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Effect of Toolpath and Feed Rate on
the Machining of Coons Surfaces

Boppana V. Chowdary' & Anton Gittens
Department of Mechanical and Manufacturing Engineering
The University of the West Indies
St. Augustine, Trinidad and Tobago
Ichowdary @eng.uwi.tt

ABSTRACT

In this study, complex shapes are defined as the sculptured surfaces created by
the blending of curves, to form surface patches. Past investigations show that
non-uniform rational B-Splines (NURBS) curves are the most appropriate for
the modeling of sculptured surfaces. The main objective of this research is to
examine the effects of toolpath and feed rate variations on the machining of the
Coons surface, which is modeled through NURBS. Based on simulation results,
it is clear that toolpath and feed rate selection plays a significant role in
sculptured surface machining. In particular, the toolpath selection seemed to
have a greater effect on the surface finish and machining time than the feed
rate. The results also show that the feed rate option has a much greater effect
on roughing than finishing operations. It can also be seen in this research that
the toolpath option played a more significant role than feed rate selection in
determining the file size.

Keywords: Sculptured Surface Modeling, NURBS, Blending Function, Feed
Rate, Toolpath, Computer Aided Design and Manufacturing

Introduction

Current trends in consumer product design see the increasing use of freeform
shapes. Most modern computer-aided design (CAD) packages support the
creation of free-form surfaces [1]. Algebraic and parametric rules generally
govern the creation of these surfaces [2]. Sculptured surfaces were formerly
considered to be impractical to produce with numerical control (NC) machines
[3]. These surfaces are used in a wide range of applications including those for
aircraft, automobiles, construction and agricultural equipment, machine tools,
digital appliances, and instrument cases. To accurately manufacture molds for
these sculptured objects and achieve the tight tolerances, several methods of
toolpath generation were used [4] in the past.
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However, the existing toolpath generation techniques seek to maximize
the volume of material removed. But here, it is also important to recognize that
the current toolpath generation techniques only take the tool and toolpath
geometry into consideration, and neglect the important aspect of load on the
tool. Thus the principle of optimized feed rates to achieve constant load on
the tool has become necessary. Optimized feed rates have been shown to
improve surface finish and decreased machining time [5] and thus the same
principle has extended in this paper to determine the feasible conditions for
machining of sculptured surfaces.

Research has also been carried out in determining the best cutter geometry
for the machining of sculptured surfaces. Current research shows the use of ball
end-mills as the tool of choice for finishing operations, while flat and bull-nosed/
torus end-mills are used for roughing and semi-finishing operations [6]. To
determine a desirable configuration for machining of a sculptured surface, an
attempt is being made in this paper to investigate the effects of toolpath and
feed rate on the surface finish and machining time. The rest of the paper is
organized as follows: Section 2 reviews the literature on toolpath and federate
issues. Research methodology is dealt with in Section 3. Experimental results are
presented in section 4. Discussion of results is provided in Section 5. Finally, the
conclusions and future research directions are presented in Section 6.

Literature Review

In sculptured surface technology, complex contours are represented as a network
of patches each expressed in terms of known points, vectors, and curves [3].
The contour of each patch conforms to that of the small surface section it is
intended to represent. Together, the patches describe surface contours that
would otherwise be difficult to define mathematically. In this research paper,
complex shapes will be defined as the sculptured surfaces created by the blending
of curves, to form surface patches.

Out of the currently available toolpath generation methods, iso-cusped and
steepest directed tree toolpath generation strategies seem to be the most efficient
for sculptured surface machining [7]. The iso-cusped [2] method evenly distributes
toolpaths across the surface to ensure that cusps are of equal height, thus
eliminating redundant machining. The steepest directed tree method defines
tool paths by connecting the nodes of generated surface mesh to climb the
geometry features in a steepest way. The disadvantage of these methods is that
the tool does not remove the maximum volume of material in each tool motion
step if the speed and feed rate are kept at a constant pace. The following two
sections will elaborate on toolpath and feed rate issues in the manufacture of
sculptured surfaces.



