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Application of the Empirical Mode Decomposition method for the
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Nomenclature

ap - depth of cut, mm; f-feed rate, mm/rev; v - cutting
speed, m/min; t-cutting time, min; E -energy;
Pmoy - mean power; T -tool life, min; IMFs - intrinsic
mode functions; Amp - mplitude of frequency indicator;
Fin - frequency indicator, Hz; « - relief angle, degree; y -
rake angle, degree; /4 - inclination angle, degree; y - major
cutting edge angle, degree

1. Introduction

Monitoring tool wear is a more complex task than
expected, because it induces a very small process change
with a large dynamic range. In the context of monitoring
tool wear, many methods have been proposed. These
methods are based on the analysis of various physical
quantities that can be detected by direct control of the tool
or by estimating its state by measuring another significant
magnitude. Among these physical quantities the vibration
signals [1, 2], acoustic emission [3-5], and the cutting forc-
es [6, 7] have proven their efficiency and monitoring per-
formance of tool wear. Similar work conducted by Rmili et
al. [8] concentrates on treating the vibratory signature gen-
erated by machining. The adopted strategy is based on a
temporal analysis using statistical parameters. Then, in the
frequency domain using the periodogram method and
smoothed averages. Coming fill the limits of the spectral
analysis, wavelet analysis has been proposed as a time-
frequency advanced method. The wavelet analysis enables
a local visualization of the signal instead of the spectral
analysis that allows only a global vision. Several applica-
tions of the wavelet analysis have been proposed in its con-
tinuous and discrete version [9-10]. The classification and
prediction of the tool state with input data from one or
more sensors and architectures of neural networks have
been studied in [11, 12]. In 1998 a new time-frequency
method called Empirical Mode Decomposition (EMD) has
been proposed by Huang [13]. The EMD is a self-adaptive
decomposition of the signal contrary to the wavelet analy-
sis that needs the use of an appropriate wavelet mother. In
this context the objective of this work is to propose a new
method for the cutting tool state supervision based on the
vibratory signal’s analysis using the EMD.

The aim of this paper is to propose the EMD as an
effective tool allowing improving the sensitivity of the

scalar indicators (Energy and Mean power) for tool wear
detection. Indeed, these indicators are very sensitive to the
variations in temporal signal. Nevertheless, their reliability
is immediately limited by the presence of high level of
random noise. Empirical Mode Decomposition is proposed
as a solution to this problem.

2. Lifespan of tool wear

The life of cutting tool represents the actual pro-
ductive time during which the cutting edge is directly relat-
ed to the wear. The wear manifests on the cutting tool in
several forms dependent cutting conditions, the material
being machined, the material of the cutting tool and its ge-
ometry. In normal conditions, flank wear (VB) is consid-
ered to assess the predominant wear to evaluate the lifespan
of the cutting tool [14]. The development of this type of
wear on the cutting tool is not a random phenomenon. The
appearance (Fig. 1) drawn below is divided into three
zones: break-in (A), wear stabilization (B) and accelerated
wear (C). The objective of any monitoring and prediction
system is the early detection of the transition point form the
stabilization zone to the wear accelerated zone.
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Fig. 1 Evolution of flank wear with time
3. Empirical Mode Decomposition

The EMD is defined by a process called screening
(sifting) to decompose the signal in core contributions
called empirical modes or IMF (Intrinsic mode functions).
Decomposition is local, iterative, sequential and entirely
data-driven. The primary objective of the EMD is to extract
a non-stationary signal from systems that can be non-linear
patterns that lend themselves to a time-frequency analysis;
where Fourier analysis and wavelets are sometimes ineffec-
tive. It indeed makes the time-frequency representation
more readable and clean physical interpretation. The princi-
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ple of the EMD decomposition is provided by the screening
process set by the algorithm described in the following. The
Fig. 2 shows the principle of EMD (decomposition of sig-
nals in different modes: IMFs).

The IMFs is an innovation proposed by Huang
[13] in the empirical mode decomposition, which is de-
finedas a function which satisfies the following steps:

- In the whole data set, the number of extrema and
the number of zero-crossings must either equal or differ at
most by one;

- At any point, the mean value of the envelope de-
fined by local maxima and the envelope defined by the
local minima is zero.

