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Abstract
Micro-channel chips are used in micro total analysis systems and have been attracting attention in the

medical field recently. In general, photolithography technology is used in semiconductor manufacturing to construct
micro-channel chip dies. However, this technology requires specific resources, such as expensive clean room
facilities, and numerous manufacturing processes, such as photomask fabrication, which involves the application of
a photoresist to a substrate. The purpose of this study is to develop processing technology capable of manufacturing
micro-channel chip dies through the process of micro endmilling. We disclosed discovered that tool run-out on the
order of several micrometers during micro-groove milling reduced machining accuracy and shortened tool lifespan
short. Therefore, we experimentally examined a method for reducing the influence of tool run-out on machining
accuracy with two-tooth and ball endmills by modifying the tool setting angle. In addition, the relationship between
the angle of the cutting edge and the cutting action area in slant milling was also examined. As a result, the
modifying the tool setting angle improved the surface roughness of side of groove and reduced the change in the
cutting force for two-tooth endmilling. In addition, the modified tool setting angle was able to reduce the influence
of groove width of tool run-out by up to 10 percent. In ball end milling, modifying the tool setting angle reduced the
influence of tool run-out on machining accuracy. In addition, cutting marks were not formed in the up cut side when
the angle of the cutting edge was larger than the maximum amount of undeformed chip thickness.
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1. Introduction

Optical fiber
Recently, the use of micro-channel chips [1-4] in N Vsl
micro total analysis systems (Fig. 1) has been attracted

attention in the medical field. Figure 2 shows an

example of a micro-channel. Micro-channel chips have
micro-grooves 100 um wide and 50 pum deep, as
shown in Fig. 2. Photolithography, which is used in
semiconductor manufacturing, is also employed for
manufacturing micro-channel chip Si-dies [5-7].
However, this technology requires the use of numerous
manufacturing processes and resources, such as mask
fabrication and the application of a photoresistor to a
substrate, as well as expensive clean room facilities [8,
9]. Figure 3 shows a schematic view of the machining
process. When a micro-groove is formed by machining
with a micro endmill, the main process is reduced to
only three steps. Machining does not require an
expensive clean room. Microchannel dies need to be
manufactured to high accuracy.This study examines
how to form a fine groove by using a micro endmill

with the aim of shortening lead-time and reducing cost.

A previous study by the same authors showed that tool
run-out on the order of several micrometers
experienced during micro-groove milling reduced
machining accuracy and tool life [10-15]. This study
examines the influence of a ball endmill tool run-out
on machining accuracy, and how to reduce this
influence.
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2. Experimental Equipment and Conditions

Figure 4 shows the relationship between the tool
run-out and the locus of the cutting edges with micro
endmill. Figure 4(a) shows that when the tool setting
angle is A = 0°, the cutting edge is mounted in the
radial direction of the tool and points towards the locus
of the tool run-out. At this time, cutting edge (D makes
a wide rotation and cutting edge @ makes a narrow
rotation. Figure 4(b) shows that when the tool setting
angle is A = 90°, the cutting edge is set in a direction
tangential to the tool and points toward the locus of the
tool run-out. With this, the loci of the cutting edges of
the two pieces correspond with one other. Therefore,
by matching the tool setting angle with the tangential
direction, it is possible to significantly reduce the
influence of the tool run-out on machining accuracy
with a two-tooth square endmill.

It is possible to calculate the effective tool
diameter d” by using Eq. (1). With the tool setting
angle A = 90°, it is possible to calculate the effective
tool diameter d"g is possible to calculate by using Eq.
(2). Figure 5 shows the relationship between the tool
run-out and the effective tool diameter with a tool
setting angle A = 90°. Figure 5 shows that the effective
tool diameter increases with an increase in the tool
run-out. For example, if the tool diameter is d = 0.5
mm and the tool run-out is 8 = 10 um, the effective
tool diameter is 510.0 um with the tool setting angle of
A = 0°. In contrast, the effective tool diameter is 500.1
pm with a tool setting angle A = 90°. Therefore, a tool
setting angle A = 90° can reduce the influence of tool
run-out to less than 1/10. In addition, it is possible to
calculate the effective tool run-out & is possible to
calculate by using Eg. (3). Figure 6 shows the
relationship between tool run-out and tool setting
angle as seen from Eq. (3), when tool diameter of the
endmill is $0.5 mm and the tool run-out & is 10 um.
From Fig. 6, if the tool setting angle is modified to A
= 90° + 5°, it is possible to obtain an effective tool
diameter less than 1 um. Therefore, it is possible to
reduce the influence of tool run-out on machining
accuracy by modifying the tool setting angle. This is
similar to the ball endmilling process.

