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Abstract
Milling tool eccentricity has great influence in micro-milling. It could cause single
edge cutting phenomenon, and effect machining quality and tool life. To recogn (oo]

eccentricity parameters, on the basis of the tool eccentricity model, cut

trajectories are analyzed, and then a tool eccentricity identification metho ?ﬁed
The parameters of identification model are obtained by experiments and K@ ntricity
parameters are calculated by iterative method. Finall accura proposed
method is verified by measuring the diameter of a m N erlfled result

shows the proposed identification model is effectva
Keywords: Tool eccentricity, Single edge cutting p enom \lICI’O milling
1. Introduction . O

The diameters of the tool are bet Am &@7 in micro-milling [1], and tool
eccentricity length is about 1 loum eccentricity has little effect in
conventional milling. Howe veﬁ the,to ccentnmty and feed per tooth are in the
same order of magnitude, to centr|C| reat effect in micro-milling. Due to the
impact of the tool eccentrigity, msta uncut chip thicknesses of different cutting
edge are not equal in e aX| , or even only one cutting edge can remove
material effectlv hich is IIed smgle edge cutting phenomenon [2]. The
instantaneous u p thlc he same edge changes with axial depth, because of
tool eccentyi gle cha along with helix edge. Even in different axial depth, single
edge cuttin % two e %ﬂng alternates.

At the same t|m act of tool eccentricity on surface roughness and tool life also
cannot be overloo Feng et al [4] and Tai et al [5] measured the tool eccentricity
length and ang&pectwely Nakkiew et al [6] proposed a practical method in high
speed end-milli hich used an indicator of the tool eccentricity and need not reference
sphere. T%qdlcator is based on the size of milled marks, and then tool eccentricity
parame e obtained by quantitative precision analysis of those marks. Hekman et al
[7 d magnitude and angle of tool eccentricity by time-dependent spectral analysis

tting force. In their model, tool eccentricity generates a cutting force component

ndle rotational frequency. Tool eccentricity characteristics are updated from cutting
force, recursively. Wan et al [8] proposed three different tool eccentricity models to
calculate the instantaneous uncut chip thickness, and then calibrate the cutting force
model parameters and tool eccentricity parameters of peripheral milling. Their calibration
model only needs one or two cutting test. The results show that their models are efficient
and reliable. Ko et al [9] followed the movement of the tool center which varied with
nominal feed, tool deflection and eccentricity, and calculate the relationship between
instantaneous uncut chip thickness and cutting force coefficients. They contrast the
predicted and measured cutting forces over a wide range of cutting conditions, and then
recognize tool eccentricity. Zhang et al [10] established a micro-ball-end cutting force
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model, which takes into account the impact of tool eccentricity and the scale effects in
micro-milling. Then iterative algorithm is used to calculate the minimum standard
deviation square sums of cutting force coefficients, which tool eccentricity parameters
could be considered as the actual parameters.

Therefore, this paper analyzed the tool path, which in view of tool eccentricity, and
then proposed a tool eccentricity identification method which based on analytic geometry.

2. Tool Eccentricity Model

2.1 Definition of Tool Eccentricity

In this paper, tool eccentricity is total eccentricity which is due to manufacturing error
and clamping error. In conventional milling, since the larger feed per tooth, tool
eccentricity has less impact on milling process. However, since the cutting tool digmeters
is quite small in micro-milling, spindle speed should be larger than 30000 rpm i?igpfo

ensure sufficient cutting speed. Such spindle total eccentricity which=is\due to
a

manufacturing error, clamping error and other factors is between 1 to 10,mic ers, as
the same magnitude as feed per tooth in micro-milling, il¥ hav impact to
the trajectories of cutting edge and cannot be ignored | @ccentricity j§ indicated in

Figurel. Definition of the distance between tool gentex ahd tool rotatién center is tool
eccentricity length (signed r in Figure 1); definitiog e ang en tool eccentricity

direction and Y-axis direction (when tool edgﬁe parallel to Y-axis) is tool eccentricity

‘\O \Edge 0

angle (signed @ in Figure 1).