<7 Signﬁal-lw
.:> IMF
e

Residue

Fig. 2 Principle of Empirical Mode Decomposition

The IMF represents the simple oscillation mode
involved in the signal s(t). Empirical mode decomposition
is a sifting process used to extract the IMFs by the follow-
ing steps:

1. Identify all the local extrema, and connect all
the local maxima by a cubic spline line as the upper enve-
lope;

2. Repeat the procedure on the local minima to
produce the lower envelope;

3. Designate the mean of upper and lower enve-
lope value as my, and the difference between the signal x(t)
and mjy is the first component hy, i.e.:

x(t)-m =h; 1)

If hy is an IMF, then h; is the first IMF of signal
x(1).

4.1f hy is not an IMF, take it as the original signal
and repeat the steps (1), (2), (3) until hix becomes an IMF.

Py =M = s )
¢, =h,; 3)

5. Separate ¢; from x(t) by:
n=x(t)-c; Q)
6. Treat residue r; as the original signal and repeat
processes as described above n Times, so that we can get

other n-IMFs of signal x(t). Then:

L—C,=r,;

®)
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7. By summing up Eqgs. (5) and (6), we finally ob-
tain:

x(t)= Zn:ci +r, . (6)

Fig. 3 shows an example of EMD analysis of a
vibratory signal measured in radial direction. The signal is
decomposed into fifteen IMFs and a residue.
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Fig. 3 Original signal and its decomposition with EMD

4. Experimental validation
4.1. Machining testing device

The lathe used for machining operations is TOS
TRENCIN; model SN40C, spindle power 6.6KW. The
specimens are made of high chromium grade X200Cr12
(AISI D3). This steel has an excellent wear resistance, usu-
ally used for the production of dies and punches for cutting
and stamping, profiling rollers, and combs rolling nets. For
testing, we machined specimens of diameter @ =80 mm
and length L =400mm, the toolholder adapted is of des-

ignation PSDNN 2525 M12 with the active part geometry
characterized by the following angles: y=75° a=6°
vy =—6°, A=-6° [15]. The cutting insert used is a coated
carbide TiCN/AIL,O3/TiN removable, of square form with
eight cutting edges. Cutting operations were conducted
without applying cutting fluid, and all cutting tests were
performed under the following cutting conditions: cutting
speed = 250 m/min; feed rate = 0.12 mm/rev; and depth of
cut =0.20 mm.

Self-Centring
Three-jaw chuck

Fig. 4 Device used to measure the vibratory signals

The acquisition of vibration signals is performed
by triaxial piezoelectric accelerometers, Briiel & Kjaer
type 4524B. The acceleration signals are acquired during



periods of 116 seconds on the observation’s three channels
(%, ¥, 2), taken at a sampling frequency of 7000 Hz. Each
signal contained 16384 samples. The collected data were
stored directly on the PC using an acquisition and analysis
system controlled by Pulse Lab shop ® software developed
by Briiel & Kjaer (Fig. 4).

4.2. Experimental modal analysis

The experimental modal analysis with impact ex-
citation has the advantage of being relatively simple to
implement. Prior to the completion of the machining tests,
one first determined the natural modes of the cutting tool
in the main directions by one of the simplest and fastest
method. It consists in exciting the system by means of a
hammer of instrumented impact, and the response is de-
tected using a piezoelectric accelerometer.

The accelerometer used was fixed by adhesive
pads on the peripheral portion of the cutting tool to identify
vibratory responses during cutting operation. The impact
excitation’s directions are perpendicular to the surfaces of
the tool as shown in Fig. 5. During these experiments and
to obtain the system’s natural frequencies, the tool is
mounted on the machine under the real experimental ma-
chining conditions. The acquisition was performed with a
bandwidth of 12.8 kHz to cover the entire spectrum of the
system.
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Fig. 5 Experimental device used for modal analysis
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Fig. 6 Autospectra of the cutting tool

According to Fig. 6 the tool’s natural modes are
clearly shown around 2000 Hz, between 4100 and
4800 Hz. The results obtained by the modal analysis will
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be taken into account in the interpretation of the results
obtained during machining tests.

