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Abstract In the process of micro end-milling, the micro tool
axis is not the same line of the spindle axis due to the eccen-
tricity of the tool-holder-spindle assembly, which is called tool
runout. Tool runout has significant effects on cutting force
variation, which can lead to higher peak forces and uneven
tool wear of the cutter. Hence, a runout model must be includ-
ed in a cutting force modeling to simulate accurate cutting
force during micro-milling process. In this paper, the method
for modeling and simulation to measure a runout of tool-
holder-spindle in micro end-mill was developed. The simulat-
ed cutting force with regard to runout was compared with the
measured cutting force. It is noted that they had similar vari-
ation pattern and closely matched amplitude levels. The result
indicated that the effects of tool runout were predominant for
the 0.9 mm diameter and at low feed per tooth.

Keyword Micro end-milling - Runout - Laser displacement
sensor - Cutting force

1 Introduction

Micro-mechanical machining techniques can produce micro-
components with low cost, and the flexibility and efficiency of
micro-machining processes using miniature cutting tools al-
low for the economical fabrication of smaller batch sizes com-
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pared with other processes. Micro end-milling was firstly ap-
plied in specific fields including electronics, biomedical, and
aerospace industries. Recently, the scope of its applications
has gradually expanded to meet the increasing demands for
micro parts [1]. For micro milling, the ability to automatically
generate an optimal process plan can be helpful when using
micro milling for micro-product fabrication [2].

In micro-milling, the micro tool axis is not the same line of
the holder-spindle axis system due to the eccentricity of the
tool-holder-spindle assembly. A runout of tool in holder-
spindle system is defined as a tool center deviation with re-
spect to a spindle axis and happens at tool setting [3]. Micro
end-milling and conventional end-milling processes are simi-
lar as a whole. However, micro tool diameter varies from 0.1
to 1 mm and the chip thickness in micro milling is of the order
of 0.5 to 5 um. Although the variation of tool runout is in the
micro scale, it cannot be ignored in micro milling operations
compared with macro milling. The tool runout of the micro
diameter cutter is more prominent than that of the convention-
al scale tool, which greatly affects cutting force, increases the
maximum cutting force and cutter wear, and affects the dy-
namic behavior of the cutting process. Hence, investigating
effects of the runout on the micro milling plays an important
role for improving predicting cutting force and optimal pro-
cess as long as possible. Force prediction is crucial for the
monitoring of the micro-milling process. Cutting force model
for micro-milling process have been investigated for machin-
ing different workpieces considering various effect factors,
such as machining parameters, tool radius, runout, and so on
[4—6]. Among all the machining conditions, runout of tool
holder-spindle is a major problem in micro milling, as the feed
per tooth is relatively small when runout was compared to that
in macro milling. To simulate accurate cutting force in micro-
milling process, a runout model must be included in a cutting
force model.
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Runout has significant influences on cutting force varia-
tion. When measuring cutting force in cutting with multi-
cutter tool, we can see that each cutter has a quite different
cutting process [7]. The runout measurement was reported by
a number of studies. The static runout of the micro-mill is
measured by an on-machine camera through an objective lens
and a microscope [8]. However, this method cannot measure
the runout angle. Afazov measured the static runout using a
dial indicator attached to the CNC machine after the cutting
tool is clamped onto the spindle [9], and implemented the
measurement of the range of runout lengths and angle.
Runout also has been tried to predict from measured cutting
force waveforms [10], but this method is inappropriate for
measuring a run out because it requires an amount of expenses
and time for measuring cutting force, moreover, the cutting
force signal is distorted in high-speed spindle rotation due to
the constraint of the sampling bandwidth of the dynamometer
(2~3 kHz). Furthermore, the runout value obtained from this
method has some errors because there is the other information
in measured cutting force such as tool wear, tool fracture,
vibration, etc. Plentiful works demonstrated that the cutter
runout in holder-spindle system is an important factor for sur-
face texture and stability prediction in micro-milling process.
Therefore, it is very necessary to measure the cutter runout
with an accurate and efficient method in practice.

