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Abstract

In sculptured surface modeling, complex contouesrapresented as a network of patches, each egdress
in terms of known points, vectors, and curves. Thetour of each patch conforms to that of the small
surface section it is intended to represent. Thedfiles may be approximated by determining their
control points, and fitting a spline using an aprate blending function. Together, the patchesidles
surface contours that would otherwise be diffitaltlefine mathematically. In this study, compleasés
are defined as the sculptured surfaces createledglénding of curves, to form surface patchestheoy
complex shapes formed by performing Boolean opmration geometrical primitives are beyond the
scope of this paper.

In this research work, five general types of cumuiilsbe considered, namely: i) Parametric Polynaimi

i) Hermite, iii) Bezier, iv) B-Splines (Basis Spks), and v) NURBS (Non-Uniform Rational B-Splines)
Curves created by these methods may be considsrétw doundation of sculptured surface creation as
the blending of any of these curves in three-dinmerad space will form a sculptured surface patch. |
this paper, some blending methods are investigatetian example is selected to show how the blgndin
functions contribute to the development of sculpdsurfaces.
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1. Introduction

Most modern computer-aided design packages sugigordreation of free-form surfaces (Han and Yang,
1999). Algebraic and parametric rules generallysgouhe creation of these surfaces (Suresh and,Yang
1999). Sculptured surfaces are formerly considéweoe impractical to produce with numerical control
machining (Krouse, 1981). These surfaces are famradwide range of components including those for
aircraft, automobiles, construction and agriculteguipment, machine tools, home and office appkan
cameras, and instrument cases.



Current trends in consumer product design seentreasing use of freeform shapes. These sculptured
surfaces are generated using commercial 3D modshfigvare packages such as Rhino®, CATIA®,
Unigraphics®, ProE® and Solidworks®. CAM softwahasterCAM® and FeatureCAM®) is then used
for generation of toolpaths for mold manufacturirging computer numerical control (CNC) machines.
To accurately manufacture molds and achieve the taerances required, several methods of toolpath
generation are used (Baptista and Antune Simo€§)20

The creation of a sculptured surface is initiatgdhe selection of the appropriate control poirtsthe
required curve. Some common curve types are: grRetric Polynomial, ii) Hermite, iii) Bezier, iv)-B
Splines (Basis Splines), and v) NURBS (Non-UnifoRational B-Splines). Curves created by these
methods would be considered as the foundation wpsoed surface creation as the blending of any of
these curves in three-dimensional space will fosowdptured surface patch.

2. Objectives and Scope of Wk

In this paper a Coons’ surface type is consideoedliending purposes. For illustration of the stuloy
Coons’ surface shown in Figure 1 is consideredchviié made by blending of four drive profiles. The
Coons’ surfaces are quite powerful, but are ofteny difficult to create. They are named after SepA.
Coons, who developed this surface type (Davis, 2002

Figure 1: Coons’ Surface

Five curve creation methods for design and devetoprof the Coons’ surface are selected in thisystud
for investigation, with an objective of decreasthg machining time and improvement in surface finis
of the blended surface under consideration. Thehoast to be examined are namely: i) Parametric
Polynomial, ii) Hermite, iii) Bezier, iv) B-Splinesnd v) NURBS.

3. Methodology
To investigate the effect of surface type and mangiinfluence on sculptured surfaces, two steps ar

suggested: i) selection of the construction cuovéotm the blended surface, and ii) simulation lof t
toolpath for machining of the blended surface.



3.1 Step 1: Selection of the construction curve

Five curve creation methods for design and devetopiraf the Coon’s surface are reviewed. Each curve
is briefed in the following sections with propestieelevant to modeling and manufacture of sculpture
surfaces.

3.1.1 Parametric Polynomial Curves
According to Wang (2001), a parametric curve isomtpbound collection of points whose coordinates
are defined by one parameter functionof the form:

x=x(), y= YU, = ¢V

Polynomial Parametric curves hawe’ parametric continuity (Angel, 2002). This meansitthhe
endpoints match, but the tangent of the adjoinioigts may or may not matclt’ parametric continuity
can be explained by considering the figure belole Turve p(0) to p(1) is joined to the curve(0) to

q@@). This is shown in Figure 2. Due to th@&’ parametric continuity, they are not the best chdie
creation of sculptured surfaces, since the undasitalending lines may still be visible after maghg.

pP#/=d(0)

p(1) = a(0)

p(0) q(L)

Figure 2: C° Continuity

3.1.2 Hermite Form

The Hermite Form as shown in Figure 4 uses twapolating points and two derivatives (Angel, 2002).
Considering the two derivatives allows for smootjoémning of segments, a§' parametric continuity is
achieved. With reference to Figure 2, abo®gparametric continuity would mean that:

pXD)] [dx)
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Figure 3: Hermite Curve



Hermite curves also hav@' continuity, which means that the tangents at divetg have same direction,
but not necessarily the same magnitude. This caseber in Figure 4, (Angel, 2002) where although the
tangent directions for the curves at the endpanésthe same, the magnitude varies. This propsrty i
useful for drawing applications, as it gives maexibility, thus leading to more controlled sculgpgd
surfaces, and better machining possibilities.

