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Vibration analysis is one method of machining process
monitoring. The vibration obtained in machining is
often nonlinear and of a nonstationary nature. There-
fore, an appropriate signal analysis is needed for signal
processing and feature extraction. In this research, vi-
brations obtained in the milling of thin-walled work-
pieces were analyzed using the Hilbert-Huang trans-
form (HHT). The features obtained by the HHT served
as machining-state indicators for machining process
monitoring. Experimental results showed the effec-
tiveness of the HHT method for detecting chatter and
tool damage.
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1. Introduction

Thin-walled mechanical parts are extensively used in
industries and academia [1,2]. However, the machining
of those parts is more challenging than that for rigid ones.
The main reason for this is that the dynamic properties
of the thin parts, such as stiffness and damping, are low.
Besides, the machining of thin-walled parts can induce
chatter vibration and tool wear, which affects the surface
quality of the final product. Therefore, machining pro-
cess monitoring is needed to make better products. An
easy way for machining process monitoring is by analyz-
ing vibration.

To suppress chatter vibration, the cutting parameters re-
sponsible for machining instability are often defined first.
To this end, a stability lobe diagram (SLD) is generated
prior to real machining. SLD in machining was first stud-
ied by Tobias et al. [3] and was extended by Tlusty [4] in
high-speed milling, as well as by Altintas and Budak [5].
Furthermore, it has been widely applied in several re-
search fields. Bravo et al. [6] used SLD for high-speed
milling of monolithic workpieces. Campa et al. [7] pro-
posed a methodology for chatter avoidance in the milling
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of flexible thin floors by using a bull-nose end mill by us-
ing a stability diagram. Alan et al. [8] generated an SLD
for a multistage milling operation.

In analyzing vibration for machining process monitor-
ing, an analysis in the frequency domain obtained by fast
Fourier transform (FFT) is commonly used for chatter de-
tection [9, 10]. However, time-frequency analysis (TFA)
methods might be better suited, because machining states
can be determined both in the time and frequency do-
mains. A few researchers have used conventional TFA
methods for machining process monitoring, such as short-
time Fourier [11], Stockwell [12], and wavelet [13] trans-
forms.

Vibration occurring in the machining process is often
nonlinear and has a nonstationary nature [14]. There-
fore, conventional signal analysis approaches are ham-
pered when analyzing it. Instead, a nonlinear and non-
stationary signal analysis method should be applied. The
Hilbert-Huang transform (HHT) is one of the powerful
TFA methods and deals with nonlinear and nonstationary
signals [15-17].

The research presented here focused on end milling
process monitoring of thin-walled workpieces by vibra-
tion analysis. The HHT was utilized to analyze the vi-
bration obtained in milling tests to detect chatter and tool
damage.

2. Dynamic Model in Milling and Signal
Processing

2.1. Dynamic Model in Thin-Walled Milling

Because the rigidity in the thickness direction is espe-
cially low for thin walls, the dynamic model in milling
of thin-walled structures can be simplified as forced vi-
bration of a single-degree-of-freedom (SDOF) system, as
shown in Fig. 1.

In this model, the thin-walled workpiece is considered
a flexible part that is deformed by cutting forces. The
model consists of modal mass m, stiffness k, and damp-
ing c to describe the vibrating displacement at the cutting

Int. J. of Automation Technology Vol.12 No.5, 2018

© Fuji Technology Press Ltd. Creative Commons CC BY-ND: Thisis an Open Access article distributed under the terms of
BY ND the Creative Commons Attribution-NoDerivatives 4.0 International License (http://creativecommons.org/licenses/by-nd/4.0/).


http://creativecommons.org/licenses/by-nd/4.0/

g

Workpiece

! Cutting zone

Undulation left by
previous cutting edge

Fig. 1. Simplified dynamic model in thin-walled milling.

point caused by the workpiece deformation. A part of the
workpiece surface is machined by a rotating tool. The
depth of cut is constant when multiple teeth successively
generate chips within a cutting zone whose length is given
by r,(¢. — ¢s). However, the effective cutting thickness
fluctuates because of the vertical vibration of the work-
piece. Cutting forces are also inconstant, and each tooth
leaves an undulation behind, which affects the effective
cutting thickness of the next tooth. Thus, this cycle con-
tinues as the vibrating displacement fluctuates with the
force that excites the vibrating displacement itself.

