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Structured surfaceson metal are often employed to en-
hance lubricating features, reduce the hydrodynamic
drag force along wings and also decorate the metal
surfacesfor architectural ornament. It isimportant to
notethat only horizontal movements of a ball-end mill
at high feed speed generate the indented surface on
metal surfaces. In this paper we propose a technique
to estimate the dimples generated on the metal sur-
faces using a machining center with an oval-end mill.
Firstly, atechnique to smulate the generating process
of the dimples with the machining center is explained.
The technique is effective in forecasting the geometry
of the dimples with accuracy. Secondly, a technique
to determine the cutting condition to generate the de-
sired dimpled surface is proposed. The design spec-
ifications of the dimpled surface are the geometry of
the dimples and the spacing between the dimples. The
proposed technique was successfully used to decor ate
ametal surface.

Keywords. structured surfaces, machining center, oval-
end mill, dimple texture

1. Introduction

Structured surfaces on the metal often yield superior
features. Such structured surfaces on the metal are intro-
duced to enhance lubricating features, reduce the hydro-
dynamic drag force along wings and decorate the metal
surface [1-3]. Structured surfaces on the metal can be
achieved by generating series of dimples on the target
surface. Conventional industrial techniques to generate
many dimples on the target surface are the photolitho-
graphic technique, the plastic deformation process and
the milling technique. By using the photolithographic
technique, fine dimples can be generated rapidly over a
wide target surface area. A disadvantage of this technique
however is that the technique requires expensive facilities.
The plastic deformation process is a more practical tech-
nique, since the technique requires simple press working
facilities. Conventional plastic deformation process gen-
erate dimples by pressing a dye onto the target surface. A
disadvantage of this technique is that form accuracy and
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roughness of the dimple is poor because of inability to
control the plastic flow. A conventional milling technique
can generate dimples over the target surface by a series of
movements of a ball-end mill in the vertical and horizontal
direction. Therefore, the milling technique requires sig-
nificant multiplicity of vertical and horizontal movements
to generate many series of dimples over a target surface
area [4, 5].

It is important to note that only horizontal movements
of the ball-end mill at high feed speed generate the in-
dented surface on the metal surface. Tsutsumi et al. gen-
erated a quadratic and hexagonal pattern on a flat and
curved surface using horizontal movements of a ball-end
mill [6,7]. Since the movement of the end mill of these
milling processes is limited only in the horizontal direc-
tion, the generating process of the patterned indented sur-
face can be simplified significantly. By reducing the depth
of cut this generating process can produce dimples on the
target surface. In order to estimate the geometry and the
shape of these dimples generated by the horizontal move-
ments of the end mill, a numerical technique is required.
Furthermore, the technique should be applicable to the
milling process using the oval-end mill since the intro-
duction of such an oval-end mill offers a wider selection
of types of dimples.

In this paper a technique to estimate the geometry and
the shape of dimples generated by the horizontal milling
process at high feed speed is proposed. In the proposed
technique the oval-end mill is possible as well as the ball-
end mill. An advantageous feature of this milling process
is that the time required to generate the dimples is remark-
ably reduced. In order to make this milling process prac-
tical, the relationship between the desired dimple geom-
etry and the cutting conditions are considered. Based on
the milling experiments, it was confirmed that the desired
dimples could be successfully generated. The calculated
and actually generated geometry of the dimples correlated
closely.

2. Concept to Generate Dimples
It is well known that dimples can be generated on a tar-

get surface by repeating the vertical and horizontal move-
ments of an end mill. A disadvantage of this technique is
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Rz-radius =1.0mm.

Fig. 1. Trajectory surface of cutting edge.

that the milling process requires significant time. In Fig. 1
a new concept to generate dimples using the milling pro-
cess where the end mill is moved only in the horizontal di-
rection is shown. The tool moves rightward. It should be
noted that the feed rate is set to a significantly high value
while the depth of cut set to a significantly low value. This
figure shows the three-dimensional trajectory surface gen-
erated by the rotation and the horizontal movements of the
cutting edge. The intersection of this three-dimensional
surface and the target surface corresponds to the dimple
generated. Therefore, the cutting conditions and also the
shape of the cutting edge determine the three-dimensional
geometry of the dimples generated. A feature of this tech-
nique is that the movement of the tool is only in the hor-
izontal direction. Therefore, the processing time required
to generate the desired dimples can be reduced signifi-
cantly.

