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systems generally refer to systems that are capabie of continuous simuitaneous
control of two or more axes. The term contouring ié used when continuous path
control is used for simuitaneous control of two or more axes in machining
operations. The maximum error betweer4 the desired surface -and the finished
surface can be controlled by the length of the individual line segments, which is one
of the main tasks of this paper. The computers role in computer-aided part
programming consists of the following tasks: input translation, arithmetic and cutter
offset computations, editing and poét—processing. The first three tasks are carried
out under the supervision of the language processing program. The fourth task, /
post-processing, requires a separate computer program. The outpUt of this moduie '
is a file called CLFILE, which stands for “cutter iocation {CL) file". This file consists
mainly of tool path data. In the editing phase, the CLFILE is edited, and a new file
is generated called CLDATA. CLDATA provjdes readable data on cutter loca}ions
~and machine too! operating commands. The outpu} of post-processing is a part
program consisting of G—codés, X, ¥, and z-coordinates, S, F, M, and ot functions

in word address format (Groover, 1987}.

Space filling Sequential

Figu 1. Strategies of tool path distribution
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~ The commonly used iool path distribution sirategies are 1. Zig - zag or raster
curves, 2. Contour curves, 3, Spiral curves, 4. Space filling curves, and 5.

Sequentiai generated_curves which are shown in Fig 1.

The designed part can be represented by parametric curves and surfaces such as
Bezier curves and surfaces. The B'ezier curve using de Casteljau algorithm, the
blossoms and mathematical representation of Bezier curve are used in the earlier
representaf%ons. The mathematical vepresentaiion is based on Foley and Van Daris

{1997} Farin (2002}, Faux and Prat (1978, Ali-Haddou
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Points on the surface S are obtained by varying the parameters « and v. Where the
Cartesian coordinates x; y; z of.a surface point are differentiable functions of
parameters u and v and {a, b] denotes a rectangie in the u- v plane. As in the case
of a curve, the surface S aiso has a frame consisting of three orthogonai unit
yectors. This frame is referred toc as the surface frame and is representec as

follows:
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_ The vectors t; and t; represent the unit vectors and the vector "01n represents the
unit normal vector of the surface S at given vaiues of the parameters ¢ and v as
shown below. The surface normal "n at an arbitrary point P (u, v) is expressed as .

X« X,

=

lxu s —:X¢i

An embedded curve‘ P {u(ty vty on the designed surface S paésing through a
paint Pp represents a parametric curve on the designed surface. The square of the
differential arc iength at Pp, along curve P, on the sur  : can be expres: as

follows.

o

=P .p = iffi(m 2 fi‘iﬂ+ ’;’_[if{.ﬁ
et dt dt dt dt dt

is referred to as the first fundamental-form, where “t’ is the independent variabie
along the path and information of metric properties of the surface such as

measurement of lengths, areas and angles.

E=pe.pv, F=Pe.pP% G=pv.pr

The quadratic

dede | dude dude
gt dt dt di ai dt

is referred to as the second fundamental-form where

L=P% n M=PM. -n N=P"»
are the coefficients of the second fundamentai form. The second fundamental form
ilis of interest in deriving expréssion for curvature of a surface. ...e second

" fundamental form provides measurement of change in the unit normal aibng the

given curve on the surface.
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Methodoiogy

New method developed for generating tool paths for free-form surfaces can be
represented by parametric curves and surfaces. It is narrated how the CC point is
on a tool and how the CL point is a reference point by which the tool moves aiong a
surface in removing material, then conceptual apprbach by which generation of tool
path is outlined. After this the new methods for tool paths generation is detaiied.
The algorithm used to calculate forward-step size, and sic  tep ¢ :is explained.
A proper tool must be used in machining that covers all the chip-making processes
(suéh as milling, drilling, turning, and boring). When the degree of complexity for
machining is increased, the number of tool selections and work-part materials also
increases. There are several factors to be considered in machining: first, selecting
tool material and geometry involves material, shape, size of the work-part, design
requirement, and operation type (roughing or finishing); second, deciding on
machining con_ditions ;uch as feed rate, spindle speed, and depth of cut. The metal
cutting process is the removal of work piece materials to obtain a designed part. In
this work, we assume that the operation is milling with a ball-end tool. To reduce
machining error we have considered two kinds of points on the tooi as shown in Fig
3. The proposed approach in this research is derived from an overali conceptual
approach -as explained briefly below. . overall conceptuai approach is alsc
summarized in the fliowchart shown in Fig 4, to define the designed surface in the u-
v plane, calculate the forward-step size with given tolerance, e, corvert the forward-
step size from the physicai domain into the parametric domain, convert *7 roints
CL points, caléulate side-step, g with given scallop height, h, convert side-stet

the physical domain into the parametric domain, convert CC points to CL por.

points.

