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A method to calculate tool path uniquely for rough-
ing using a flat drill is proposed. A flat drill is a drill
with a flat tip. Unlike a square end mill, it cannot
feed a tool laterally, but it is suitable for machining
to feed a tool longitudinally. The advantage offered by
the flat drill is expected to reduce machining troubles,
such as tool breakages and chatter vibration, owing to
the axial sturdiness of the tool. Furthermore, it can
be used to machine lapped holes that cannot be ma-
chined with a normal drill owing to its flat tip. Hence,
roughing using a flat drill by drilling multiple holes at
constant intervals is proposed herein. Furthermore, in
this method, a tool path for semi-finishing is generated
only on the remaining region. A cutting experiment
is conducted to validate the effectiveness of the pro-
posed method. The result of the cutting experiment
confirmed the effectiveness of the proposed method
based on the machining time and the productivity of
machining multiple products simultaneously.
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1. Introduction

Flexible manufacturing or customized manufacturing is
required for the limited production of diversified products.
The time and cost for preparation, such as NC program
generation, significantly affects the production efficiency.
Some previous studies have attempted to reduce the time
required to generate an NC program, in which digital copy
milling is realized without an NC program [1–4]. Mean-
while, computer-aided process planning (CAPP) systems
were used in other studies to automatically generate an
NC program. To automatically generate an NC program,
the machining shape must be recognized and the machin-
ing conditions determined. A computer is not effective
in recognizing the machining shape as it cannot under-
stand the geometric features of a complicated product
shape. Therefore, the machining feature on the product
shape must be recognized. Two main methods are used
for machining feature recognition: recognizing a target
shape [5–9] and recognizing a removal volume [10–19].
To determine the machining conditions, the knowledge of
experienced operators is necessitated because the differ-

ence in the feed speed or the axial and radial depth of
cut significantly affects the productivity. Subsequently, it
must be determined automatically. Some previous studies
have attempted to automatically determine the machining
conditions based on the geometric features of the prod-
uct shape [20–22]. Other studies realized this by reusing
machining case data [23, 24]. Although NC programs
have been generated automatically in some studies, this
method is difficult to apply to the machining site because
the product shape is typically extremely complicated for
recognizing the machining feature, and the combination
of workpiece material, machine tool, and cutting tool is
not always constant.

This study aims to realize the automated generation of
an NC program. Hence, a method is proposed to calculate
the tool path for roughing using a flat drill to suppress ma-
chining troubles and improve machining efficiency during
roughing. A flat drill is a drill with a flat tip. Unlike a
square end mill, it cannot feed a tool laterally, but it is suit-
able for machining to feed a tool longitudinally. Based on
the advantages of the flat drill, machining troubles such
as tool breakages and chatter vibration are expected to be
reduced because of the axial sturdiness of the tool. Fur-
thermore, it can be used to machine lapped holes that can-
not be machined using a normal drill owing to its flat tip.
Hence, this study proposes roughing using a flat drill by
drilling multiple holes at constant intervals. Furthermore,
in this method, a tool path is generated for semi-finishing
only on the remaining region. In this study, a cutting ex-
periment was conducted to validate the effectiveness of
the proposed method.

2. Tool Path Generation for Roughing Using
Flat Drill

2.1. Three-Dimensional Shape Representation by
Contour Line Model

To calculate the tool paths, the tool position along the
surface of the product shape must be calculated based on
the interference amount between the product shape and
tool. The standard triangulated language (STL) format,
in which a surface is represented by a plurality of tri-
angular meshes (as shown in Fig. 1), is typically used
for three-dimensional (3D) shape information exchange;
however, it is not suitable for calculating tool positions
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Fig. 1. Standard triangulated language (STL) format.

Fig. 2. Product model expressed in STL format segmented
finely on ZX plane at intervals of the resolution.

or paths. In the STL format, a plane is represented by
larger triangular meshes, and a curved surface is repre-
sented by smaller triangular meshes to represent surfaces
with the minimum number of triangular meshes. Because
the triangular mesh size expressed in STL format is non-
uniform, the tool position along the surface of the product
shape should not be calculated based on the interference
amount between the product shape and tool without any
modification.