Manufacturing
error

OFigur chematic Diagram of Tool Eccentricity

trajectorie ation is derived. In considering the motion characteristics of milling
process@ artesian coordinate systems are established as shown in Figure 2.

o

2.2 Cutting E(@ ctory Model
According toNfeed motion, rotary motion and tool eccentricity, the cutting edge
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Figure 2. Edges Motion Trajectory Coordinate Syster@i

(1) Cartesian coordinate system OyX,YoZo, inertial r ystem workpiece

(workpiece coordinate system), fixed on the workpi
@ transl&\g&fcoordmate system,

(2) Cartesian coordinates system O;X;Y:Z;, S
1-axis component, Y-

moving with the spindle (feed movement), angthe feed rat%
axis and Z;-axis are f,, f,, f,, respectively. %9

(3) Cartesian coordinates system O, spingl ting coordinate system, rotating
with Z;-axis, and angular velocity IS% ual al r%@ ocity of the spindle.

(4) Cartesian coordinates 3X3Y | local coordinate system, and its
positive direction of Xs-axi con3|sté X,-axis.

(5) Cartesian coordin ngkykZ k local coordinate system, yi-axis through
edge k, and the angl is'end Ys-axis is @& From differential geometry,
homogeneous coo& expre G«%‘ edge k is shown as follows:

Q "=[0 R z 1] 1)
In coordinates syste 3Y3Z3, the expression of edge k could be obtained by rotation

convert from coordl system OzXyyZs, as shown in the following formula:
X3 Y3 ZS 1]T = M k3 (¢k )[Xk yk Zk 1]T (2)
where, I@*ﬂing edge number (k =0, 1),
O cosg, -sing 0 O
@ sing, cosg 0 O
M = 3
ks(#) 0 0 10 ®3)
0 0 01
¢ =27k 1K 4)

where, K is the number of cutting edges (K=2, in this paper).

In coordinates system O,X,Y,Z,, the expression of edge k could be obtained by
translational convert from coordinates system O3X3Y3Z3, by the following formula:
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[X, Y, Z, 1] =M,r.0)[X, Y, Z, 1] )
where,
1 0 0 rsind
M, (r,0) = 0 1 0 rcosé ®)
0 1 0
0 0O 1

Tool rotates around Z;-axis in milling, and angular velocity is w. In time t, the angle
between Y,-axis and Y-axis is wt. The expression of edge k could be obtained by rotation
convert from coordinates system O,X,Y,Z,, by the following formula:

[Xl Y. 4 1]T =M 21(a),t)[X2 Y, Z, T (7)
where, Qv
cosawt  sin % @
—sinat co (\0

M, (@,t) = (8)

Because of tool feed motion, translau tance cg Xents in Xg-axis, Yg-axis and

Zy-axis are fit, fit and f.t in time t, r ively. expression of edge k could be
obtained by translational convert rdin

em O;X;Y;1Z;, as shown in the
following formula:
[X, Y ?A % 210K Y,z 1] 9)

where, Q‘\\Q Q%

100 ft
0 1 0 ft

f,f,f . t)= Y 10

O b@o(x y z) 001 fzt ()
0 00 1

In summarysth&gotal transformation matrix of edge K is:

N M =My (F £ B M (@ OMa(1 7)Mo (4) ay

e
@ cos(wt—¢,) sin(wt—g¢,) 0 ft+rsin(ot+6)
—sin(wt—¢,) cos(wt—¢,) 0 ft+rcos(wt+0)

1

= 12
0 0 ft (12)
0 0 0 1
The expression of edge k in workpiece inertial reference system is shown as:
[Xo Yo 2o 1]T =M [Xk Yo o % 1]T (13)

And cutting edge trajectories equation is shown in following:
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X, f t+Rsin(ewt —27k/K) + rsin(wt + 6)
Yo | | ft+Rcos(ot —27k/K) +r cos(at +6) 14)
Z, | ft+z

1 1

o

2.3 Effect of Tool Eccentricity

To simplify the model, it is assumed that feed direction coincides with the X-axis, and
axial component of feed velocity f, is ignored. According to equation (14), cutting edge
trajectories could be drawn as shown in Figure 3.