3. Analysis of Machined Surface Using Milling
Process

A technique to obtain the three-dimensional trajectory
of the cutting edge and the geometry of the generated dim-
ple is proposed. In the followings the shape of the end mill
is assumed to be oval in order to simplify the following
explanation.

3.1. Numerical Model of Oval-End Mill

The numerical parameters to describe the geometry of
the oval-end mill are shown in Fig. 2 where the X¢-y;-z¢
coordinate assumes the origin of the coordinate at the tip
of the end mill. The three-dimensional geometry of the
cutting edge is described in the x;-y¢-z; coordinates by the
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Fig. 2. Numerical model of oval-end mill.

following equation
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where  is a scalar parameter to describe the position
along the cutting edge. In this numerical model, the cut-
ting edge is twisted linearly with the helix angle y and
the virtual surface generated by the rotation of the cutting
edge is oval with the Ry and R; radius.

3.2. Numerical Model of Tool Path

Assuming the target surface is represented by the po-
sition vector w(u,V), where the two-dimensional coordi-
nates u and v are scalar parameters specifying the position
on the target surface. The three-dimensional tool path on
the target surface b(s) is shown in Fig. 3, which corre-
sponds to the projection of the bottom line of the virtual
groove which is generated by moving the end mill profile
onto the target surface. Therefore, b(s) can be represented

by,
b(s)=w(u(s),v(s)). . . . .. .. ... @&

The scalar parameter s is used to specify the position of
the tool path.

3.3. Derivation of Trajectory Surface of Cutting
Edge

In this section, the three-dimensional trajectory surface

generated by the cutting edge during the milling process
is explained.

Firstly, the three-dimensional surface position is de-

noted by the vector g(s, ), where sis a scalar parameter

to specify a position on the three-dimensional tool path
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Fig. 3. Numerical model of tool path.

and o is a scalar parameter to describe the position along
the cutting edge.

By introducing the homogeneous transformation ma-
trix, g(s, @) can be determined by [8]

9s0)=[ K(s0) gsw) g(sw)]’ . (6

9x(s, @)
e o) | =Mi(SMachMa(e)Ma(B)
1
&(o)
«Ms(9) Zggg 6
1

where [ey &, e,]T denotes the shape of the cutting edge in
the x¢-Yyt-z; coordinate system.

M1(s) is the matrix to transform the workpiece coor-
dinate system into the x1-y;-z1 coordinate system, whose
origin is set at b(s), the x axis is set to be a tangential line
at b(s) and the z axis is normalized to the target surface.
Therefore, M1 (s) becomes

Ml(s):[x""és) Zw(s)éxw(s) zwés) b(ls) 0

d
—b
xw(s):-%S(S) N ()
ds (s)
aw(u(s),Vv(s)) " aw(u(s),v(s))
Zw(s) = Ju v N )
" Iw(u(s),v(s))  Iw(u(s), v(s))
au ov
M (dm) represented by
1 00 O
Mao(dm)= | o ¢ 2 dom ... (0
0 00 1

is the transformation matrix to offset the x»-y»-z, coordi-
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Fig. 4. Rotating angle c.

Fig. 5. X4-Y4-z4 coordinate system.

nate system in the z; axis with the displacement dp,, where
dm is the maximum depth of the generated dimple and the
origin 0> is set at the bottom of the dimple.

M3( o) is the transformation matrix represented by

Cps(a) —sin(fa) 0 O
M3 (o) = Sméa) Coséa) 2 8 (1)
0 0 01

rotating the x3-y3-z3 coordinate system around the z; axis
with rotating angle o.. Where the rotating angle « is the
incline direction of the end mill around the vector normal
to the target surface as defined in Fig. 4.