Effect of Toolpath and Feed Rate on the Machining of Coons Surfaces

Toolpath Issues

Toolpath generation for sculptured surfaces is a difficult task, which has been
investigated rigorously by various researchers since twenty five years [8].
Many researchers have investigated to various degrees of the geometric
simulation of machining process. In particular, Bertok [9] proposed a torque
prediction system based on the geometric simulation of flat-end milling operation
which was able to compute the removed volume of material per tooth. Based on
constructive solid geometry (CSG) part representation, Wang [10] investigated
a similar method to predict average cutting forces. Takata [11] described a
milling simulation system to predict instantaneous cutting forces where a
geometric simulation model was a combination of the z-buffer and the swept
volume generation techniques. Spence [12] discussed a simulated in-process
model for flat-end milling operation in which the instantaneous chip geometry
was computed by sweeping a semicircle along the toolpath. Feng and Menq
[13] laid the foundation to determine the boundary of engaged surface between
tool and workpiece. However, the calculations are not based on a geometric
model of in-process part. El-Mounayri et al.[14] studied a ball-end milling
simulation model to compute the volume of material removed, where the cutting
edge was modeled with a cubic Bezier curve.

Research has also been conducted on toolpath planning of sculptured
surfaces formed by swept or revolved profiles [15]. These studies highlight the
importance of non-uniform rational B-Splines (NURBS) or other curve type
interpolators for the conversion of the knot and control points of the profile to
the NC equivalent. Thus, it is possible to simplify very long and complicated
programs to shorter ones. Some of the more recent investigations in toolpath
planning are in some ways similar to the methods of Chen et al. [16]. The study
of Giri et al. [17] described the use of master cutter path based on maximum and
minimum convex curvature principles. This method has shown to reduce
machining times for maximum convex curvature and reduce cutter location (CL)
data file size for minimum convex curvature.

Feed Rate Issues

In current commercial CAD/CAM packages, the NC program for milling of a
given surface is normally generated with a constant spindle speed and feed.
Therefore, the NC programmer is forced to use conservative spindle speeds
and feeds based on the worst cutting conditions [18]. This approach has shown
that there is a greater scope for improvements to be made in this area [5].
Optimization results of Feng and Su [19] have indicated that the shortest
total toolpath length, favored by most existing optimization approaches, does
not result in maximum efficiency because the corresponding feed rate is often
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constrained by the specified tolerance. The optimum cutter feed direction is
in general not unique but falls within an optimum range in the finishing
machining of 3D plane surfaces.

Current practices determine toolpath and feed rate individually. Optimization
of these two parameters is accomplished sequentially and independently. This
sequential approach limits further optimization of the process and leads to
higher product cost. Toolpaths and feed rates in 3D surface machining are in
fact closely related with each other. Variable feed rate that maintains safe cutting
could provide substantial time savings to manufacturers [20]. An integrated
planning approach is necessary to optimize the machining process by
determining tool path and feed rate simultaneously.

Of the simpler methods available for determining the optimum feed rate, the
most prominent method of recent works is based on analyzing the tool as a cantilever
beam. The feed rate is adjusted to keep the force on the tool equal to the maximum
safe load, which it can withstand. Jerard ef al. [S] managed to achieve constant
cutting forces in the machining of a mold cavity by using this method.

The computer aided part programming methods that are currently in use
identified the cutter geometry, toolpath, and feed rate as some of the critical
factors for improving the surface finish and machining time. Ample investigations
have been carried in this area. However, from the literature it is clear (refer to Table
1 and Figure 1) that most of the research work in this area has focused on the
modeling of cutter geometry. This is understandable since cutter geometry models
would be necessary at the product design stage. This research seeks to further
examine the effects of toolpath and feed rate variations on the machining of
sculptured surfaces with goals of obtaining better surface finish and shorter
machining times.

Methodology

To achieve the objective of the study, two steps which are taken into
consideration are: selection of the construction curve to form the sculptured
surface and determination of a desirable toolpath and feed rate configuration
for machining of a Coons sculptured surface, which are explained below.

Step I: Selection of the Construction Curve

Five curve creation methods for design and development of the Coons surface
are reviewed with an objective of decreasing the machining time and
improvement in surface finish of blended surfaces. The curves examined are:
i) Parametric Polynomial, ii) Hermite, iii) Bezier, iv) B-Splines and v) NURBS.
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Figure 1: The Distribution of Critical Research Papers in Sculptured
Machining Area

Each curve type is used for the creation of a Coons surface, and it is finally
concluded that NURBS would be a suitable curve creation method to model
sculptured surfaces. Based on this, in this study, the Coons surface shown in
Figure 2 is considered for demonstration, which is modeled by blending of
four drive profiles.