In this paper, a simple, easy to use, and precise method for
measuring a static runout of tool-holder-spindle system was
developed in micro milling. In this method, the runout of tool-
holder-spindle model was developed, a CCD laser displace-
ment sensor was used and the differences of displacement of
tool flutes and tool shank were measured. Based on the differ-
ences of displacement of tool flutes and tool shank, a runout
value of tool holder-spindle can be calculated accurately using
the runout model. To verify this method, the simulated cutting
force using a calculated runout value was compared with the
measured cutting force, and they had similar variation pattern
and closely matched amplitude levels.

2 Runout modeling and experimental method
2.1 Runout model

The micro tool center deviation with respect to spindle axis
due to the eccentricity of the tool-holder-spindle assembly,
arunout of tool holder-spindle is generated in micro-milling
process. Runout of the cutting tool is a common problem in
the micro-end-milling. A runout can cause the micro tool
center deviating from the rotational center and the result
makes rotational radiuses of each tool flute to be different
each other. A runout of tool holder-spindle system can be
defined with a runout length R, and a runout angle A as shown
in Fig. 1. Figure 1 shows a general runout model in holder-
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Fig. 1 Definition of runout of tool-holder-spindle system

spindle system for a micro-end-milling, where O’ is rotational
center of the holder-spindle axis, O is micro tool center. The
rotational radius of each tool cutter or each tool flute is domi-
nated by the values of Ry and A. From the geometric relation-
ship, the kth tool flute rotational radius can be calculated by
Eq. 1 geometrically.

R(k) = \/ R? + R3-2RR(cos (2% (kl)/\) (1)

where, R is the radius of micro tool, K is the number of flute, &
is the kth flute of the tool. The differences between rotational
radiuses of adjacent flute can be calculated by Eq. (1). For a
micro cutter with K flutes, the K values of R(1) — R(2),
R(2) — R(3), ..., and R(K) — R(1) can be obtained. Also,
R(K) — R(1) can be calculated from the other K-1 values
(R(1) — RQ2), R(2) — R(3), ..., and R (K-1) — R (K) and thus
need not to be calculated. From Eq. 1, the K values of differ-
ences rotational radiuses can be calculated, the runout Ry and A
are unknown quantities for each differences rotational radius.

In this paper, it was assumed that the tool flute is distributed
perfectly geometrical, and thus the K value of difference be-
tween rotational radiuses of tool flutes values is denoted as
DR(1), DR(2), ..., DR(K) (DR(1) = (R(1) — R(2),
DR(2) = R(2) — R(3), ... DR(K) = R(K) — R(1)). From
Fig. 1, the differences of rotational radiuses between the Ath
flute and the & + 1th flute of the tool can be calculated by Eq. 2
geometrically.

R(k)R(k+1) = \/R2 + R3-2RRycos (ZKi (k—1)7A> (2)

2
¢ R? + R2-2RRgcos <% H)
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For a cutter with K flutes, then differences between rota-
tional radiuses, noted as DR(1), DR(2), DR(3), .... DR(K), can
be calculated , which can be described in Eq.3.

3)

Based on abovementioned, the diameter of tool with 3
flutes was assumed 0.9 mm, the influence of Ry and A on
rotational radiuses and the difference between rotational
radii can be calculated, as shown in Fig. 2.

It is difficult to measure the rotational radii of tool flute,
and calculate Ry and A from Eq. 2 and Eq. 3. However, the
displacement of tool flute can be directly measured by the
laser displacement sensor. When the laser beam is
projected onto the rotating center of the spindle, then
aligning the laser displacement sensor of CCD to the cutter
with K flute, the displacement of the tool flute can be
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obtained. K peaks (peak (1), peak (2), ..., peak (K)) can
be obtained when rotating the spindle one revolution. We
can define that the measured difference values is D(1),
D(2), ..., D(K) (D(1) = peak(1) — peak (2), D(2) = peak
(2) — peak (3), ..., D(K) = peak (K) — peak (1)). When the
tool flute is distributed perfectly geometrical and the angles
between flutes are correctly equal, the measured difference
values (D(1),..., D(K)) are same in value, and equal to the
differences between rotational radiuses (DR(1),..., DR(K)),
which can be described in Eq. 4.