A method known as the contour line model that repre-
sents the surface of the product shape as discrete points
at intervals below the indicated resolution is proposed
herein [25, 26]. The contour line model is a model in
which the product model is minutely segmented on the
plane along any axial direction, and the contour line of
the cross section is superimposed. In the STL format, the
triangular mesh size is non-uniform; therefore, the dis-
tance between the intersections with the triangular mesh
obtained on the segmented plane is not constant. There-
fore, the product surface must be represented by points at
intervals below the indicated resolution.

The algorithm for the contour line model is described
as follows. The product model expressed in STL format
is segmented finely on the ZX plane at intervals of the in-
dicated resolution, as shown in Fig. 2. For each surface
of the segmented ZX plane, the intersection between the
plane and all triangular meshes is geometrically extracted.
The line segment, where the triangular mesh and the target
plane intersect, are then calculated. The contour line of
the segmented plane is calculated by searching for a line
with the same start of the end point and connecting the
same points, as shown in Fig. 3. Subsequently, the line

Fig. 3. Geometrical relationship between triangular mesh
and the segmented plane.

Fig. 4. Contour line obtained from line segment where tri-
angular mesh and segmented plane intersect.

segments composing the obtained contour line are non-
uniform in length, as shown in Fig. 4. In particular, the
plane of a shape is represented by a single long line seg-
ment, whereas a curved surface is represented by a plural-
ity of minute line segments. Therefore, when the length of
each line segment is longer than the indicated resolution,
the points are inserted via linear interpolation. When the
length of the line segment obtained from the STL format
is less than the indicated resolution, it is expressed using
the line segment, as shown in Fig. 5. As described above,
the product surface expressed by a non-uniform triangu-
lar mesh can be expressed by points at intervals below the
indicated resolution. The accuracy of this model depends
on the maximum value of the tolerance specified when
expressing the 3DCAD model in STL format and the in-
dicated resolution of the contour line model.

2.2. Roughing Using a Flat Drill
To calculate the tool path for roughing using a flat drill,

the tool paths for the scanning operation were first calcu-
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Fig. 5. Contour line expressed by points at intervals below
the resolution.

Fig. 6. Description of product and tool with contour line model.

lated based on the interference amount between the prod-
uct surface represented by the contour line model and the
tool. The tool position can be determined by calculating
the interference amount between the product surface and
the tool in the Z-axis direction at every minute interval
with respect to the tool feed direction and by offsetting the
maximum value of the interference amount in the Z-axis
direction.

First, the tool was segmented by the planes in the same
interval as the product, as shown in Fig. 6. In the case of
the square end mill, the tool is shown as a rectangle on the
plane.

Next, the interference amount on each segmented plane
is calculated by detecting the product surface points on
the tool, as shown in Fig. 7. The maximum interference
amount was calculated from the interference amount on
each segmented plane. The tool position can be calcu-
lated by offsetting the tool in the Z-axis direction by the
obtained maximum interference amount. By calculating
the tool position at every minute interval with respect to
the tool feed direction, the tool path can be calculated
as shown in Fig. 8. The analysis shows that a machin-
ing error generally occurs in the tool radial direction and
y-direction. However, the interval of the segmented plane
was analyzed at 5 µm in this study. Because the remain-
ing amount of roughing is typically tens to hundreds of
micrometers, the machining error is considered accept-

Fig. 7. Tool offset according to calculated interference amount.

Fig. 8. Tool path obtained by calculating tool position at
each minute interval.

(a) Flat drill (b) Square end mill

Fig. 9. Comparison of tool shape between flat drill and
square end mill.

able.
When roughing using the flat drill proposed herein, the

tool moved only in the Z-axis direction during machin-
ing. The tool position for machining with a flat drill can
be calculated from the tool position for the scanning op-
eration, as described above. A flat drill is a drill with a
flat tip, as shown in Fig. 9(a). Unlike a square end mill, it
cannot feed a tool laterally, but it is suitable for machin-
ing to feed a tool longitudinally. Based on the advantages
of the flat drill, machining troubles such as tool breakages
and chatter vibration are expected to be reduced because
of the axial sturdiness of the tool.

Furthermore, the flat drill can machine lapped holes
that cannot be machined using a normal drill owing to
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Fig. 10. Drilling multiple holes at constant intervals using a
flat drill.

R

R

Fig. 11. Interval between centers of holes.

Fig. 12. Tool position of flat drill calculated from tool path
for scanning operation.

its flat tip. Hence, roughing using a flat drill by drilling
multiple holes at constant intervals is proposed herein, as
shown in Fig. 10. The interval between the centers of the
holes Ic can be determined as follows to machine without
having an uncut region remaining other than the edge, as
shown in Fig. 11.