Figure 4: G* Continuity

3.1.3 Bezier Form
Bezier suggested that the derivatives of the Hermitrve could be approximated using the four data

points of cubic interpolation (Angel, 2002).

& P,

Figure 5: Bezier Curve

This is shown in Figure 5, where the locationshef points in theu direction are as follows:

p, @u=0, pl@u=% B @u=§ B @



This yields the Bezier blending curves fox u< 1 as shown in Figure 6. Since Bezier curves are
derivatives of the Hermite curve, they exhibit danproperties and hence also a good choice for
sculptured surface creation.
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Figure 6: Bezier Blending Curves

The four weights(1-u)®, 3u(l-uy, 3f (£ u), and? are known as Bernstein Polynomials. The
general Bernstein form of Bezier curves is giver{(\Mgisstein 2005, “Bezier Curve”) as:

&ﬂ(u)=(?jU(l—lei .......................................................................... @)

n |
Where| .| |= L for n>1 is a binomial coefficient.
i) il(n=i)!

3.1.4 B-Splines
B-Splines use data at a poirp,=[ PLRALR p_l] to define a curve betweep and p_;. These curves

allow us to have more continuity conditions thaheotforms, but usually require three times as much
work in the case of cubic B-Splines.

Cubic B-splines may be represented by the equation,

PUU) = UM, P (3)
1 4 1 O
Where the B-Spline MatriM | = - S 4
-6 3 O
-1 3 -3 1
PUUY = Bl Prreee et (5)
Thus the blending function for this form is gives a
(1-u)’
T B (6)
6|1+3u+ 3 -3°

u3



The blending curves are shown in Figure 7.
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Figure 7: B-Spline Blending Curves

Unlike other forms, first and second derivative toanty can be applied at the join points of B-8pl
(Angel, 2002). This property gives B-Splines anatage over Bezier, Hermite and Parametric curves
for the modeling of sculptured surfaces.

3.1.5 NURBS
NURBS modeling is currently the most advanced nmatitecal model for splines. Non-Uniform Rational

B-Splines add a fourth variab¥ to the standard® ¥’ Zof curves. Th&V, is interpreted as the weight of
importance given to some control value. Quadratiesa special case of NURBS. NURBS require
perspective division, and act correctly for perspecviewing (Weisstein, 2005).

Where: pis the order.
N, , are the B-spline basis functions

P are the control points
W is the weight of the last ordinate of the homogeisgmoint

NURBS are industry standard tools for the repregemt and design of geometry. Some reasons for the
use of NURBS are, that they (Altmann, 2005):
i.) Offer one common mathematical form for both, staddmalytical shapes (e.g. conics) and free
form shapes.
ii.) Provide the flexibility to design a large varietiysthapes.
iii.) Can be evaluated reasonably fast by numericalblesend accurate algorithms.



iv.) Are invariant under affine as well as perspectraasformations.

However, one of the drawbacks of NURBS is the rfee@xtra storage to define traditional shapes. (e.g
circles). This results from parameters in addittonthe control points, hence allowing the desired
flexibility for defining parametric shapes.

Since computer hardware has become more affordablecent years, the NURBS file size, and the
computer processing power required for their comatind modification is no longer an influencingtéac
for the selection of NURBS. Thus NURBS are seledétedhe generation of the Coons’ surface in this
study.

3.2 Step 2: Simulation of the toolpath

The machining of the sculptured surface shown gufé 1 was simulated using MasterCAM 9.1®. The
size of the stock used wag0x 120< 5enmwith a 9.525mmflat end mill for roughing, and a 6.26mball
end mill for the finishing operation.

The experiments done in this paper were designeddban Taguchi Methods. A?23°) orthogonal
array of experiments was designed with the aid wiitslo 14® software.

In this study the factors chosen were the toolpathfeed rate for roughing and finishing operatiovith
the levels being parallel, contour and flowline foe toolpath factor, and standard and highfeedHer
feed rate factor. This can be seen in Figure 8.