4.3. Vibration’s answers and evolution of flank wear VB

The machining tests were performed without lu-
brication. The tests stop when the flank wear (VB) reaches
or exceeds the value of 0.3 mm, which is synonymous of
the lifespan of the cutting insert. At this value, the insert is
in the acceleration phase corresponding to a critical zone of
the machining quality.

Fig. 7 shows an example of a concatenation of vi-
bration acceleration signals over the entire service life of
the cutting tool. According to these responses one observe
that there are three main phases of the cutting tool life:
wear up period, wear stabilization period, and wear accel-
eration period where the rapid aging of the tool occurs.
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Fig. 7 Evolution of flank wear according to the time of
machining over all the tool’s lifespan for the three
cutting directions
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Note that the transition to the wear acceleration
phase is detectable in the direction (y) (in red), this obser-
vation is the same on all acquisitions. The analysis tends to
allow the detection of the transition region of the stabiliza-
tion phase before the accelerated wear phase. The im-
portance of determining this transition point is fundamen-
tally linked to the beginning of tool aging before its total
collapse and then the machining fail.

Grooves

Fig. 8 Microphotos of coated carbide insert flank wear
(Zn: insert nose zone, Zf: flank face zone)

The experimental results of the morphology of the
flank wear are presented in Fig. 8. The analysis of these
results shows that the cutting speed has an important influ-
ence on the wear. On the rock surface the wear is irregular,
it is enlarged with time. It grows in length and width, this
corresponds to a critical transition point of the tool life,
which weakens the cutting edge and then the collapse of
the tool nose at the end of machining after 8 min where
VB =0.920 mm.



5. Proposed approach

The method of Empirical Mode Decomposition is
applied to the measured signals. As result, one obtains sev-
eral Intrinsic Mode Functions (IMF) and a residue as
shown in Fig. 3. The EMD method is acting as a set of
filters and decomposes the original vibration signal into
several bandwidths. Therefore, the EMD method decom-
poses the signal starting from the high frequencies to low
frequencies. The centralization of energies in the first IMFs
corresponding to high frequencies are also high (see
Fig. 3).

Since the obtained IMFs and residue should be an
orthogonal representation of the inspected signal, suitable
IMFs should have a strong correlation with the signal,
while irrelevant IMFs have low correlation with the signal.

For this raison the first IMF is selected as a recon-
structed signal since it contains the most important energy.
Moreover the cutting tool phenomenon is generally moni-
tored at high frequencies at level of the tool’s natural fre-
guencies.

This result is confirmed by the Table 1 where the
energy and the mean power of the IMF1 are most im-
portant compared to those of IMF2 and IMF3. Moreover
Table 2 shows that the energy and the mean power change
with flank wear and may reflect the tool life’s periods.

Fig. 9 shows the energy and the mean power cal-
culated for the reconstructed signal (IMF1) for the entire
tool’s lifespan. The tool’s three life periods are clearly de-
tectable. The breaking-in period ranges between 0s and
120 s, the two indicators are important. The stabilization
period ranges between 120 s and 340s; in this case the
energy and the mean power are almost stable.

Finally the wear acceleration period starts from
340 s where the two scalar indicators increase one more
time. The more important result obtained is that the transi-
tion point from the wear stabilization and the wear accelera-
tion periods is very clear. This is crucial information allow-
ing the prediction of the tool aging before its total collapse
and then the machining fail.