The dynamic equation for SDOF forced vibration can
be written as mj + cy + ky = f (¢), with a harmonic force
flt)= Fe'®  where F is the vibration amplitude of force,
i is the imaginary unit, o is the force frequency, and ¢ is
time [18].

The steady-state solution for the equation is y(¢) =
Ye'™ . Substituting this into the above equation, the result
shows that the force is related to the resultant vibration of
the force frequency  as:

(~me* +iwc+k) Y =F® . . . ... (D)

Equation (1) can be rewritten as a ratio of the output to
the input, which is well-known as the frequency response
function (FRF):

2
Gy (@) = ; :% Hl - (g) }+izcwﬂn]
1

-1

where @, = v/k/m is the natural frequency, { = (¢/2ma,)

is the damping ratio, r = (@/®,) is the frequency ratio,

and G,, () is the direct transfer function that represents

the ratio between the output response in the y direction

and the input excitation force in y. For convenience, con-

verting the denominator to a real number yields:

1—r)—i2r

ny(a)):% ( 2) Cz N )|
(1=r2)"+(2Cr)

Equation (3) shows a complex function that can be pre-
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sented in real and imaginary parts in Eqgs. (4)—(5) and
magnitude and phase in Eqs. (6)—(7):

(1-7)

Re {Gyy(0)} = % (=) +Cr? )
Im {ny (CO)} = % (1 o rzgff_r(zcr)2 ' (5)
Gy ()] =+ 1 ©)
KV =)+ 28’
o Im {Gyy, (o)}
¥ — tan~! m @)

According to Altintas and Budak [5], the FRF has a
close relationship with the stability limit as follows:

Re{ny(a))} o

- 8)
NthAalim ayy

where N;, K;, and A, are the number of teeth, tangen-
tial milling force coefficient [N/m?2], and chatter-free ax-
ial cutting depth [mm], respectively. ¢, is the directional
milling coefficient in the y-direction, which is obtained
by integrating between start ¢ and exit ¢, angles when
the cutting edge enters and exits the cutting zone given
as [5]:

Ocyy:%[—cos(Z(]))—ZKr(])—Krsin(2¢)]$j C)

where K, is the radial milling force coefficient [N/m?2]. In
the model for down-milling operation, the exit angle ¢,
is 180° and the start angle ¢, in degree is defined by the
radial depth of cut A, and the tool radius r, as follows:

—A
¢y = 180 — cos ! <L>

Ta

. (10)

When the self-excited vibration occurs, the frequency
o is defined by the spindle speed n [min~'] and the phase
v by Eq (7).

60w
n=_——
2Lt +Y

where [, is the integer number of lobes (I, =0,1,2,...).

By iterative calculations of Egs. (7)—(11) over a wide
range of frequency ratios r for arbitrary integers [;, the
SLD can be obtained in which the stability limit of the
axial cutting depth and the spindle speed are plotted to-
gether.

(D)

2.2. Fast Fourier Transform

Vibration analysis by FFT can provide the feature of
vibration in a frequency spectrum, and it can be used to
determine machining states. For the measured signal x(¢)
with a sampling period T and the data length N, the FFT
is given as [14]:

i1

N .
X(n) =Y x(j)e 205 . (12)
j=1
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Fig. 2. Example of sifting process in EMD [15].

wheren=1,2,...,N.
The frequency resolution Af is defined as the ratio of
sampling rate fs to the data length N, i.e., Af = fs/N.

2.3. Hilbert-Huang Transform

The HHT method contains two consecutive steps. The
first step is empirical mode decomposition (EMD), which
decomposes a raw signal into a series of components
called intrinsic mode functions (IMFs). The EMD pro-
cess is summarized as follows [19]:

(1) Figure 2(a) shows the elementary process of EMD,
in which the high-frequency component is sifted
from given data x(¢). By interpolating all local max-
ima and minima of the data, the upper and the lower
envelopes are found, the mean of which m(¢) is used
to define a proto-IMF h(t) = x(¢) — m(t), as shown
in Fig. 2(b).

(2) Repeat (1) by replacing h(¢) with the given data
x(t) until the proto-IMF satisfies the stoppage crite-
rion [15]. When the criterion is satisfied, IMF com-
ponent is defined as c¢(¢) = h(t).

