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Abstract

Particularly in high-speed roughing by a straight end mill, contour-parallel paths
often cause an excessive tool load in a critical cutting region such as a sharp corner
and a narrow slot. Trochoidal grooving can be used to remove such regions safely,
prior to high-speed contour-parallel cutting. This paper present a systematic tool path
generation strategy for high-speed 2-1/2 dimensional end milling with the removal of
critical cutting regions by trochoidal grooving. We first present a scheme to extract
critical cutting regions for an arbitrary two-dimensional pocket contour by using its
medial axis. A trochoidal tool path to remove an arbitrary contour can be generated
also by using the medial axis. Two experimental case studies are presented to show the
efficiency and tool wear progress in the roughing by a straight end mill with trochoidal
grooving to remove critical cutting regions, in comparison with conventional contour-
parallel roughing by a ball end mill.
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1 Introduction

In die and mold machining, roughing by a straight end mill potentially enhances the pro-
ductivity significantly, compare to typical cases where a ball end mill is used throughout
the entire process. A straight end mill allows a larger axial depth of cut, which significantly
reduces the number of layers in the z-direction in 2-1/2 dimensional machining. In early
'90s, a sintered carbide end mill with an (Al, Ti)N coating was introduced to the market,
which made it possible to directly machine pre-heated hardened steel. By first performing
heat treatment on raw steel and then machining it by using such a tool, die/mold making
process can be significantly simplified, potentially eliminating a need for grinding or electric
discharging machining processes. Particularly for such a hardened steel, the machining by
a straight end mill often requires an experienced operator to perform very careful process
planning to avoid severe cutting problems. Commercial CAM software mostly adopt either
direction-parallel or contour-parallel paths, which are both generated by successive offsets
of the input boundary to be machined. Since they are computed solely from the geometry
of the input boundary with almost no concern about machining process, contour-parallel
paths often create some cutting problems. To be noted among them is significantly varying
cutting engagement that causes the variations in cutter load [1]. Since a straight end mill
with a larger axial depth of cut is often subject to larger cutting load, such a variation may
damage a tool easily.

Many researches in the literature parameterized the variation in cutting load by the en-
gagement angle of a tool to the workpiece [2, 3]. Shown in Fig. 1 is how cutting engagement

angle varies depending on the geometry of the tool path in the two-dimensional (2D) ma-



chining. The engagement angle represents the geometric interference between the tool and
the workpiece in the two-dimensional machining. It is thus clear that the engagement angle
is one of dominant process parameters that determines the cutting load on the tool, although
its influence significantly depends on many other process parameters such as the helix angle
of tool, the number of flutes, and the axial depth of cut. Figure 1 also illustrates an abrupt
increase of the engagement angle at a sharp corner.

To avoid the variation in cutting force on arbitrary tool paths, major methods reported
in the literature are adjusting the feedrate adaptively. Model-based feedrate scheduling
schemes, where a process simulator predicts the cutting force along the given tool path
and optimizes the feedrate in priori, have been extensively studied since the 1960s [4, 5, 6].
Some latest commercial CAM software use the MRR (material removal rate)-based simu-
lator to optimize NC program feedrate. Although feedrate scheduling may be effective to
regulate cutting force on smooth tool paths, it is often ineffective to avoid cutting problems
at corners. Since cutting force increases almost instantaneously at a sharp corner, it is in
practice difficult to completely avoid it by feedrate scheduling [7]. Since tool paths for mold
machining often contain many corners, too frequent slow down for cutting force regulation
may significantly sacrifices the overall productivity. Furthermore, a study [8] showed that
longer engagement to the workpiece at a corner could increase the tool temperature, which
potentially shortens the tool life even when cutting force is regulated by feedrate scheduling.

To avoid larger cutting engagement at a corner, a tool path itself must be modified.
Some researchers proposed an attempt to minimize the cutting load at a corner by inserting
additional looping tool paths [9, 10, 11]. This strategy is adopted in some latest commercial

CAM software.