M4(B) is the matrix to transform the x4-y4-z4 coordi-
nate system to the X3-ys-z3 coordinate system represented

by
cos(fB)
0

g sin(B) —cos(B) -tx(a)c)of sin(f) -tz(ec)
—sin(B) 0
0 0

0
Ma(p) = sin(B) t(0)  cos(B) tu(ex)

cos(p)
0

(12)

where f is the inclination angle around the y3 axis and the
origin Oy is settled at the tool center point and the z4 axis
is settled to be equivalent to the tool axis vector as shown
in Fig. 5.

The value @ in the above Eq. (12) is selected to satisfy
the following equation

c(PB) = —arccot(ty - tan(B) /tz). . ... (13)
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Fig. 6. Trajectory surface and target surface.

M5 (s) is the transformation matrix represented by

cos(—2m x O(s)) —sin(—2rx0O(s)) 0 O
Ms(s) = sin(—275>< 0(s)) cos(—27(r)>< 6(s)) 2 8
0 0 0 1

(14)

to rotate the Xs-ys-z5 coordinate system around the z4 axis
with a rotating angle 6(s) which is determined

d
—-b(s)
6(s) = (:S Ne

where f is the feed rate defined by the horizontal velocity
of the end mill divided by rotation speed and the number
of teeth Ne. 6 is the rotation angle of tool at the initial
position of tool path s.

By calculating g(s, @) at various s and w values, the
trajectory surface of the cutting edge can be obtained as
shown in Fig. 6.

ds
+6. ... ... .(5

3.4. Determination of Geometry of Dimple

Since the trajectory surface of the cutting edge can be
obtained as shown in Fig. 6, the geometry of the dimple
can be determined by the intersection between the target
surface and the trajectory surface of the cutting edge. The
intersection can be obtained as follows:

The dimpled surface can be represented by the follow-
ing equation

[(d,u,v) =w(u,v) —dn(u,V) . . . (16)

where n(u,Vv) is unit vector normal to the target surface
defined by

ow(u,v)  Jdw(u,v)
___ 0 d
n(uv) = aw(ﬂ,v) aw(:J/,v) o@D
au_ . ov

and d is the depth of the dimple. The intersection
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Fig. 7. Newton method to obtain intersection.

Fig. 8. Dimple geometry.

of the trajectory surface g(s, @) and the normal vector
I(d, up, Vo) at point ug, vp satisfies the following equation

I(d,up, Vo) = 9(s, ). .. .(18)

The meaning of the above Eq. (18) can be readily under-
stood as shown in Fig. 6. Solutions to satisfy Eq. (18) can
be obtained by the Newton method as shown in Fig. 7.
Therefore, calculating the intersection points at various
Ug, Vo the geometry of the dimpled surface can be deter-
mined.

4. Cutting Condition to Generate Desired Dim-
pled Surface

Considering the geometrical features of the milling pro-
cess, a cutting condition to generate the dimpled surface
with a desired geometry as shown in Fig. 8 can be de-
termined following the procedures shown in Fig. 9. The
rotation angle is assumed oo = —90°. The procedures are
explained as:

(1) Supposing the desired dimples are arranged with an
equal distance of a3 in the feed direction. The shape of
the dimple is oval-like with width a; in the feed direction
and a in the pick feed direction. In addition, Aa; and Aay
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Fig. 9. Procedures to determine cutting condition.

Table 1. Cutting conditions 1.

Experiment No. 1 2 3 4
Desired width a; [mm] 1.4 1.4 14 14
Desired heighta, [mm] | 1.4 1.2 1.0 0.8

Depth of cut dy [Mm] | 0.062 | 0.065 | 0.074 | 0.087
Rotation angle o [°] —90 | —90 | —90 | —90
Inclination angle 8 [°] 17 22 30 41
Feed speed [mm/min] | 2400 | 2400 | 2400 | 2400
Spindle speed [1/min] 800 | 800 800 800

are the tolerance of width a; in the feed direction and a,
in the pick feed direction.

(2) Specify the shape of oval-end mill with parameters
Rx, Rz, 7, Ne, Where R; is required smaller than Ry.

(3) The feed rate is adjusted to f = as.