(3) The residue of data is r(t) = x(t) — ¢(¢), which re-
places data x(¢) to repeat (1) and (2) until the residue
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Fig. 3. Example of IMF components and monotonic residue
obtained by EMD process [19].

r(t) becomes a monotonic function. By repeating
the above process for Nj times, IMF = {c;(¢)|j =
1,2,...,N;} and a monotonic residue ry; are ob-
tained. Finally, decomposition of the given x(t) is
achieved as:

Nk
x(0)=Y {c;j@)+rm (1)} . . (13)
j=1

Figure 3 shows an example of IMF components and
the monotonic residue obtained by the EMD process for
the acceleration signal measured in the milling opera-
tion [19].

The second step of the HHT is applying the Hilbert
transform to all IMFs for generating an energy-time-
frequency distribution that is called a Hilbert spectrum.
The Hilbert transform for all IMFs can be expressed
as [15]:

x() = Nzk {aj(t)exp <i/a)(t)dt>}

i=1

. (14)

where a(t) and o () are the instantaneous amplitude and
instantaneous frequency.

3. Experimental Procedures

3.1. Machine Tool, Workpiece, and End Mill

In milling tests, a three-axis knee-type computer-
numerical-control milling machine was used, and work-
pieces were thin-walled plates with the dimensions 100 x
100 x 3 mm. The work material was 7055 aluminum
alloy, which is widely used in studies [20] and indus-
tries [21]. The cutting tools used were HSS-Co square
end mills, whose specifications are given in Table 1. In
all milling tests, uncoated tools were used.

3.2. Dynamic Cutting System Identification

Before the milling tests, the modal parameters (m,
¢, and k) discussed in Section 2.1 had to be measured
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Table 1. Specifications of end mill tool.

Terminology Dimension
Diameter ¢ [mm)] 12
Total length L [mm] 80
Helix angle b [°] 45
Number of teeth N; 4
S
0
z
£ 4|
3 A
=
ER!
S
(a) Imaginary part of FRF
0 1 2 3
Frequency (kHz)
5 Jfi 1o
Z
A,
S-1
(b) Real part of FRF
2
0 1 2 3

Frequency f(kHz)

Fig. 4. FRFs of workpiece obtained by hammering tests.

through a hammering test to create an SLD. The con-
structed SLD was then used to determine the cutting pa-
rameters in all milling tests.

Figure 4 shows the FRFs for a workpiece obtained in
the hammering test. Fig. 4(a) is the imaginary part of FRF
that contains the natural frequency f;, = 1 kHz and neg-
ative peak value A. Fig. 4(b) is the real part of the FRF.
It contains two frequencies f] and f> which correspond to
the observed peaks. By using those values, f,, A, fi, and
/2, the modal parameters can be obtained by the experi-
mental modal analysis technique [18], and the results are
shown in Table 2.

Figure 5 shows the SLD generated based on the modal
parameters, the down-milling process with a radial cut-
ting depth A, = 0.5 mm, and the use of the end-mill tool
with a tooth number N; = 4. Here, a tangential cutting-
force coefficient K; = 7.96 x 108 N/m? and radial ones
K, = 1.68 x 108 N/m? were also used by referring to
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Table 2. Dynamic modal parameters of workpiece.

Vibration  Natural frequency Damping ratio  Stiffness
mode fu [kHz] ¢ [%] K [N/um]
First 1 1.63 2.1

2 [T
= || Unstable
=
22
=]
oh
31
= Stable
< 0
2000 3000 4000

Spindle rotation » (min)

Fig. 5. Stability lobe diagram.

the work of Jin et al. [20]. This figure shows 10 lobes
(Iy =0,1,...,9) generated for a spindle rotational speed
of 2000-4500 min~!. In the SLD, stable cutting occurs in
the region below the lobes, while unstable cutting occurs
above the lobes.

3.3. Milling Tests for Chatter Detection

The SLD in Fig. 5 was used to select the cutting pa-
rameters: the axial cutting depth A, and the spindle speed
n. According to the diagram, A, = 3 mm associated with
n = 3000 min~! were chosen as cutting parameters in
milling tests under unstable conditions (see “x” symbol).

Figure 6 and Table 3 show the experimental setup and
cutting conditions, respectively. Side milling was per-
formed with a tool overhang of 45 mm, and the vibration
was measured by an accelerometer sensor and then stored

by a digital storage scope — Yokogawa DL750.

3.4. Tests for Tool Monitoring

Three kinds of end-mill with different cutting-edge
conditions were used, and the influence of the conditions
was investigated. Fig. 7 shows a microscopic photograph
of the cutting edges.