D(k) =DR(k) =R(k)-R(k+1) (k=1, 2..K) (4)

From the K peaks values, the differences between peaks
of tool flute can be calculated. Then, the solving was ac-
complished with a computerized numerical analysis meth-
od, the Ry and A can be calculated by substituting measured
differences between peaks of tool flute to Eq. 2 and Eq. 3.
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(a) Influence of Ro on rotational radius and difference rotation radius (7»:450)

453

452 |

451

450

449}

Rotation Radius (um)

448}

447
0 10 20 30 40 50 60 70 80 90

Run out angle (Degree)

6

Difference Rotation Radius (um)

0 10 20 30 40 50 60 70 80 90

Run out angle (Degree)

(b) Influence of A on rotational radius and difference rotation radius (Ro=3)

Fig. 2 Influence of Ry and A on rotational radiuses and difference rotational radius. a Influence of R, on rotational radius and difference rotation radius
A= 450) and b influence of A on rotational radius and difference rotation radius (Ry = 3)
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Fig. 3 Microscopic picture of
WC micro-mill cutting tool a
0.9 mm diameter cutter and b
0.6 mm diameter cutter

(a) 0.9mm diametercutter

2.2 Measuring runout by CCD

The micro-cutters in this experiment were uncoated tung-
sten carbide (WC) flat micro-end-mills of 900 and 600 um
diameter with two flutes. The helix and rake angles were
approximately 30° and 10°, respectively. The microscopic
picture of the cutter is shown in Fig. 3. The displacement of
micro cutter can be measured by using laser displacement.
If the number of flute is two, two peaks (peak (1), peak
(2)) can be obtained by aligning laser displacement sensor
when rotating the spindle one revolution, and D(1) = peak
(1) — peak (2) can be calculated. Substituting D(1) to Eq. 2,
the runout R and \ cannot be calculated because there are
two unknown quantities in one equation. However, the R,
can be measured by laser displacement sensor. Aligning
the laser displacement sensor to the tool shank, the extreme
displacement of the tool shank, the maximum and mini-
mum (R.x and R,,;,) can be obtained by using the laser
displacement sensor when rotating the spindle one revolu-
tion. The value R, can be calculated by the maximum and
minimum displacement of the tool shank, as following:

Runax—Rumi
RO _ ma. 2 min (5)

Fig. 4 The measuring runout

(b) 0.6mm diameter cutter

Substituting R, into Eq. 2, A can be calculated.

The measuring setup for this study is shown in Fig. 4.
The setup briefly consists of the revolving spindle and the
laser beam sensor supported by a stiffness clamping. The
runout can be measured and calculated though four steps.

Step 1: Aligning the laser to the holder-spindle, the
center of spindle can be found by iterative method
through moving the spindle forward or backward when
the minimum displacement can be obtained. The dis-
placement of between laser and spindle is noted as 2x,
when 2x is the minimum by moving the spindle, the
laser beam is projected onto the rotating center of the
spindle, as shown in Fig. 4a.

Step 2: Then, aligning the laser to the tool shank by
moving the spindle upward, the extreme displacement
of the tool shank the maximum and minimum (R,
and R.,;,) can be obtained by using the laser displace-
ment sensor when rotating the spindle one revolution,
which is listed in Table.1. The value R, can be calcu-
lated by the maximum and minimum rotational radius
of the tool shank (R,,.x and R,;,) using Eq. 5.

Step 3: Aligning the laser to the tool tip for measuring
the displacement of the tool flute, two peaks (peak (1)

setup Spindle

]

Tool shan
_»

Tool flute
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Table 1 The measured value and

calculated values of runout Diameter of cutter ~ Peak(l) (um)  Peak(2) (um)  Rpax (M) Ry (Hm) Run out parameters
(m)
Ry (nm) AC)
900 379.4 391.2 1941.10 1932.82 5.14 43
600 207.4 208.1 1939.25 1927.15 6.05 236

and peak (2)) can be obtained by using the laser dis-
placement sensor when rotating the spindle one revo-
lution, as shown in Fig. 5. We can define that the mea-
sured difference values is DR (1) (DR (1) = peak
(1) — peak (2)).