Profile 2

Figure 2: Selected Coons Surface for the Study
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Step II: Determination of a Desirable Machining
Configuration

The machining of the sculptured surface shown in Figure 2 was simulated
using Mastercam® package. The size of the stock used was 120 x 120 x 50 mm
with a 9.525 mm flat end mill for roughing, and a 6.25 mm ball end mill for the
finishing operation. Aluminium was selected as the stock material.

The experiments done in this study were based on Taguchi design of
experiments. A 36 (22X 32) orthogonal array of experiments was designed with
the aid of Minitab® statistical software. The factors chosen were the toolpath
and feed rate for roughing and finishing operations, with the levels being parallel,
contour and flowline for the toolpath factor, and standard and highfeed for the
feed rate factor. The hierarchical structure for the design of experiments is
presented in Figure 3, and the configuration for the 12 experiments actually
performed can be seen in Table 2.

Experimental Results

The surface finish, machining time and file size were recorded for each
experiment. The machining time and file size were recorded directly from
Mastercam® simulation, whereas the surface finish was measured using 3D
Reshaper® software. Figures 4, 5 and 6 show some of the types of surface
attained in the machining of the Coons surface. Main effects plots for the
machining time, surface finish and file size are plotted and shown in Figures
7to 10.

Experiments

Roudhing/
Finishing
| : ]
Toolpath Feedrate
, E . ——
Parallel Contour Flowline Standard Highfeed

Figure 3: Hierarchical Structure for Design of Experiments
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Table 2: Layout of Performed Experiments

Experiment Feedrate Toolpath
Number . - .
Roughing Finishing Roughing Finishing
1 Standard Standard Parallel Parallel
2 Standard Standard Flowline Flowline
3 Standard Standard Contour Contour
4 Standard Highfeed Parallel Parallel
5 Standard Highfeed Flowline Flowline
6 Standard Highfeed Contour Contour
7 Standard Highfeed Parallel Flowline
8 Standard Highfeed Flowline Contour
9 Standard Highfeed Contour Parallel
10 Highfeed Standard Parallel Contour
11 Highfeed Standard Flowline Parallel
12 Highfeed Standard Contour Flowline

20—

Figure 4: Simulated Surface Finish with 60.9% Accuracy to

Theoretical Surface
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.

_ —20—

Figure 5: Simulated Surface Finish with 78.3% Accuracy to Theoretical Surface

l

S

"o —20—

Figure 6: Simulated Surface Finish with 93.5% Accuracy to Theoretical Surface
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Figure 7 shows that to decrease the roughing time, it is best to use the
highfeed option and parallel toolpath. The worst combination would be a
standard feed rate with a flowline toolpath. To decrease the finishing time, it
is again best to use a highfeed feed rate and a parallel toolpath. However, the
bad combination would be a standard feed rate with a contour toolpath.

Main Effects Plot (data means) for Means (Total Time)

| Roughing Feed Rate Finishing Feed Rate

X?Q‘ G

4
m \ ,
2 - : Gt
§ a2 : \‘ “&N
)
I - ' '
o Standard Highfeed Standard Highfeed
)"f B - T - S =
"6 Lo ’ e
c —
[}
[}

Paralel Flowline Contour Parallel Flowline Contour

Figure 7: Machining Time Plots for Simulated Results of Toolpath and
Feed Rate Variation

Figure 8 indicates that the best surface finish was obtained by using the
standard feed rate and a contour toolpath for roughing, while using standard
feed rate and a flowline toolpath for finishing. The graph also shows that the
worst finish will be obtained by using the highfeed option with a flowline
toolpath for roughing and a contour toolpath for finishing.

Figure 9 shows that the NC file size for roughing is greater when the
highfeed option is used. The file size is also affected by the toolpath, with
flowline paths generating the largest files, and with parallel toolpaths the
smallest files.