The trochoidal grooving can be seen as an extension of this strategy to remove a larger
class of critical cutting regions, including a slot requiring full-immersion cutting. As is il-
lustrated in Fig. 2, trochoidal grooving cuts a slot by successive circular paths to avoid a
full-immersion configuration. The idea of employing trochoidal grooving is recent [12], but
their great potential is already recognized by many CAM vendors (e.g. MasterCAM by
CNC Software, Inc., CAM TOOL by Graphic Products, Inc., and CATTIA V5 by Dassualt
Systemes). A commercial add-on software to implement trochoidal grooving is also available
(Volumill by Celeritive Technologies, Inc.).

To our knowledge, these commercial software can only insert trochoidal grooving to all
slots or a looping arc to all corners. Otherwise they require a human operator to manually
locate trochoidal grooving. In this paper, we will show that critical cutting regions are not
only at a sharp corner or a narrow slot, but inevitably appear in many parts on contour-
parallel paths. The objective of this paper is to present a systematic tool path generation
strategy for high-speed 2-1/2 dimensional end milling based on the recognition of critical
cutting regions, and their removal by trochoidal grooving. We will first present a scheme
to generate a trochoidal tool path to remove an arbitrary contour by using the medial axis,
a sub-set of the Voronoi diagram computed from the given contour to be machined. The
extraction of critical cutting regions can be performed also based on the medial axis of the
contour. Law et al. [13] presented a machining scheme to remove diagonals of a rectangular
pocket, prior to contour-parallel machining. The present scheme to remove critical cutting
regions can be seen as its extension to general cases. Practical case studies of 2-1/2 dimen-
sional machining of a cavity mold is presented to demonstrate the application of trochoidal

grooving to high-speed roughing by a straight end mill.



Lately, some studies [12, 14] reported the geometric analysis of trochoidal tool paths for
the optimization of machining conditions. To our knowledge, few studies have been reported
on its application strategy to remove critical cutting regions. Its experimental demonstration
will be also of a practical importance to understand its effectiveness in practical industrial

machining applications.

2 Trochoidal tool path generation by using medial axis

This section first presents an algorithm to generate a trochoidal tool path to remove the
region within the given arbitrary 2D contour. From the theory of Voronoi diagrams, it can
be shown that the center of a circle inscribing the contour is located on the medial axis, a
subset of the Voronoi diagram, of the given contour. The authors [15] presented an algorithm
to generate a trochoidal tool path by using the medial axis. Elber et al. [16] later presented
an analogous algorithm. This section only briefly reviews this algorithm.

The Voronoi diagram and the medial axis are defined as follows (see e.g. [17] for its
more mathematically strict definition): consider a set, S, of disjoint points and straight-line
segments in the 2D Euclidean space. The points and line segments contained in S are called
sites. The Voronoi diagram of S, VD(S), is defined as a set of points which have at least
two sites in S in the same distance, and all the other sites in S are further than them. A set
of segments contained in VD(S) excluding those connected to a reflex vertex of S is called
the medial axis of S, MA(S). Figure 3 shows their illustrative examples [17].

For the computation of parallel offsets, there have been numerous research efforts to build

algorithms with higher robustness and smaller computational complexity [18], including the



ones based on the Voronoi diagram [19]. Algorithms to generate Voronoi diagrams have been
also extensively studied. In this paper, we adopt the VRONI package developed by Held [20]
implemented in ANSI C codes.

Suppose that a set of disjoint points and straight segments that defines the contour to
be machined is given. Define the set, S, by offsetting the contour to the inside by the tool
radius, 7. From the definition of medial axis, it is clear that any circles inscribing the contour
center on the medial axis of S. By using this, an algorithm to generate a trochoidal tool

path is given as follows:

1. Compute the medial axis for S, MA(S).

2. Choose the edges from MA(S) on which trochoidal paths are assigned (denote it by

MAc(S)).

3. Let a point p; on MAs(S) be the start point. Find two segments in S that are the

closest to p. Draw a circle centered at p; that inscribes two segments.