Step 4: From Eq. 2, unknown quantities are runout
length and runout angle, the differences between rota-
tional radiuses can also be obtained by the peak value
of rotational radius of the tool flute, as the following:

D(1) = peak(1)—peak(2) = R(1)—R(2) (6)

Substituting the R, into the Eq. 2, A can be calculated.
The measured values and calculated values of runout are
shown in Table 1.

3 Experimental validation of the model
3.1 Experiment setup

The Deckel Maho high-speed machining center with com-
puter numerical control (CNC) is utilized to perform the
micro end-milling experiments at Lab Advanced
Manufacturing, University of New South Wales. The exper-
imental setup for this study is shown in Fig.6. An acoustic
emission sensor and accelerometer were used to capture
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(a) R=300 um

various signals and monitor the milling processes. The ac-
celerometer were attached to the workpiece to measure vi-
bration signal in both X and Y direction. In the experiments
for measuring cutting force of micro milling, the two-fluted
carbide flat end-mill (as shown in Fig. 3) was used and full
immersion slot milling was carried out. The cutting force
was measured using a dynamometer (Kistler, 9256C2) with
an accuracy of £0.002 N. The charge signals generated
from the force sensor were fed into the charge amplifier
(Kistler 5070) which converts the charge signals into volt-
age signal. The natural frequencies of the X-, Y- and Z- axis
of the dynamometer were 4.0, 4.8, and 4.6 kHz, respective-
ly. The forces acting on the tool (X, ¥, and Z direction) have
been recorded at 10 kHz sampling frequency with a PC-
based acquisition system. Micro milling tests at a constant
axial depth of cut were conducted. The summary of the
experimental conditions is given in Table 2.

The workpiece material chosen for this study is Al. Some
mechanical and physical properties of the material are listed in
Table 3.

3.2 Cutting force model with runout

To verify the runout model, the cutting force measured from
the experiments was compared with the simulated cutting
force. In this verification, the basis cutting force model
suggested by Armarego was used [11]. Based on the unified
mechanics of cutting approach by Armarego, the tangential,
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Fig. 5 Result for displacement of tool flute. a R = 300 pm and b R = 450 um
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Fig. 6 The experimental setup

feed cutting force coefficients, K;, Ky, respectively, which
account for shear and friction forces in chip formation, are
expressed as:

T cos(B,—otn) + tan’nsinf3,,

t = .
siny \/COSZ(Q11 + B,—%y) + tan?nsin®p,,

Ts Sm( Bn_(Xn)
sin@,cosi \/

K¢ =

c0s? (B + B,—0) + tan?nsin’pB,,

Where 7 is the shearing stress, ¢,, and /3,,is the normal shear
angle and friction angle, respectively, «, is the normal rake
angle, and 7 is the chip flow angle which is equal to the
oblique angle. Previous research showed that the experimental
results in Amarego’s model agreed better with the numerical
ones, in terms of both error and cutting force values were

Table 2 Cutting conditions for micro end-milling

No. Diameter Axial Radial Spindle Feedrate Feed per
of cutter depth of depthof speed  (mm/ tooth (pm
(mm) cut (um) cut (mm) (rpm) min) /tooth)

1 0.9 50 Slotting 10,000 10 0.5

2 09 50 Slotting 10,000 30 3

3 0.6 50 Slotting 10,000 10 0.5

4 06 50 Slotting 10,000 30 3

@ Springer

Table 3 Physical

properties of Al Elastic modulus (GPa) 70-90
Poisson’s ratio 0.33
Density (x1000 kg/m®) 2.7
Specific heat capacity(J/g-K) 0.896

Thermal conductivity (W/m-K) 180

closest to the experimental ones [17]. Then, the tangential
(dFy) and feed (dFy) forces cutting force components acting
on the tool are considered to be the sum of a term proportional
to the area of cut through the cutting coefficients, which can be
expressed as Eq. 8:

dF(¢) = K/h(¢)dz (8)
dF(¢) = Krh(d)dz

where () is the local uncut chip thickness and dz is the depth
of cut, ¢ is the instantaneous immersion angle of the tool. Jing
[12] improved the cutting force model proposed by Armarego
with a hybrid way, in which the effect of the cutting edge
radius, the tool runout and the minimum uncut chip thickness
simulated from the FEM has been taken into account.

