter and(2.5)mm depth of cut for
each layer.

Figure(11) shows the application of
four point interpolation and point-to-
point approximation scheme, The
simulated tool paths for roughing and
finishing stages arc shown in Figures
(12.a and [2,b) respectively.

6, Conclusion

Elimination as many as possible the
sources of manufacturing inefficiency
and increasing the productivity, are
the most important tasks in the
competition of today's companies.
One such sources comes from the
leng machining programs.

In this study ,we present a way to
convert a given scatiered points into a
CAD model based on interpolation
technigue to design 4 free from 2D die
cavities ,and an efficient aigorithm to
select an optimum increments of the
parameter Au  which wused for
converting the boundary  curve
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segment into linear segments. The
study is based on the “the maximum
chordal deviation” introduced from
approximating scheme.

For automating the procedure given in
the previous sections, programs are
implemnented on an IBM compatible
PC using MATLAB programming
language.

The values of Au obizined by our
optitmization strategy have been tested
for an example of blanking dic cavity
and the results show the effectiveness
of the proposed optimization scheme.

In particular, this paper shows the
following results:

1-We show how to enclose the open
curves using the blending curve

technique as the solution of this
problem.

2-We describe a  programming
optimization scheme for extracting the

optimum  increments Au for each
curve segment.

3-The optimum values of Au are the
value that gives the minimum
number of linear segment and
maximum chordal deviation,
consequently the
machining time.

minimum

4- The maximum chordal deviation
for each linear segment for a given

boundary curve segment always still
within the required tolerance.

5- We describe a blanking die cavity
implementation of our approach,
The example illusirates how the
optimum increments decompose the
curve segments into linear ool
parhs,

- Implementation of our cutter offset
algarithm on the selecred

MC Machining Of Free-Form Blanking
Dies Cavities Using Lincar Interpolation

die cavity, shows the capability and
usefulness of this algorithm.
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