4. Move the point p; (i =1,---,N) on MAc(S) with the given pitch. At each p;, draw
an inscribed circle. The pitch is typically given such that the maximum radial depth

of cut is kept constant. Repeat it until the end of MA(S5).

Figure 4 shows its illustrative example. To shorten the entire machining time, it is practically
effective to replace an air-cut part in each circular path with a straight path. In Fig. 4,
trochoidal paths are assigned only on a part of the medial axis. It is also possible to machine
the entire pocket by trochoidal grooving only, by assigning trochoidal paths over all the edges

on the medial axis, as has been shown by Elber et al. [16].



3 Recognition of critical cutting regions by using me-

dial axis
3.1 Recognition of critical cutting regions

As has been discussed in Section 1, this paper parameterized the variation in cutting load
by the engagement angle of a tool to the workpiece shown in Fig. 1. A part of the tool path
that is subject to the engagement angle higher than the given threshold is called the critical
cutting region in this paper. It should be emphasized that this paper focuses on the machin-
ing by a straight end mill, and thus, only the 2D interference between a tool and workpiece is
considered. The engagement angle can be numerically computed [2, 14, 21]. As an example,
consider contour-parallel tool paths shown in Fig. 5(a). The machining is conducted from
the innermost path to the outermost path. The engagement angle is computed along the
entire path by using the algorithm in [21] to extract regions subject to the engagement angle
higher than 40 degrees, as shown in bold in Fig. 5(a).

Such a computation over the entire path requires high computational cost. The com-
putational cost to extract critical cutting regions can be significantly reduced by using the
medial axis. Figure 5(b) shows the medial axis of the pocket contour. It is clear that critical
cutting regions are located only on and around the medial axis. It suggests that the compu-
tation of the engagement angle at the intersection of tool paths and the medial axis would

be sufficient to extract critical cutting regions.



3.2 Insertion of trochoidal grooving

By inserting trochoidal grooving to remove critical cutting regions in prior to contour-parallel
paths, safer and faster contour-parallel machining can be conducted, eliminating a need for
careful planning of machining conditions. Figure 5(c) shows an example of trochoidal paths
of a constant radius assigned on a part of critical cutting regions. By using the algorithm
presented in Section 2, a trochoidal path of variable radius to remove the region enclosed
by one loop of contour-parallel paths can be generated as shown in Fig. 5(d), which can
eliminate all contour-parallel paths inside this region.

Figure 6 illustrates a strategy to machine a slot. When the ratio of the finished workpiece
radius, R, to the tool radius, r, is larger than the given threshold (in this example, % >2.0n~
3.0), a slot is finished by using the original contour-parallel path. In a critical cutting region
where § is smaller than this threshold, the slot must be machined by trochoidal grooving.

When

==

is close to one, it often becomes difficult to safely machine even by trochoidal

grooving. The reduction of axial depth of cut must be considered in such a case [8].

4 Experimental case study #1
4.1 Overview

The effectiveness of the present machining strategy is experimentally demonstrated by two
case studies to machine a mold of hardened steel. Figure 7 shows the geometry of a box mold
to be machined in the first case study. The following two machining strategies are tested:

In Machining Strategy #1, roughing and intermediate-roughing are conducted by using



a straight end mill. Contour-parallel paths are used with applying the present strategy to
remove critical cutting regions in priori by trochoidal grooving.

In Machining Strategy #2, roughing and intermediate-roughing are conducted by using
a ball end mill. Contour-parallel paths are generated by an expert machine operator using a
commercial CAM software (TOOLS by Graphic Products, Inc.). Machining Strategy #2 is
considered to be a conventional strategy typically employed in industrial mold machining.

Since finishing operations by using a ball end mill are common in both strategies, we only
compare roughing and intermediate-roughing operations. Both strategies are tested by using
the same commercial vertical machining center. The workpiece, a rectangular block of the
size 150mm x 150mm x60mm, is pre-heated hardened die steel, JIS SKD61 of the hardness
HRC53. In both strategies, oil air (pressure: 0.5 MPa) is used as cutting coolant. More

details of both strategies will be presented in the following subsections.