A micro end-milling process with two flute cutter is
shown in Fig. 7. The elemental forces can be integrated
along the cutting edge (or edges if a multi-edge tool is con-
sidered) and the total cutting forces can be calculated. The
elemental forces are resolved into feed and normal direc-
tions that can be expressed as:

dF(¢) = —dF cosp—dF ssing .
dFy((b) = dFtSin¢_deC0S¢ ( )

To calculate the cutting forces by using Eq. 9, the cutting
force coefficients, K and Ky, are required. Previous re-
search [13, 14] verified that the cutting force coefficients
are variables that are independent of the cutting conditions,
such as width of cut, depth of cut, spindle speed, and
feedrate. They are determined by the workpiece material,
uncut chip thickness, and cutter geometry, such as the helix
and the rake angle of the cutter, but not the cutter diameter.

In this model, the cutting forces coefficients for Al calcu-
lated by Lee [15] can be used. The proposed instantaneous
cutting force coefficients are independent of the end-milling

Table 4 Estimated

parameters for the ki [MPa] k¢ [MPa]
cutting coefficients [15]
A =7.5080 B; = 7.8991
A, =17.7537 B, = 18.4467
A; =0.3501 B; = 0.3788
A, = 81.0565 By = 168.1362
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Fig. 7 Micro-milling process with two-fluted micro-end-mill

cutting conditions. These cutting force coefficients, deter-
mined from measured cutting forces, reflect the influence of
the majority of cutting mechanisms involved in micro end-
milling including the minimum chip thickness effect. The re-
lationship between the uncut chip thickness and the acquired
normal and frictional cutting force coefficients can be readily
fitted in the form of Weibull functions given by Eq. 10, which
are nonlinear curve-fitting functions:

2
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Fig. 8 Experimental cutting force and the frequency spectrums (No.3)

In(k) = A1~(A1=A2)exp | ~(Ash)"

5 (10)
In(ks) = By—(B1—B;)exp {—(B4h) 3}

The parameters of cutting force coefficients in Eq. 10 can
be determined from curve-fitting results. The identified pa-
rameters are listed in Table 4.

By using these parameters and the estimated uncut chip
thickness, the cutting force coefficients are calculated and
applied in the cutting force prediction process expressed by
Eq. 9. From Eq. 8 and Eq. 9, the instantaneous uncut chip
thickness is one of the key parameters for accurately cal-
culation the cutting force in micro end-milling. The instan-
taneous uncut chip thickness model of conventional mill-
ing can be expressed by a sinusoidal function of the feed
per tooth based on the assumption of a circular tool path:

h(¢) =/ sin(¢) (11)

where £, is feed per tooth, which cannot precisely describe
the instantaneous uncut chip thickness in micro end-
milling because the runout has been ignored. In this paper,
the instantaneous chip thickness # was evaluated by a
mathematical model, the model has taken into account the
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Fig. 9 Experimental cutting force and the frequency spectrums (No.4)

runout effect, angle of rotation, number of flutes, cutting
tool radius, feed rate and spindle angular velocity, which
can be determined [16] as,

2mk 2mk
h =R+ Lsin (wt—% + a0> - | R?—L*cos? (wt—% + ao)

(12)
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Fx Measured(fitered) Fx Measured(original) |
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Fig. 10 Predicted cutting force without regard to runout (No.3)
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where R is radii of micro tool, w is spindle speed, ¢ is the
time, L and « is correlated to the run out and feedrate,
and can be calculated as suggested in Ref. 16. The runout
of tool-holder-spindle for the micro end-mill has been
measured; the value has been calculated as mentioned in
section 2.2.
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Fig. 11 Comparison of experimental and predicted cutting force (No.4)