The experimental equipment and conditions used
in this study are shown in Table 1. The machine tool
used was an NC milling machine (WAIDA MCX-10).
The micro-channel chip dies used workpieces made of
SUS316 steel. During machining, oil was sprayed onto
the workpiece at a rate of 21 mL/h using a mist spray
unit (EVERLOY MD-1), and the cutting force was
measured by a dynamometer (KISTLER Type9251A)
placed under the workpiece.
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Table.1 Experimental equipment and conditions

Machine tool NC milling machine(MCX-01 WAIDA)
. Micro endmill($0.5 mm 2NT)
Cutting tool . -
uting f0o Micro ball endmill(R0.25 mm 2NT)
Workpiece SUS316 W4 X 20 XH 7 mm

N = 48,000 min*t
F =480 mm/min Sz =5 pum/tooth
Ad=50pum & =8 —10pum

Cutting conditions

MQL equipment:
MD-1 Kyoritsu Gokin Corporation
(Flow-rate = 21 mL/h, Air Pressure = 0.1 MPa)

Lubricating system

3. Experimental Results

3.1 Influence of Groove Side on Tool Run-out

Figure 7 shows a schematic of the experimental
setup. Tool run-out was measured using a precision
capacitive sensor (MicroSense Model 4830) before
milling. The concentricity of the tool center and the
peripheral cutting edge was less than 0.1 um. After
milling, the side of the groove that was formed on the
workpiece and was observed using a confocal
microscope. The cutting forces were measured in the
feed direction Fx and the vertical direction Fy to Fx, as
shown in Fig. 7. Figure 8 shows the relationship
between the tool rotation angle in one rotation, and the
cutting force of endmill. Figure 8 shows that with a
tool setting angle of A = 0° the waveform of the
cutting force corresponding to cutting edge @ was
scarcely observed, because the undeformed chip
thickness increases in cutting edge (and decreases in
cutting edge @. On the other hand, when the tool
setting angle was A = 90°, it was observed that the
waveform of the cutting force corresponding to cutting
edge @ is the same level as that of (D. Therefore, the
cutting edges were shown to affect endmilling. Figure
9 shows photographs of the side of the groove made
with the endmill. The cutting marks were formed
every 10 um corresponding to one tool rotation, and
were observed on the down-cut side. In addition, the
surface roughness of the groove side was measured in
the direction shown in Fig. 9. Figure 10 shows the
result of measuring the surface roughness. Figure 10
shows that the surface roughness was better with a tool
setting angle A = 90° than with a tool setting angle A =
0°.
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Fig.7 Schematic of experimental setup
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3.2 Influence of Surface Roughness to Tool Run-out
with Ball Endmill

We examined that modifying the tool setting angle
reduced the influence of tool run-out on machining

accuracy in a manner similar to that in ball end milling.

Figure 11 shows the relationship between tool run-out
and the locus of cutting edges with a ball endmill. As
shown in Fig. 11(b), the tool setting angle is A = 90°
when the cutting edge is set in a direction tangential to
the tool, towards the locus of tool run-out. With this,
the loci of the cutting edges of the two pieces
correspond with each other. Therefore, by modifying
tool setting angle to A= 90° it is possible to
significantly reduce the influence of tool run-out on
machining accuracy with a ball endmill. Figure 12
shows the relationship between the tool rotation angle
and cutting forces by using a ball endmill. With a tool
setting angle of A = 0°, the waveform of the cutting
force corresponding to cutting edge @ was scarcely
observed. On the other hand, with a tool setting angle
of A =90°, it was observed that the waveform of the
cutting force corresponding to cutting edge @ was the
same level as that of (D. Figure 13 shows photographs
of the groove with a ball endmill. With a tool setting
angle of A= 0° the groove width increased
approximately 8 um corresponding to tool run-out.
However, with a tool setting angle A = 90°, the groove
width was close to its theoretical value. The surface
roughness of the groove was measured in the direction
shown in Fig. 14. Figure 14 shows the measured
surface roughness results. Figure 14 illustrates that the
surface roughness of the groove of the up-cut side was
bad. However, the surface roughness of grooves on the
up- cut and down-cut sides were better with a tool
setting angle of A = 90° than with a tool setting angle
of A =0°.

From Fig. 13, the cutting marks that were formed
every 10 um corresponding to one tool rotation were
observed on the down-cut side. There were differences
between cutting marks on the up-cut and down-cut
sides. In addition, we examined cutting action area by
slant milling. Figure 15 shows a schematic of slant
milling with a ball endmill. Cutting marks were
formed at axial depth of cut (Ad) is more than 10 um
in the up-cut side by observing machined surface.
However, they were not formed at axial depth of cut
(Ad) is less than 10 pum. We examined this cause from
relationship between undeformed-chip thickness and
cutting edge radius (R). Figure 16 shows the measured
results of the cutting edge radius (R) with ball endmill.
The measured result of cutting edge radius (R) was 1.5
pum. Figure 17 shows the schematic of the
undeformed-chip thickness with a ball endmill. When
the depth of cut (Ad) is tinier than the radius of the
tool (r), undeformed-chip thickness can be calculated
using Eq. (4). Figure 18 shows photographs of the
groove surface with a ball endmill in slant milling.
When the depth of cut is 10 pum, the undeformed-chip
thickness is 1.4 um using Eq. (4). We considered