— Tool center

U o B L — T
AR ~ \® v - R —-
. \5.‘::“ !\6 Ll Edge 1

Figure 3. % atic Dle&of Cutting Edge Trajectories

Instantaneous hip thi ses in the direction of the X-axis h, could be
calculated by t tlons 0 cutting edges (starting time t = 0), as shown in
equation ( Ki fr and equatlon (16) (edge k+1 in front). This is the same as
the definiti feed pﬁ in conventional milling.

h, _x(7z/2 oK, k+1)—x(z/2w,k)
+ 27r/a)K) +Rsin[o(r/20+ 27/ wK) - 27 (k +1) /K]
[60(72'/260+ 27/ wK) + y,]- T, (7/2w) - Rsin[w(z/20) - 27k/K]
G in[w(/20) + 7,]

@ = X(7/20+ 41| 0K K) - X(1r/ 20+ 27t/ 0K K +1)
=f . (7/20+47/wK)+ Rsin[o(z/20+ 47/ 0K) — 27K /K]
+rsinfo(z/20+ 47/ wK) + y,]1- f,(7/20 + 27/ 0K)
—Rsin[o(7/20+ 27) 0K) - 27(k +1) /K] -rsin[o(7/20 + 27/ oK) + 7,]

(15)

Replace 2zf,/wK by feed rate per tooth f,, and express h, with the sign & Equation (15)
and (16) can be reduced to:
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&= f,—|2rcosy,| (17)

Equation (17) can be used as the criterion of single edge cutting phenomenon. When
feed rate per tooth f;, tool eccentricity length r, and tool eccentricity angle y, satisfy
fi<|2rcosyy|, the criterion value ¢<0, only one edge can remove material effectively, which
is so-called single edge cutting phenomenon. Single edge cutting phenomenon also may
appear in conventional milling. However, due to the large feed per tooth, single edge
cutting phenomenon almost never appeared. The probability of single edge cutting
phenomenon is very high in micro-milling. Single edge cutting cause one edge wear faster
than the other one, as shown in Figure4. From Figure 4 it can be seen clearly that since
single edge cutting phenomenon, only one edge wear, and the other one is almost no

wear.
V0
N
Figure 4. T Nears K ro-milling
3. Tool Eccentricity Pmah%s Id @lcatlon Method
Tool eccentricity |n|t| osition | in Figure 5a). Edge O rotates around the
spindle axis is sho dashe and Edge 1 rotates around the spindle axis is
shown in blue datt The ion radius of the edges can be calculated by the
following equat

O (R+rsm9) +r?sin? 9]/
®6& [(R—rsin@)? +r?sin? 6]* (1)
So, the edge @s can be expressed by the following equations:

\& X2 +Y,> =R*+2Rrsin @ +r? 19)

@) X +Y, =R? —2Rrsin0+r?
Wo, Y, are the coordinates of edge 0; X;, Y, are the coordinates of edge 1; R is tool
ragids; r is tool eccentricity length; 6 is tool eccentricity angle. The analytic expression of

line AyB; is

X =rcosé (20)

Simultaneous equation (19) and (20), the coordinates of point Ay (rcosé, R+rsing), A;
(rcoséd, -R+rsind) and B; (rcosé, R-rsiné) can be calculated. So, the length of line segment
AgB; is:

|, =2rsing (21)
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Figure 5. Edges Trajec@s V

Edge 0 is rotated to point Cy (Xco, Yco), then t gle of | 1Co and Y-axis is f.