3.3 Results of experiments and comparison results

The measured cutting forces are low filtered to compensate
the distortion of cutting forces caused by the dynamometer
dynamics. Figures 8 and 9 show both the original and low
filtered experimental cutting forces in the feed and normal
directions during two cutter revolutions, as well as the corre-
sponding frequency spectrum. There are two peaks during one
cutter revolution for each tooth, and the force peaks is alter-
nating and varying, that is caused by the cutter runout. From
Eq. 12, the instantaneous chip thickness for each tooth is af-
fected by the runout and feed per tooth, which means that the
each flute removes different material in the present of tool
runout; the peaks of the cutting forces corresponding to ex-
treme instantaneous chip thickness is different for each flute.
The high peak in the fast Fourier transform (FFT) of the cut-
ting forces at the frequency corresponding to spindle speed
also indicates that tool runout effect plays the important role
in micro end-milling. From Fig. 8, it can be observed that
when the feed per tooth is 0.5 um/tooth, there appears to be
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Fig. 12 Comparison of experimental and predicted cutting force (No.3)
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only one clear force peak within one cutter revolution.
However, when the feed per tooth is 3 pm/tooth in Fig. 9,
there are two peak forces during one revolution, though the
amplitudes of the two peaks are different. This can be ex-
plained that the cutter runout significantly affects the cut-
ting force during micro end-milling process. For a two-flute
cutter with a runout of tool-holder-spindle, when the feed
per tooth is large, both teeth can be engaged in the cutting
operation and there are two peak forces in one revolution
corresponding to each tooth. However, when the feed per
tooth is relatively small, when the runout is higher than the
feed per tooth, it is possible that only one tooth is engaged
in cutting and the other cuts nothing, so there is one peak
force in one revolution.

Based on Eq. 8, 9 and 12, when the runout is zero, the
cutting force without regard to run out will be calculated.
The predicted cutting force without regard to runout is giv-
en in Fig. 10. Both measured and low filtered cutting forces
corresponding to no. 3 cutting condition are also illustrated.
If not considering runout, the simulated cutting force waves
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Fig. 13 Comparison of experimental and predicted cutting force (No.1)

always have the same shape and these are different from
actual cutting force, as shown in Fig. 10.

Comparisons of the predicted with regard to runout and
measured cutting forces corresponding to different cutting
conditions are also illustrated in Figs. 11, 12, 13, and 14.
The prediction of cutting forces with regard to runout was
carried out by using the developed cutting force model in
this study. It is shown that both the simulation and measured
forces have similar variation pattern and closely matched
amplitude levels.

It can be noticed that the forces in the X direction are a
slight difference between the measured and the predicted cut-
ting forces at low feed per tooth, while the forces are in very
good agreement at high feed per tooth. It can also be seen that
there are one peak forces during one revolution with the
0.9 mm diameter cutter in Figs. 13 and 14. Compared to
the cutting force predicted and measured corresponding to
the 0.6 mm diameter cutter shown in Figs. 11 and 12, it can
be noticed that the effect of tooth runout were more pro-
found for the 0.9 mm diameter. This can be explained by

Fx Simulated
------ Fx Measured(filtered)
........... Fx Measured(original) H

) 100 200 300 400 500 600 700 800

Cutter Rotation angle (deg)

Fig. 14 Comparison of experimental and predicted cutting force (No.2)
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the fact that for a fixed spindle speed and feed per tooth, the
cutter with a smaller diameter has a lower cutting speed,;
the cutting speed is higher for the 0.9 mm diameter cutter,
which may induce the effect of runout be profound.

4 Conclusions

This paper suggested a new method to measure runout param-
eters of tool-holder-spindle in micro milling using CCD. The
proposed approach is simpler, easy, and precise for measuring
runout in micro milling. By using the proposed approach, the
runout has been measured. The predicted cutting forces with
the runout have been presented. The predicted and the mea-
sured forces have been compared in order to verify the mea-
sured runout. The differences between displacements of tool
flutes, and differences between displacements of tool shank,
were measured using a CCD and the runout parameters were
calculated. The simulated cutting force with regard to runout
was compared with the measured cutting force and they had a

Fy Simulated
_____ Fy Measured(filtered) ||
---------- Fy Measured(original)

0 100 200 300 400 500 600 700 800

Cutter Rotation angle (deg)
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good agreement. From the results, we might conclude that
runout parameters of Ry and A were correctly measured and
calculated. The cutter runout significantly affects the cutting
force during micro end-milling process. For micro cutters with
0.9 and 0.6 mm diameter, the effect of tooth runout were more
profound for the 0.9 mm diameter and at low feed per tooth for
both cutters.
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