Figure 7(a) is the end-mill body with four flutes in
a normal condition. The cutting-edge magnification is
shown in Fig. 7(b). Fig. 7(c) shows the cutting edge for
the worn tool that was simulated by grinding down on one
of the teeth but retaining the cutting ability of the tooth.
The condition of this worn tool was similar to flank wear.
Fig. 7(d) shows a chipped tool. The chipped tool was
simulated by grinding out the teeth completely, so that the
ground tooth was unable to cut the workpiece.
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Fig. 6. Milling test setup and position of sensors.

Table 3. Cutting parameters for observing chatter.

Spindle Cutting Feed per Depth of cut [mm]
rotation n  speed v, tooth f; - -
(min~']  [m/min] [mm/tooth] A¥ial  Radial
a r
3000 113 0.08 3 0.5

Milling tests were conducted in the stable area of the
SLD. An axial cutting depth A; = 1 mm corresponding to
spindle rotation n = 600 min~! was chosen as the cutting
parameter. Table 4 shows the cutting parameters in detail.
The setup for the milling test is shown in Fig. 6. Cutting
vibrations were measured by a strain gauge. The position
of the strain gauge is also shown in this figure.

4. Results and Discussion

The obtained vibrations in milling of thin-walled work-
pieces were analyzed in the frequency domain by using
the FFT and time-frequency domain using the HHT. The
results are discussed in the following section.

4.1. Chatter Identification

Figure 8 shows a full vibration signal that was mea-
sured in milling under stable cutting conditions, given in
Table 3. This figure contains the data length N of 700,000
points, and the sampling rate was at 100 kHz.

As shown in the figure, the acceleration signal shows
varying amplitudes over the cutting period. The ampli-
tude increases from the start of machining until 2.5 s (see
the box for region a). That amplitude stabilizes at a cut-
ting period of 3.3-4.5 s (see the box for region b) and
increases again from 4.6 s until finish (see the box for
region ¢). The occurrence of chatter is shown in the in-
crease of vibrational amplitude. Conversely, the decrease
in vibrational amplitude indicates the absence of chatter.
The vibrational pattern in Fig. 8 also appeared in the tex-
ture of the finished surface, as shown in Fig. 9. Here, the
machined surface was also divided into three regions that
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Fig. 7. Microscopic photograph of different cutting edges:
(a) full end-mill body, (b) normal, (c) worn, and (d) chipped.

Table 4. Cutting parameters to observe tool conditions.

Spindle Cutting  Feed per Dep[th Og cut Tool
rotation n speed v.  tooth f; mm
[min~'] [m/min] [mm/tooth] “Axial Radial condition
A, A,
600 23 0.05 1 0.5 Normal
600 23 0.05 1 0.5 Wear
600 23 0.05 1 0.5 Chipping
4l 100 mm |
a
2]
g
L
=
B
a
g Chatter Stable Chatter
< 4 inregiona inregionb inregionc
0 1 2 3 4 5 6 7
Time (s)

Fig. 8. Transient acceleration signal obtained in milling test.

mﬂ\v X \‘\‘\\‘“\"w“
A o )
A Li_.\.}:—x»*t.!*

1.
e

Fig. 9. Surface finish obtained in milling test.

correspond to the vibration shown in Fig. 8.

The frequency contents were observed through acceler-
ation signal analysis in the solid boxes of Fig. 8. The mag-
nified boxes are displayed in Fig. 10. The transient accel-
eration signals containing chatter are shown in Figs. 10(a)
and (c). However, the transient acceleration signal con-
taining no chatter is shown in Fig. 10(b). Furthermore,
the frequency content of these vibrations was observed
using the FFT in the next section.
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Fig. 10. Magnified acceleration signals corresponding to Fig. 8.

4.1.1. Vibrations Analysis Using FFT

All vibrations in Fig. 10 were analyzed by using the
FFT, which was used to observe whether chatter fre-
quency occurs. The waterfall of the frequency spectrum
obtained by FFT is shown in Fig. 11. The time interval of
1.2 s was used to obtain this frequency spectrum.

According to Fig. 11, several frequencies appear in the
frequency band. In this figure, the frequency of spindle
rotation (fy, = n/60 = 50 Hz), chatter (f.), tooth passing
(fp =N, fsp =200 Hz), and its harmonics (arrows symbol)
are displayed in this figure.