10
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Main Effects Plot (data means) for Means (Surface Finish)

A Roughing Feed Rate

Finishing Feed Rate

Standard

Highfeed

Stanldard High'feed
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Finishing Tocipath
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Figure 8: Surface Finish Plots for Simulated Results of Toolpath and
Feed Rate Variation

Main Effects Plot (data means) for Means (Roughing NC File Size)

Roughing Feed Rate

Roughing Toolpath

700 4

600 A

500 -

400 -

300

200

100

0

Standard

High'feed

T T T
Parallel Flowline Contour

Figure 9: NC File Size Plots for the Roughing Operation
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Figure 10 shows that the NC file size for finishing is greater when the highfeed
option for feed rate is used. In this case it was seen that flowline paths generate
the largest files, and contour toolpaths the smallest files.

Main Effects Plot (data means) for Means (Finishing NC File Size)

Finishing Feed Rate Finishing Toolpath
5504
[}
2
Z 5001
=)
£ 450
g
g
S 400 /
o ,
s :
§ 350
[}
3
300 4
Stan‘dard High'feed Par'allel Flov'vline Con‘:our
Figure 10: NC File Size Plots for the Finishing Operation
Discussion

The experimental results show some interesting trends, in particular the
differences between the output for roughing and finishing operations. The
machining time was significantly affected by variations in both toolpath and
feed rate for roughing and finishing. The results show that the feed rate selected
has a much greater effect during roughing than in finishing. This can be deduced
from Figure 7, where the gradient of the line for roughing is steeper than that of
the finishing operation. This is probably owing to the difference in the volume
of material being removed in each operation. Since a larger tool is used for
roughing, it can be assumed that more material is removed per tooth, and more
volumes are left uncut to prevent gouging. Thus, there is likely to be more
deviation in the value of the cutting tool’s load.

It is apparent from Figure 8, that the feed rate has a very insignificant effect
on the surface finish. This was expected, since the effects of tool vibration and
deflection are present when there is unbalanced tool loading. Therefore it can be
expected that when the highfeed option was used, the surface finish would be
better. However, this is inconsistent with the trends on the graph. A possible

12
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reason for this may have been that the size of workpiece and tool used will not
allow for the amplification and measurement of minor defects.

The effect of varying the toolpath seems to be much greater than that of
using different feed rates when considering the surface finish. This is expected,
since the volume of material removed owing to tool vibration and deflection is
much less than that of each tool step during machining. The toolpaths selected
had less effect on machining time during roughing than on finishing. This can
be seen in Figure 7, where the spread of the points for roughing is much less
than that of finishing. It must be noted though that time values given are based
on simulation, and thus is more suitable for comparison than for determining
actual machining times. It is interesting to observe that the parallel toolpath
gave the best machining times for roughing and finishing operations.

The NC file size was recorded, to help determine which configuration is
most desirable when considering the buffer capacity of the machine. As expected,
larger files were generated when using the highfeed option, since there are
additional codes in almost every line for the changes in feed rate. The effect
was almost equal for roughing and finishing as it can be seen in Figure 9 and
Figure 10.

The toolpath which was selected played a more significant role than feed
rate selection in determining the file size. The spread of the points was much
greater than that of feed rate selection. It is also apparent from the graphs that
flowline toolpaths produce the largest file sizes.

Conclusions and Future Research

Based on the experimental results, we can say that toolpath and feed rate
selection are both significant factors in sculptured surface machining. For the
workpiece selected, the toolpath selection seemed to have a greater effect on
the finish and machining time than the feed rate.

It is important to note that the experiments were limited to the simulation of
only one type of sculptured surface. Therefore, any generalisation about
sculptured surface machining based on the results is not warranted. However
the Coons surface chosen was an appropriate selection, since its shape may
approximate many other sculptured surfaces. Another factor to consider is that
the simulation process itself may be prone to errors, since in several occasions
the experimental results seemed to be incongruous. However, for the purposes
of this research, they were deemed suitable.

Aucxiliary to the fact that the simulation results may have been flawed, it
might be useful to undertake the actual machining of the surface. This should
provide more accurate results, since measurements may be taken directly. It
might be useful to record the force on the cutting tool during this time to

13
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determine if the algorithm used for obtaining highfeed machining accurately
calculates the correct feed rate to produce a constant load. The work in this
direction is in progress.
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