4.2 Machining Strategy #1: Roughing by a straight end mill with

trochoidal grooving

Table 1 summarizes the machining procedure in Machining Strategy #1. Except for helical
boring by a ball end mill (Steps 1 and 5), a straight end mill is used. Machining conditions
in each step are shown in Table 2. The cavity depicted in Fig. 7 is divided into four layers;
first three layers are machined by Steps 1 to 4 with the axial depth of cut 10 mm, and the
last layer is machined by Steps 5 to 8 with the axial depth of cut 5 mm. Step 9 represents
a intermediate-roughing process by a straight end mill. Steps 4, 8, and 9 (“Side wall”)
represent contour-parallel cutting.

As an example, Fig. 8 shows tool paths in the first and fourth layers. Figure 9 shows



critical cutting regions in the fourth layer, where the engagement angle becomes larger than
40 deg. Trochoidal paths are inserted only on a part of the medial axis at each layer. Several
strategies, including the one where trochoidal paths are inserted over the entire medial axis,
and the one where trochoidal paths are inserted only on the innermost path, are compared
in their total machining time. Since more insertion of trochoidal grooving often lengthens
the machining time due to the increase of air cut, we selected strategies shown in Fig. 8 in
this experiment.

It is to be noted that the feedrate profile in contour-parallel cutting is scheduled such
that the material removal rate is regulated constant. The feedrates shown in Steps 4, 8 and 9
in Table 2 represent the value at a straight path. The feedrate profile in trochoidal grooving

is also scheduled in an analogous manner as presented by Otkur and Lazoglu [14].

4.3 Machining Strategy #2: Conventional roughing by a ball end

mill with contour-parallel paths

In Machining strategy #2, roughing and intermediate roughing processes are conducted by
using a ball end mill of the radius 5 mm. Table 3 shows machining conditions in Machining
strategy #2. The entire depth is divided into total 54 layers with the axial depth of cut
0.6mm. Contour-parallel paths are used in all layers. Since contour-parallel paths under
the condition in Table 3 for hardened steel may cause a severe tool damage at corners,
the following modifications were made on original contour-parallel paths: 1) an additional
circular loop is inserted at a sharp corner [9] and 2) a feedrate profile is scheduled such that
the material removal rate is regulated constant (same as in Machining Strategy #2). Such

modifications are made automatically by CAM software TOOLS.
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4.4 Machining results

Table 4 compares the total machining time and cutting distance in both cases. Machining
strategy #1 shortened the total machining time by 9 minutes (21%). The total material
removal rate under Strategy #1 with a straight end mill was 6.53 cc/min, larger than 5.21
cc/min under Strategy #2 with a ball end mill. Figure 10 compares the tool wear in both
cases when all the machining processes are finished. In both cases, only small normal wear
(Vs = 0.04 mm in Strategy #1, and V, = 0.1 mm in Strategy #2) is observed. It indicates

that both strategies performed safe machining with no excessive tool wear.

5 Experimental case study #2

In the second case study, a cavity mold of an iron shown in Fig. 11 is machined. The same

machining center and the same workpiece are used.

5.1 Machining Strategy #1: Roughing by a straight end mill with

trochoidal grooving

Similarly as in the first case study, Strategy #1 uses a straight end mill of the diameter
of 10 mm in all processes except for helical boring. Table 5 shows machining procedure
and machining conditions in Strategy #1. Since the bottom surface of the cavity is not
horizontal, the axial depth of cut is set to 5 mm, smaller than that in the first case study,
not to leave large leftover to the intermediate-roughing process. Total five layers are to be
machined.

Figure 12 shows tool paths in the first layer. Trochoidal paths are inserted in critical

cutting regions. The upper-left slot is machined only by trochoid cycles of variable radius.
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Notice that “Region A” in Fig. 12 is too narrow to insert trochoidal grooving (see Section 3.2).
Full-immersion slotting with a smaller axial depth of cut (0.5 mm) are repeatedly conducted

to machine this region.