Vibration in the machining process can be forced vi-
bration and self-excited vibration (chatter). Forced vibra-
tion in machining occurs when the frequency components
of vibration only exist at multiples of spindle rotational
frequency, and another frequency is chatter. Therefore,
the chatter phenomenon appears most prominently in re-
gions a and c.

Figure 11 (region a) shows that chatter frequency ap-
pears at 2.74 kHz with the largest amplitude. This chat-
ter frequency vanishes when the cutting process enters re-
gion b. Based on Fig. 11 (region b), only the harmonics of
the tooth-passing frequency appear in the frequency spec-
trum. During stable cutting, the vibration mainly focused
on the spindle rotation, tooth passing, and harmonics fre-
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N

Amplitude (ms™)
N

Fig. 11. Frequency spectrum obtained by FFT.

quencies. However, the chatter frequency reappears when
the cutting process enters region ¢ with the same chatter
frequency.

4.1.2. Vibration Analysis Using HHT

The EMD process was used to decompose the raw sig-
nal to be a series of IMF components, as shown in Fig. 12.
Nine IMFs and a monotonic residue were obtained for
regions a, b, and c. However, the fifth IMF c5 to ninth
IMF c9 showed only the harmonics of the tooth-passing
frequency. Therefore, the first four IMFs (¢ to c4) are
shown for all milling case conditions. The harmonics of
the tooth-passing frequency is a forced vibration in ma-
chining that occurs at multiples of spindle frequency, so it
was not considered a significant vibration. They could be
ignored and the monotonic-residue as well.

Figure 12 shows that each IMF component contains
different oscillations and amplitudes. For example, first
IMF c; contains the most oscillation. Otherwise, last IMF
c4 contains the least oscillation. Therefore, ¢; contains the
highest frequency and c4 contains the lowest frequency
among all IMFs.

The fourth IMF ¢4 in Fig. 12(b) and the second IMF
¢y in Figs. 12(a) and (c) capture the highest amplitude
among IMF components for each region in the milling
test. Therefore, each IMF contains unique information of
the vibration mode.

To confirm the above deduction, all IMFs in Fig. 12
were examined by using the FFT to observe the frequency
content of each IMF, and the results are shown in Fig. 13.
The time interval of 1.2 s was used to obtain these fre-
quency spectra. All the symbols in these figures have the
same denotations as in Fig. 11.

Every characteristic frequency appears in each IMF of
Fig. 13 with different amplitudes. Each IMF component
contains one unique frequency, which means that the sift-
ing process by EMD separated the complex vibration into
simple components. For example, the first IMF c¢; in-
cludes the harmonic of the tooth-passing frequency with a
certain amplitude for milling in all regions. In Figs. 13(a)
and (c), the second IMF c¢; includes the chatter frequency
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Fig. 12. IMFs in time domain obtained by EMD process for
vibration produced in milling.

(2.74 kHz); c3 and c4 in Fig. 13 show the harmonic of the
tooth-passing frequency.

The above results show that the EMD process separated
complex vibration into simple components, and each one
of them contained a unique vibration mode caused by ma-
chining. EMD also sifted out the chatter from the others.
In this study, the second IMF ¢, in Figs. 13(a) and (c) was
a chatter-containing signal, whereas the other IMFs were
signals without chatter. Thus, IMFs obtained by the EMD
process made it easy for chatter identification.

Next, chatter was detected in the energy-time-
frequency distribution, which is represented in the Hilbert
spectrum shown in Fig. 14. According to these figures,
milling states can be monitored in the time and frequency
domains for all regions.

Figures 14(a) and (c) are Hilbert spectra for unstable
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Fig. 13. Frequency spectra for each IMF obtained by FFT.

milling, whereas Fig. 14(b) is for stable milling. Visual
investigation of Fig. 14 shows that the energy level for
unstable milling was greater and fluctuated. The energy
appearing in an unstable frequency could be caused by
chatter. However, in Fig. 14(b), the energy is concentrated
in the natural frequency (1 kHz) over the cutting period.