Ic =
√

2×R (R: tool radius) . . . . . . . (1)

The depth of each drilling hole can be determined from
the depth calculated based on the tool path for the scan-
ning operation, as shown in Fig. 12. The tool position
of the flat drill can be calculated by extracting the same
position on the X- and Y -axes from the tool path for the
scanning operation and using the position of the Z-axis as
that of the flat drill.

When roughing using a flat drill, unlike a scanning op-
eration involving a square end mill, a stairs-like region
remains (as shown in Fig. 12) because flat drill machines
are used to feed a tool longitudinally. Generally, finish-
ing cannot be conducted when remaining regions exist,
e.g., stairs-like regions, because of the possibility of tool

Fig. 13. Scanning operation tool path using semi-finishing tool.

Fig. 14. Positional relationship of tools determined to be
inclusive.

breakage. Therefore, semi-finishing must be conducted
by machining gradually using a small axial depth of cut.
Subsequently, to avoid increasing the machining time,
semi-finishing must be conducted only on the remaining
region during roughing. During the semi-finishing, the
tool path for the scanning operation involving the semi-
finishing tool to machine the entire region was calculated
as shown in Fig. 13. In the tool path for the scanning
operation, the tool positions were calculated at minute
intervals in the tool feed direction. Because the tool di-
ameter used for semi-finishing is generally smaller than
the tool diameter used for roughing, whether the tool re-
gion of each tool position for semi-finishing is included in
that of the tool position with roughing must be verified, as
shown in Fig. 14. If the tool region for semi-finishing is
completely included in the tool region for roughing, then
it can be regarded as the air cutting region and hence be
excluded from the tool path. By verifying all the tool po-
sitions, the tool path for semi-finishing, in which the re-
maining region from roughing is machined, can be calcu-
lated.
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Fig. 15. Product model for case study.

Table 1. Machining conditions for case study.

Flat drill Square end mill
Tool diameter 4.0 mm 4.0 mm

Axial depth of cut – 0.5 mm
Radial depth of cut 2.0 mm 2.0 mm
Machining depth 10 mm

Spindle speed 10000 min−1

Feed speed (XY ) 300 mm/min
Feed speed (Z) 50 mm/min

3. Case Study

Two case studies were conducted in this study. The first
is to validate the effectiveness of the machining efficiency
by comparing the machining time between the proposed
roughing using a flat drill and the conventional roughing
using a square end mill. The other is to validate the possi-
bility of machining multiple products simultaneously with
multiple spindles using the machine tool developed.

3.1. Validation of Effectiveness by Comparing
Machining Time Between Flat Drill and
Square End Mill

To verify the effectiveness of the proposed method,
roughing using a flat drill and a square end mill was per-
formed on the product model, as shown in Fig. 15. The
machining times of the flat drill and square end mill were
compared. When machining using a square end mill, a
gradual machining had to be performed in the Z-axis di-
rection because of the weakness of the axial direction cut-
ting of the square end mill. Using the existing CAM soft-
ware, a tool path can be generated without reducing the
machining efficiency by setting the tool approaching an-
gle to the workpiece. However, the user must determine
these settings individually. This is one of the reasons that
renders it difficult to automate NC program generation. In
this case study, the tool path was generated using the ma-
chining conditions shown in Table 1, assuming that the
tool was moving without approaching the angle.

The tool paths generated using the flat drill and square
end mill are shown in Figs. 16 and 17, respectively. The

Fig. 16. Tool path generated using flat drill.

Fig. 17. Tool path generated using square end mill.

Table 2. Machining time comparison between flat drill and
square end mill.

Flat drill Square end mill
Machining time 66 min 51 s 86 min 10 s

Fig. 18. Tool state at the beginning of machining.

results of the machining time calculated by the total dis-
tance and feed speed are shown in Table 2.

When machining using a square end mill, the axial
depth of cut cannot be large; furthermore, the total dis-
tance will be long because the entire edge of the tool is
used in the region, as shown by the broken line in Fig. 18,
and the cutting force is large. Meanwhile, when machin-
ing using the flat drill proposed herein, machining can be
performed up to the machining depth in the Z-axis direc-
tion continuously at a constant feed speed.
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Fig. 19. Prototype machine tool with multiple spindles.