“Calculation of Forward - step: Each tool path is approximated by a series of line
segments whose accuracy of tool path is controlled by deviation (Figure 2 Eacr.
segment amount is a forward - step and the maximum deviation is called to rance.

To calcula forwarc ep, we use first and second derivat ) this
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function is independent of surface types and is applicable to all continuous
parametric surfaces that are twice differentiable.

Calculation of side - step: For the purpose oi machining, the designed part is
approximated by a series of parametric curves and the distance between two
adjacent tool-paths is a finite distance called the side-step. The sic step, in
general, may vary along the machined surface and the un-machined region
between two adjacent tool paths (the scaliop or cusp). The upper limit on the height
of this scallop is called the scallop-height-allowance. Typically, the desired value of
the scallop height is given, from which the side-step, g, is determined.

impiementation

The propoged solution approach was developed and implemented. There are
several parts for which the CC points were generated using the proposed algorithm
and were subsequently machined using a 3-axis milling machine with different
tolerance and scallop height. The hardware and software used to implement

proposed algorithms are:

1. Hardware: 4
HMT Vertical Machining Center with WPLM control Software.
Roiand - 3D Laser scanner and its software.

2. Software: :
MATLAB 6.0
AUTOCAD 2007
SURVEYOR SCAN CONTROL
- GEOMAGIC QUALIFY 5.0
The proposed aigorithms were coded in MATLAB on" a personal computer (Pentium
IV, 1.33 GHz CPU, 512 Mb of physical memory) operating under Microsoft XP

Professionai. We machined a free-form shaped part using a block of wax 1d

»measured tolerance between the machined surface and the desi 1 ¢ e. After
machining, a 3D laser machine (Rc 1d) with Surveyor Scan Coniro! st e (pbint

cloud method) was used to ¢ the machined surface. GEOMAGIC QUALIFY 5
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Resuiis

e

in the first coiumn, “Scaliop” and “Tolerance” represent maximum allowed tolerance
and scaiiop neight. The second columr, St represenis the maximum scaiiop
neight on the machined surface. TE stands for maximum error of tolerance.
“Average” in the fourth coiumn represenis the average iclerance and scallop heions
over the surface. The fifth coiumn, "Number of CL points”, is for Ci poinis user .

create (e NC-code py which the machined surface was generate’

"shows the tofal length oF fool catts

i E’I}’ moposed appreach was CoOmpares wWilh LOE

3

sitop approach 1s efficient machining compared with =0
parametric machining The total length of the ool paths generataed by oroposed
approach s shorter than the total length of the too! paths for the efficient 1sc-scaiiop
gpproach. Therefore, the proposed approach is efficient machining compared with
the iso-scaiop and iso-parametric approach. The total lengths of tool paths of the
proposed approach are 1705.356 and 955.04 mm and they a?e 1717.548 and
977.138 mm of t  iso-scallop approach with tolerance and scallop height of 1.25
and 0.254mm, respectively. According ic the Table 1. the proposed algorithm
reduced CL points significantly and aimost'all areas of foierance and scailop height
were within the given maximum allowed tolerance and scailop height for the free-
form surface. However, the tolerance around a few CC points is a littie higher than
the given tolerance and some scailop heights are a little higher as weil. in Tabie i,
the maximum error of scallop height and tolerance are not greater than G.43mn and
0.25mm. We conciude that the proposed apprcach is efficient machining c'ompareo;
with the iso-scallop approach and the maximum machining error is from 0.254mm

t0 0.4318mm for the folerance and scallop height.



Suresh Babu and Raviswaran, 2006

7N
/ ; \|\
T
|- - >
(a} !

Figure 3. The CC and C L point

Figure 2. Forward and side step i
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Figure 4. The overall procedure
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Figure 5. Tool posttion on flat surface
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Figure 7. Tool position on curved surface - aure 8. practical tool posttion
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this, the manufacturing data generaz from machiing aisc decreased significantly,

that i1s we reduce cost of d as well as sterage. 2. We verified true
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machining errors by camparnng designed surface ang machinea surface using t
poini clous method. Previous efforis have relied upon compuiational approach
{Huang and Obver, 1894} and our work provia enfication via irue

machining. 3. Gur method s mndependeant of surfa

coniinucus parametric surfaces that are twice

wed ior sculptured ane
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