4.2. Tool Damage Detection

Figure 15 shows strain signals measured in milling un-
der the cutting conditions given in Section 3.4. Fig. 15(a)
is a strain signal for the normal cutting edge of the end
mill. The shapes of the peak mostly have the same forms
and smaller amplitude than others. This figure shows that
the period for one spindle rotation is approximately 0.1 s.
It is associated with spindle rotation n = 600 min~!.
There are four peaks within one spindle rotation, and one
peak of the signal was performed by one individual cut-
ting edge of the end mill.
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Figure 15(b) shows the strain signal measured in
x 10 milling using the worn cutting edge of the end mill. Ac-
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05 i 0 0o s i caused by tool wear. Fig. 15(c) is the strain signal for the
< 10 _ (a) Strain signal using normal tool chipped end mill. One of the signal peaks is lost within
w e one spindle rotation. The loss of the signal peak was
= ] caused by the tool having lost one of the cutting edges.
= H o . . .
A0 As a result, only three signal peaks appeared within one
0 02 04 06 08 1 spindle rotation.
x 106 (b) Strain signal using worn tool
Lost peak
I 4.2.1. Tool Damage Detection by HHT
00 02 o4 0.6 03 | Figure 16 shows IMF components obtain(?d by. the
Time 7 (s) . EMD process. Twelve IMFs and a monotonic residue
(¢) Strain signal using worn tool resulted from this process. However, just four IMFs (cs
Fig. 15. Strain signals measured in milling using different to cg) were shown for each milling condition, because
tool conditions: (a) normal, (b) wear, and (c) chipping. these IMFs contained vibration modes that needed to be

observed.

Int. J. of Automation Technology Vol.12 No.5, 2018 695



Susanto, A. et al.

2x102

Frequency f(Hz)
Energy (¢)?

Time 7 (s)
(a) Hilbert spectra associated with normal tool

80 2x10?

Frequency f (Hz)
-
3
Energy (¢)?

0 0.2 0.4 0.6 0.8 1
Time 7 (s)

(b) Hilbert spectra associated with worn tool

2x102

Frequency f (Hz)
Energy (¢)?

0 02 04 0.6 0.8 1
Time 7 (s)

(c) Hilbert spectra associated with chipped tool

Fig. 17. Hilbert spectra for monitoring tool condition in milling.

Figures 16(a), (b), and (c) are IMFs associated with
milling using normal, worn, and chipped tools, respec-
tively. The figures show an obvious change of the am-
plitudes in each IMF. The IMFs associated with milling
using a normal tool contain smaller amplitudes than those
using worn or chipped tools.

The intrinsic meaning of each IMF was explored in
time-frequency domain using the Hilbert transform for
tool condition monitoring, and the result is displayed in
the Hilbert spectrum. In this study, the energy only ap-
peared at low frequency. Therefore, the frequency band
was narrowed to 0-80 Hz to analyze vibrations in more
detail, as shown in Fig. 17. Based on Fig. 17, tool con-
ditions can be monitored based on the energy distribution
in the time-frequency domain.

Figure 17(a) shows the Hilbert spectrum associated
with the strain signal measured in milling using the nor-
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mal tool. As can be seen from the figure, the energy ap-
pears at the frequency of 40 Hz over the cutting period.
This is the tooth-passing frequency (f, = N; f; = 40 Hz).
Fig. 17(b) shows the Hilbert spectrum associated with
milling using the worn tool. In this figure, the energy ap-
pears in the tooth-passing frequency of 40 Hz and spin-
dle rotation frequency (fy = n/60 = 10 Hz). However,
Fig. 17(c) shows the Hilbert spectrum associated with
milling using a chipped tool. According to this figure,
the energy appears in three frequency components: 10,
25, and 40 Hz.

As the above results show, tool conditions can be mon-
itored as follow. When the end mill began to wear, the
energy in the Hilbert spectrum appeared at spindle rota-
tion frequency, whereas, when the end mill was chipping,
the energy appeared in the spindle rotation, tooth passing,
and new frequencies.

5. Conclusions

This study focused on milling process monitoring
through analyzing vibrations and utilized the HHT and
FFT for analyzing vibrations. Here are some important
conclusions.

1. Chatter occurred in some specific zones of a thin-
walled workpiece during milling. For identifying the
chatter vibration, the EMD was more useful com-
pared with the FFT method. The EMD could sift out
the signal containing chatter from the signal contain-
ing spindle rotation, tooth passing, and its harmonic
frequencies.

2. The HHT provided useful features for milling pro-
cess monitoring, unlike the FFT. Both chatter and
tool condition can be monitored by the Hilbert spec-
trum in the time and frequency domains. Moreover,
worn and chipped tools can be distinguished from
normal tools by the Hilbert spectrum.

3. In this study, the strain signal provided a useful sig-
nal for tool condition monitoring with the HHT.
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