cutting that undeformed-chip thickness was smaller
than cutting edge R was cutting of rubbing area that
wasn’t formed cutting marks in the up-cut side,
because cutting marks was formed in Ad=10um from
Fig. 18. Furthermore, cutting marks that were formed
every 10 um corresponding to one tool rotation in the
down-cut side. They were formed in spite of depth of
cut (Ad).

TN
7
;o / r\
! / i\
Y LT TR

\ \ o , Y ) i

A N
Locus of cutting edge@ L N @

Sseoo A -~ Locus of cutting edge D@

e

. Locus of tool run-out
Locus of cutting edge®

Locus of tool run-out

(a)Tool setting angel A=0° (b) Tool setting angel A=90°

Fig.11 Relationship between tool run-out and locus of
cutting edges for a ball endmilling

Tool run-out 8 = 8.5 um

4 . Cutting edge® Cutting edge®

zZ3
LL 2
81|
=X
D
S}
8‘2 [ \\ //
-3t Tool rotation angle [* ]

() Tool setting angle A = 0°

Tool run-out 6 = 9.2 um

4
Z.3¢ — Fx
L --F
g 2 ’
51+ 72N
o
; 0 ,, ' \\ ' ‘\.J/‘/m
£ \ > <
Ea1p 60 120 180,7240 300 360
O, -

3L Tool rotation angle [° ]

(b) Tool setting angle A = 90°

Fig.12 Relationship between tool rotation angle and
cutting forces with ball endmill

Tool setting angle A =0° A =90"
Tool run-out 8 =8.5um 8 =9.2um

Photograph of
work piece

Feed direction
Measurement
- direction

Feed direction

Surface Up—cut ‘ Down—cut Up—cut ‘ Down—cut
roughness 1LOymRz | 0.4 umRz 0.9umRz | 0.4 pumRz
Groove width
theoretical 301.6 pm 304.7 pm
Groove width 309.3 um 306.1 um

experimental

Fig.13 Photographs of groove with ball endmill



Oral Presentation

The 7" TSME International Conference on Mechanical Engineering

Tool setting angle A = 0° A=90°
Tool run-out 3 = 8.5 pm 8 =9.2 um
0.5
0.5um 50 un 50pm
pum
., t—
§ T T e o S T e
=y
=)
Surface roughness Rz = 1.0 um Rz =0.4 um
0.5um 0.5um 5
50um m
o .
=]
o
= |- T T
g
[a}
Surface roughness Rz = 0.9 um Rz=0.4 um

Fig.14 Profiles of the surface roughness with ball

endmill
Fy
Fx ) i i
(®——> Rotation direction of tool
[
Feed direction
——
Workpiece
50 um
B 2N I —
£
£
N~
10 mm
20 mm

Fig.15 Schematic of slant milling with ball endmill

| R T 5um

(b) Measurement result of the cutting
edge Rin(®

| R — 5um

(c) Measurement result of the cutting
edge Rin @

(a) Measurement points

Fig. 16 Measurement results for cutting edge R with a
ball endmill

Nmax © Maximal undeformed-chip thickness, Sz : Feed per tooth
r :Radius of the tool, Ad : Depth of cut, & : The angle of h,,

B

| A b
Al
//GI( ) ,

\\\ SZ \\ //
Ad \\ hmax\\\ v

Chip
Fig.17 Schematic of undeformed-chip thickness with
ball endmill

i
\\ 2016 /

Mechanical Engineering
Innovation for Green Society

13-16 December 2016

Py =SZ-5IiN 6, 0=cosl(r_Ad] (4)
r

Groove width

l<

)l 'l
' =7
=7

]
&
|

o

Feed direction

|

=
&=
\,: .
=
(@) Ad=50 um (h = 3.0 um)

Groove width

Feed direction

(b) Ad=5 um (h,,= 1.0 um)

Fig.18 Photographs of groove surface with ball
endmill in slant milling

4. Conclusions

We examined influence of ball endmill tool run-
out to machining accuracy and its improvement
method. The following conclusions were drawn from
the results.

(1) For the endmilling, a tool setting angle of A = 90°,
the changes of cutting forces were reduced and the
surface roughness was good.

(2) With the ball endmilling, changes in cutting forces
were reduced and the surface roughness was good
same as endmilling when tool setting angle was
modified to A = 90°.

(3) For the ball endmilling, cutting marks wasn’t
formed in the up-cut side when undeformed-chip
thickness was smaller than cutting edge radius (R).
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