Experiments
!
Roughing/
Finislhing
[ 1
Toolpath Feed rate
I |' ] F——
Parallel Contour Flcwline‘ Standard ‘Highfeed

Figure 8: Hierarchical Structure for Design of Expeiments

The surface finish and machining time are recorfiiedeach experiment. This was done to allow for
determination of the factors of the surface macigmperation, which would lead to the best surface
finish within the shortest period of time.

5. Results/Findings

The toolpaths were simulated using MasterCAM saféwd he machining time was recorded directly
from MasterCAM, whereas the quality of the surféicésh (weighted on a scale of 1-5) was given a
value equal to the inverse of the length of thgdat scallop, measured using RealVIZ Image Modeller
4.0® software. Figures 9 and 10 show simulatedaserfinishes attained through experimentation.



Figure 9:

Figure 10: Simulated Surface Finish for Contour Roughing and @ntour Finishing Toolpaths

The summary of the experimental results of theysturd shown in Figures 11 and 12.

Main Effects Plot (data means) for Means (Surface Finish)
RFeedrate FReedrate

59 :

44
2 29
]
3 11 : . : . :
5 Standard Highfeed Standard Highfeed
£ ' oo . “Froora
8 ok QQ&. i oaipa‘ua

31 ’\\ L

2 | B

1 5 T T T T T T

Paraliel Flowline Contour Paraliel Flowline Contour

Figure 11: Main Effects Plot for Surface Finish

From the Figure 11, it appears that the best seifiacsh for machining the Coons’ surface was otsdi

by using the standard feed rate and a contour datolipr roughing, while using standard feed raté an
flowline toolpath for finishing. The graph also si®that the worst finish was obtained by using the
highfeed option with a flowline toolpath for rouglgiand a contour toolpath for finishing.



Main Effects Plot (data means) for Means (Total Time)
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Figure 12: Main Effects Plot for the Total Machining Time

To decrease the roughing time, it is best to uséhibhfeed option and parallel toolpath. This igveh in
Figure 12. The worst combination would be a stachdleed rate with a flowline toolpath. To decredse t
finishing time, it is again best to use a highfédedd rate and a parallel toolpath. However the tvors
combination would be a standard feed rate withrdato toolpath.

6. Discussion

The results of the experiments show some inteigestends, in particular the differences between the
output for roughing and finishing operations. Iajgarent from the Figure 7, that the feed rateahaexy
small effect on the surface finish. This was expecsince the effects of tool vibration and deftactare
present when there is unbalanced tool loading.&fber it was expected that when the highfeed opsion
used, surface finish would be better. However, ighiaconsistent with the trends on the graph. Aside
reason for this may have been that the size of pieck and tool used will not allow for the ampliiion
and measurement of minor defects. Thus the reaudtsseen in the graphs are conflicting, albeit very
subtly.

The effect of varying the toolpath seems to be nyreater than that of using different feed rategnvh
considering the surface finish. This is expectadces the volume of material removed owing to tool
vibration and deflection is much less than thagaxth tool step during machining.

The machining time was significantly affected byiatons in both toolpath and feed rate for roughin
and finishing. The results show that the feed satected has a much greater effect during rougihiaug

in finishing. This can be deduced from Figure 1Bgeve the gradient of the line for roughing is sezep
than that for the finishing operation. This is pably owing to the difference in the volume of mater
being removed in each operation. Since a largdrisoased for roughing, it can be assumed that more
material is removed per tooth, and more materiddfisuncut to prevent gouging. Thus there is lked

be more deviation in the value of the cutting tedtad.

The toolpaths selected had less effect on machiirimg during roughing than on finishing. This caam b
seen in Figure 12, where the spread of the poamtsoughing is much less than that of finishingnitist

be noted though that time values given are basesinomlation, and thus is more suited for comparison
than for determining actual machining times. linigresting to observe that the parallel toolpatiegthe
best machining times for roughing and finishing ragiens.



7. Conclusions

Based on the experimental results, it is possiblsay that toolpath and feed rate selection arh bot
significant factors in sculptured surface machinikgr the workpiece selected, the toolpath selectio
seemed to have a greater effect on the finish aachming time than the feed rate.

It is important to note that the experiments waretéd to the simulation of only one type of sculgtd
surface. Therefore, any generalisation about sauddt surface machining based on the results is not
warranted. Another factor to consider is that thaufation process itself may be prone to errorsgesithe
times output for some experiments seemed to begraous. However, for the purposes of this research
they were deemed suitable.

Auxiliary to the fact that the simulation resultsyrhave been flawed, it might be useful to underthie
actual machining of the surface. This should previgbre accurate results, since measurements may be
taken directly. It might be useful to record thecon the cutting tool during this time to deterenif the
algorithm used for obtaining highfeed machiningusately calculates the correct feed rate to produce
constant load. The work in this direction is in gness.
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