3.2. Validation of Machining Efficiency Using Flat
Drill Roughing

In the next case study, to verify the productivity effec-
tiveness of roughing using the flat drill proposed herein, a
prototype machine tool with multiple spindles, as shown
in Fig. 19, was developed. This study verified whether
multiple products can be machined simultaneously. Gen-
erally, when machining with multiple spindles simultane-
ously, as shown in Fig. 19, it is difficult for the square
end mill to perform machining to feed the tool laterally
without machining troubles because the cutting force to
the spindle is large and the chatter vibration can be large.
However, the flat drill can perform machining without ma-
chining troubles because it feeds only in the Z-axis direc-
tion, which may suppress chatter vibration. This study as-
sumed that the cutting force to the spindle was small, and
that the machining trouble due to chatter vibration was
negligible during semi-finishing and finishing because the
tool had a small diameter and the cutting volume per tool
feed per tooth was small during semi-finishing and finish-
ing.

The case study was conducted using the product model,
as shown in Fig. 20. Table 3 shows the machining condi-
tions for roughing, semi-finishing, and finishing.

The tool path generated using the proposed method is
shown in Fig. 21. The results obtained using the generated
tool path for each process are shown in Figs. 22(a)–(c).
When roughing using the flat drill, it was confirmed that
the work material did not chatter and vibrate during ma-
chining, and that the machining was completed without
machining troubles. Furthermore, it was confirmed that
the workpiece shape after machining was favorable, as
shown in Fig. 22(a). When semi-finishing after roughing,
it was confirmed that the generated tool path was valid
because no machining troubles such as tool breakage oc-
curred. Finally, it was confirmed that the finishing was
completed with the intended machining accuracy based
on the workpiece shape, as shown in Fig. 22(c). Table 4
shows that the machining time for each process was ap-
propriate.

As described above, roughing using a flat drill enables

Fig. 20. Product model for case study.

Table 3. Machining conditions for case study.

Rough Semi-Finish Finish
Workpiece material A7075

Tool type Flat drill Ball end mill
Tool diameter 4.0 mm 2.0 mm

Axial depth of cut – 0.5 mm –
Radial depth of cut 2.0 mm 0.5 mm 0.1 mm

Spindle speed 10000 min−1

Feed speed (XY ) – 300 mm/min
Feed speed (Z) 50 mm/min

not only machining troubles to be suppressed and the ma-
chining efficiency to be improved when machining one
product, but also enables multiple products to be ma-
chined simultaneously with multiple spindles. However,
the proposed method has several disadvantages and limi-
tations, as follows.

• If the total machining depth is small, then the normal
scanning operation with a square end mill may have
a shorter machining time because the horizontal tool
feed speed is higher.

• Because machining with a flat drill increases the
spindle torque, a machine with a large spindle torque
is necessary when a tool with a large diameter is
used.

• When the product shape is complicated, because the
work material after roughing using a flat drill com-

Int. J. of Automation Technology Vol.14 No.6, 2020 1041
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(a) Roughing

(b) Semi-finishing

(c) Finishing

Fig. 21. Tool path generated using proposed method.

prises stepwise residual margins, the total machining
time may be long owing to the removal of these mar-
gins in semi-finishing.

Nevertheless, the results indicate the possibility of sig-
nificantly improving the machining efficiency in the lim-
ited production of diversified products.

(a) Roughing

(b) Semi-finishing

(c) Finishing

Fig. 22. Results of machining using generated tool path for
each process.

Table 4. Results of machining time of each process.

Machining time
Roughing 2 h 39 min

Semi-finishing 1 h 49 min
Finishing 3 h 01 min

1042 Int. J. of Automation Technology Vol.14 No.6, 2020
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4. Conclusions

A method to calculate tool paths for roughing using a
flat drill from a 3DCAD model represented by the STL
format of the product was proposed herein. This findings
of this study are as follows.

1. A 3D shape can be expressed by superimposing the
contour line of the cross sections obtained by seg-
menting the product along any axial direction.

2. The tool path for roughing with a flat drill can be
calculated based on the tool position for the scan-
ning operation. Furthermore, the tool path for semi-
finishing only on the remaining region from rough-
ing can be calculated.

3. The results of the machining experiment indicated
that the proposed method enabled not only machin-
ing troubles to be suppressed and the machining effi-
ciency to be improved when machining one product,
but also enabled multiple products to be machined
simultaneously with multiple spindles.
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