5.2 Machining Strategy #2: Conventional roughing by a ball end

mill with contour-parallel paths

Machining Strategy #2 conducts roughing by using a ball end mill of the radius 5 mm. The
axial depth of cut is set to 0.6 mm. Table 6 shows machining conditions. Contour-parallel
paths are used in all the layers. Similarly as in the first case study, feedrate scheduling and

the insertion of corner loops are done by CAM software TOOLS.

5.3 Machining results and discussion

Table 7 compares the machining time in both cases. Machining strategy #1 shortened the
total machining time by 4’ 36”.

The cavity in the first case study has a flat bottom and almost vertical side walls. In such
a case, the machining by a straight end mill exhibits larger improvement in the machining
productivity, since it allows larger axial depth of cut. In the second case study, the cavity
has a slightly slanted bottom surface, and the pocket depth is relatively small (25 mm) with
respect to the tool diameter. This is a major reason why Strategy #1 showed only a slight
reduction of machining time.

It should be noted that the conventional strategy (Strategy #2) requires an expert oper-
ator to carefully design machining conditions in order to obtain the machining results shown

in two case studies. Even with feedrate scheduling, it is difficult to choose proper feedarte
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and spindle speed to avoid tool damage at corners, while maximizing the machining effi-
ciency. The removal of critical cutting regions by trochoidal grooving significantly facilitates

process planning.

6 Conclusion

Roughing by a straight end mill potentially enhances the productivity of die and mold ma-
chining significantly. A straight end mill allows larger axial depth of cut than a ball end
mill, which significantly reduces the number of layers in the z-direction in 2-1/2 dimensional
machining. In two-dimensional machining by a straight end mill, however, the tool is typi-
cally subject to higher tool load. Therefore, very careful design of tool paths and machining
conditions is crucial. The removal of critical cutting regions, in prior to contour-parallel cut-
ting, is effective to perform safe machining. Two case studies showed the effectiveness of the
proposed tool path planning scheme to enhance the overall productivity without sacrificing

the tool life in high speed machining by using a straight end mill.
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Table 1: Machining procedure (Machining strategy #1: Proposed)

Step|Geometry Machining process (end mill)

1 |Hole Helical boring (ball)

2 |Hole expansion|Spiral hole expansion (straight)

3 |Slot Trochoidal grooving (straight)

slot width: 20 mm, slot length: 60 mm
4 |Side wall Contour-parallel cutting (straight)

5 |Hole Helical boring (ball)

6 |Hole expansion|Spiral hole expansion (straight)

7 |Slot Trochoidal grooving (straight)

Slot width: 12 mm, slot length: 800 mm.

8 |Side wall Contour-parallel cutting (straight)

9 |Side wall Intermediate-rough side cutting (straight)




Table 2: Machining conditions (Machining strategy #1)

Steps 1,5: Helical boring by a ball end mill

Tool

Spindle speed
Feedrate

Axial depth of cut
Radial depth of cut

Tool extension

(A1,Ti,S)N-coated sintered carbide
ball endmill, R5 mm, 2 flutes
2,800 min~!

0.05 mm/tooth

0.6 mm

0~ 10 mm

40 mm

Steps 2,6: Hole expansion by a straight end mill*

Feedrate
Axial depth of cut

Radial depth of cut

0.1 mm/tooth
(2) 10 mm, (6) 5 mm

0.5 mm

Steps 3,7: Trochoidal grooving by a straight end mill*

Feedrate
Axial depth of cut
Radial depth of cut

Groove width

0.05 ~ 0.15 mm/tooth
(3) 10 mm, (7) 5 mm
0~ 0.5 mm

12 or 20 mm

Steps 4,8: Contour-parallel side cutting by a straight end mill*

Feedrate
Axial depth of cut

Radial depth of cut

0.1 mm/tooth
(2) 10 mm, (6) 5 mm

0.5 mm

Step 9: Intermediate-rough contour-parallel cutting by a straight end mill*

Feedrate
Axial depth of cut

Radial depth of cut

0.1 mm/tooth
1 ~9 mm

0.5 mm

« Tool: (Al, Ti, S)N-coated sintered carbide straight endmill, $10 mm, 6 flutes, Tool extension:
40mm, Spindle speed: 4,800 min~!
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Table 3: Machining conditions (Machining strategy #?2)