Establish the analytic expression of line A;CgNand subgi@ A;’s coordinates into the
expression, and then the following equatioryi ained as:
r(sip@w £cosb) (22)

Y = X tan g=
Simultaneous equation (21) an , the cooxbg\tes of point Cy are expressed by the
following equations: &

e
& 2 oy 272

L

R 7 A

O 6@ 1+tan® g

where,
b m=R-r(sin@-tan S cosO
wing - an/eos?) (24)
n=R?+2Rrsin@+r?
equation (24), then m=atang-b,

Substi a=rcosd® and b=-R+rsind into
n=4lzb a’+b?, and

@ o _(atan f-b)tan f—[4R(R+b)(L+ tan’ ) + (a+b tan §)*]*
com 1+tan?
v __[4R(R +b)(1+tan® ) + (a+btan B)?]**(tan S +atan B—b ()
1+tan® g

Co

So, the length of line segment A;C; is:
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L, =[(Xx— Xco)2 + (Y — co)z]J/2

{[4R(R +Db)(L+tan? p)+(a+btan p’)z]]/2 -(2a—2btan g) (L+ tan? 5) Y (
= +
+(1+tan® B)(4R* + 4Rb + 2b%) + (2a” + 2b*)}
26)
Similarly, multiple distance equations (I, l5, ... I,) which are expressed by tool
eccentricity parameters could be obtained. Calculate the standard deviation square sum of
theoretical distances and measured distances by iterative algorithm (tool eccentricity
length iterative range is from 0 to 10 micron; tool eccentricity angle iterative range is

from 0 to 360 degree). When the standard deviation square sum is the minimum one, that
tool eccentricity parameters are the actual parameters. The flow of iterative algorithm is

shown in Figure 6. V’
Ca

Input tool radius R, and the «
measured distances | \ Iy
+‘ \\‘ - V
o
e
\\\/

o Con

Calculat@&goreticavlt(@ces
L 2
‘\ l’ IZ’A.‘.hA

- \Y4

A N
Q\\‘ 0(" 0)=(l1"-11)2+(I2"-12)%+. . .+(Iy'-1)?
X Y
6 utput the tool eccentricity parameters r and 6,
when Y (r, 6) Is the minimum one

@ End

Figur@@’aﬁve Algorithm for Tool Eccentricity Parameters Identification

uring Experiment

4.1 Model Parameters Measuring

Set the displacement sensor along the Y-axis, as shown in Figure 7. Slowly
counterclockwise rotate the tool, and get the minimum value of displacement sensor.
Then slowly counterclockwise rotates about 180°, and get the minimum value of
displacement sensor again. The distance of the edges I, could be calculated by the
difference of the two values. The distance I,' could be calculated by setting the
displacement sensor and Y-axis of angle $, and repeats above steps. Other distances (l3',
I, ... 1)) could be obtained by the similarly method.
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Figure 7. Measuh@ﬂExpen@

4.2 Recognized Results Verifying

A self-developed 5-axis micro- machl \Q | M Pingdin™ two edges micro-
milling tool and aluminum aIIo to verlfy the recognized results. The
milled hole diameter is 512;1 |ch is me\T d by Olympus™ laser scanning confocal
microscope OLS3000, as@wn in Fi he tool diameter is 504pm, which is also

measured by OLS300 eccentri ength and angle are 6um and 50°, which are

recognized by th %@d methad. I he diameter larger edge circle is 513.2um, which is

calculated by e (18)ﬁan be seen that the measured and calculated hole
is result could verify the proposed primarily.

diameters a atch @

Figure 8. Confocal Microscopy Images of Milled Hole

5. Conclusions

In this paper, the influence of tool eccentricity is analyzed, and a tool eccentricity
parameters identification method is proposed in micro-milling. Firstly, the tool
eccentricity is defined, and cutting edge trajectory model is established. Secondly, the
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effect of tool eccentricity is analyzed, and a criterion of single edge cutting phenomenon
is proposed. Finally, a tool eccentricity parameters identification method is proposed
which is based on analytic geometry. In this method, tool eccentricity parameters are
calculated by iterative algorithm. The measurement of milled hole diameter which is
observed by confocal microscopy confirmed the validity and the applicability of the
identification method.
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