(4) The depth of cut dm and the inclination angle 8 need
to be determined using computer simulation so that the
dimple becomes oval-like with a width of a; in the feed
direction and a, in the pick feed direction. If the calcu-
lated width of a; of the dimple is smaller than the width
of a; of the desired dimple, it is necessary to deepen the
depth of cut d,. If the calculated width of a, of the dimple
is larger than that of the desired dimple, it is necessary to
increase the inclination angle 3.

5. Experiments

Experiments to generate dimples on the target surface
were conducted. The target surface was a free-cutting flat
brass plate. The dimples were generated with a three axis
machining center using a cemented carbide oval-end mill
(blade number Ne = 1). The shape of oval-end mill was
R =3.0mm and R, = 1.0 mm and the helix angle y = 0°.
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Fig. 10. Simulated dimples.
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Fig. 11. Generated dimples.

Table 2. Simulated and Experimental data [mm].

Experiment No. 1 2 3 4
Desired width a; 14 1.4 1.4 1.4
Desired height a, 14 1.2 1.0 0.8

Simulated widtha; | 1.400 | 1.400 | 1.400 | 1.400
Simulated heighta, | 1.412 | 1.216 | 1.001 | 0.809
Experimental a; 1.465 | 1.464 | 1.499 | 1.498
Experimental a; 1.346 | 1.229 | 1.073 | 0.772

5.1. Experiment 1

A dimpled surface was generated with the width a; =
1.4 mm and the spacing az = 3.0 mm. Only the height
ap was varied to 1.4 mm, 1.2 mm, 1.0 mm and 0.8 mm.
The cutting conditions were selected as shown in Table 1.
Fig. 10 shows computer simulated dimples. Fig. 11 shows
experimental dimple. In Table 2 the geometry of the sim-
ulated and experimental dimples are compared. The sim-
ulated data and the experimental data correlated well.
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(a) Original image (b) Regenerated image

Fig. 12. Decoration of flat surface.

Table 3. Cutting conditions 2.

Experiment No. 1 2 3 4
Brightness bright | semi-bright | semi-dark | dark
Desired width a; [mm] NO 0.225 0.155 | 0.300
Depth of cut dy, [mm] | —0.030 0.038 0.010 | 0.038
Rotation angle o [°] -90 —-90 —-90 —-90

Inclination angle 8 [°] 50 50 50 50
Feed speed [mm/min] 2400 2400 1200 1200
Spindle speed [1/min] 2400 2400 2400 2400

0.5mm

0.5mm

semi-pright

semi-dark dark

Fig. 13. Simulated geometries of dimples.

5.2. Experiment 2

In order to reveal the efficiency of the proposed tech-
nique a free-cutting brass flat plate were decorated with
dimples using a ball-end mill with Ry = 0.5 mm as shown
in Fig. 12. Four kinds of cutting conditions were selected
as shown in Table 3. The simulated geometries of dim-
ples are shown in Fig. 13. Under the first kind of cut-
ting condition dimples were not generated. The geometry
of dimples generated under the second and the forth cut-
ting conditions were similar except the spacing between
the dimples. These four kinds of cutting conditions were
switched on the flat plate to regenerate the image of a
man. The cutting conditions were switched based on the
brightness of the target point. The relationship between
the brightness and the cutting condition are also shown in
Table 3. The number of the dimples to be generated per
one second was 40 dimples/second.
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6. Conclusions

In this paper a technique to estimate the geometry and
the shape of dimples generated using a horizontal milling
process at high feed speed is proposed. Features of the
technique are as follows:

(1) This technique is applicable to analyze the dimple gen-
eration process on a curved surface with an oval shaped
cutting tool. The simulation is effective in estimating the
geometry of the dimples with accuracy.

(2) Using the simulation technique, the cutting condition
can be determined to generate the desired dimpled sur-
face in advance. The design specifications of the dimpled
surface are the geometry of the dimples and the spacing
between the dimples.

(3) Dimples under various cutting conditions could be
generated on the surface with various width and height.
A free-cutting brass flat plate was decorated with dimples
under four kinds of cutting conditions. The number of
the dimples to be generated per one second was 40 dim-
ples/second.
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