All layers

Tool

Spindle speed
Feedrate
Axial depth of cut

Radial depth of cut

Tool extension

(Al, Ti, S)N-coated sintered

carbide ball endmill, R5 mm, 2 flutes
4,800 min~"

0.05 mm/tooth

0.6 mm

3.5 mm

40 mm
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Table 4: Comparison in machining time and cutting length (Case study #1)

Machining strategy #1 |Machining strategy #2

Tool ¢10 mm straight endmill|R5 mm ball endmill

Machining Helical boring: 3’30” |Contour-parallel
time Hole expansion: 4’00” |rough cutting:

Rough cutting: 23’18” 42°47”
Interm. cutting: 3’°03”
Total time 33’517 42477

Cutting length 56.07 m 153.9 m




Table 5: Machining conditions (Machining strategy #1)

(1) Helical boring by a ball end mill

Same as in Table 2.

(2) Hole expansion by a straight end mill

Same as in Table 2.

(3) Trochoidal grooving by a straight end mill

Spindle speed 2,400~9,600 min~!
Feedrate 0.05 ~ 0.08 mm/tooth
Axial depth of cut |[5.0 mm (0.5 mm*)
Radial depth of cut|{0.5 mm

Groove width 12~20 mm

(4) Contour-parallel roughing by a straight end mill

Spindle speed 9,600 min~!
Feedrate 0.08 mm/tooth

Axial depth of cut |5.0 mm

Radial depth of cut|{0.5 mm

* Region A in Fig. 12 is machined by full-immersion slotting with smaller axial depth of cut.
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Table 6: Machining conditions (Machining strategy #?2)

All layers
Spindle speed 10,000 min~"
Feedrate 0.3 mm/tooth

Axial depth of cut |0.6 mm

Radial depth of cut|4.0 mm




Table 7: Comparison in machining time and cutting length (Case study #2)

Machining strategy #1 |Machining strategy #2
Tool ¢10 mm straight endmill|R5 mm ball endmill
Machining Helical boring: 4’48” |Contour-parallel
time Hole expansion: 2’06” |Roughing:
Trochoidal+ 35057
Contour-parallel 23’33”
Total time 30°27” 35057
Cutting length 54.3 m 106.4 m
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Figure 1: Engagement angle.

25



Tool center trajectory

Figure 2: Trochoidal grooving.
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(a) Voronoi diagram.
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(b) Medial axis.

Figure 3: An example of the Voronoi diagram and the medial axis [17].
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Figure 4: An example of trochoidal tool path computed by using the medial axis

70

80 90

100

110

29



y mm

70

60

50

40

30

20

10

-10

Critical cutting regions
subject to cutting engagement angle
larger than 40 degrees

Contour—parallel
tool paths

Contour to be cut out

20 40 60 80 100

Xmm

120

(a) Contour-parallel tool paths and critical cutting regions subject to the engagement angle higher

than 40 degrees.
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(d) Trochoidal paths of variable radius inserted over critical cutting regions.

Figure 5: Recognition of critical cutting regions and insertion of trochoidal paths.
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Figure 6: Grooving strategies
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Figure 7: Mold geometry (Case Study #1)
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(a) First layer
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Figure 9: Critical cutting regions on contour parallel paths in the fourth layer
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(a) Strategy #1 (straight endmill, tool tip)
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(b) Strategy #2 (ball endmill)

Figure 10: Comparison in tool wear.
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Figure 11: Mold geometry (Case Study #?2)
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Figure 12: Tool paths with trochoidal grooving (Strategy #1).
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