Table 1
Energy and mean power of the first three IMFs
Indicator IMF1 IMF2 IMF3
E 5.147E+006 4.274E+005 2.641E+005
Pmoy 9.818E+005 8.153E+004 5.037E+004
Table 2

Energy and mean power of the first three IMFs
according to flank wear (VB)

Ind [ VB1=0.091 VB2=0.218 | VBs=0.359 | VB4 =0.920
Eivei| 158E+06 | 3.59E+05 | 3.09E+05 | 3.26E+06
Ewes| 1.18E+05 | 1.84E+04 | 2.13E+04 | 1.27E+05
Eyves| 8.62E+04 | 191E+04 | 1.70E+04 | 7.7AE+04
Py | 1.20E+06 | 2.74E+05 | 2.36E+05 | 2.49E+06
Py | 8.98E+04 | 140E+04 | 1.63E+04 | 9.71E+04
Poy | 657E+04 | 146E+04 | 1.30E+04 | 5.90E+04
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Fig. 9 Mean power and energy after the application of
EMD: a - Energy; b - Mean Power

6. Frequency indicator of the reconstructed signals

Each IMF has its own spectrum in a specific fre-
quency band (characteristic frequency). These spectra cov-
er all the tool life from the first test to the end of the tool
lifespan. According to the spectra of IMF1 (Fig. 10), one
distinguish the first tool’s mode at 2000 Hz and the second
mode appearing in the frequency band [4000-5000] Hz.

These modes have been previously identified by
the modal analysis in section (4.2). The amplitudes of the
peak corresponding to the second natural frequency
[4000-5000] Hz are very significant and contain a very
high energy level. Therefore, a new spectral indicator is
proposed. It allows the monitoring of the wear by visualiz-
ing the amplitude variation of the peak corresponding to
the natural frequency of the tool between 4000 and
5000 Hz.

The analysis of this new indicator shows an in-
crease in the amplitude that depends on the cutting tool
wear phases. In the first phase corresponding to the abra-
sive wear (Fig. 10, a) this frequency indicator’s amplitude
is Amp; =1.067e+004 and Fin = 4713 Hz with lifetime
T1=1.93 min and flank wear VB; =0.091 mm. Note that
in this phase the reconstructed signal highlights a periodi-
cal impacts spaced with 5.8 s that probably correspond to
the phenomenon of chattering.

In the second phase of wear stabilization
(Fig. 10, b and c), the amplitude decreases and remains
almost  constant  with  the  following  values:
Ampa.3 = 3909 + 4318 and Fino.3 = 4756 + 4916 Hz, with
T23=3.86 + 5.8 min and VB3 = 0.218 + 0.359 mm.
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Fig. 11 Frequency indicator variation over the tool life

Finally in the last phase corresponding to the wear
acceleration (Fig. 10, d), the frequency indicator consider-
ably increases and reaches a very important value of
Amps = 1.442e+004 and Fins = 4836 Hz, with T4 = 7.7 min
and VB4 = 0.920 mm.

As conclusion, Fig. 11 shows that the frequency
indicator’s amplitude varies in a very similar way as the
energy and the mean power variation (see Fig. 9). It clearly
shows the three periods of the tool life allowing, especial-
ly, the detection of the transition point form the stabiliza-
tion period to the wear acceleration period.

7. Conclusion

This article proposes the application of a new
time-frequency method, called Empirical Mode Decompo-
sition, for the prediction of the tool wear via vibratory sig-
nals measured during the cutting process in turning opera-
tion.

The tests of slide-lathing carried out on grade Al-
Sl D3 steel, machined by a coated carbide tool (insert
TiCN/AIQ3/TiN), enabled us to study the tool lifespan and
to extract the vibratory signature that reflects the tool state
during its life allowing a clear detection. Using the sifting
process to decompose the raw signal into several Intrinsic
Modes Functions, it was possible to detect the critical tran-
sition point from the wear stabilization period to the wear
acceleration period and then to predict the tool ageing and
avoid its collapse and the machining fail.

A time domain analysis has been carried out using
two scalar indicators; the energy and the mean power of
the IMF1. The variation of these indicators over the entire
tool life highlights the three periods and locates the begin-
ning of the tool ageing. In the frequency domain, a new
indicator was proposed; the amplitude of the peak corre-
sponding to the tool natural frequency. The variation of
this new indicator over the entire tool life also highlights
its three periods and locates the critical transition point.

Finally it is to be noted that the vibratory signa-
ture in the radial direction is the most significant and very
sensitive to the cutting conditions. The most distinguished
wear phenomenon is abrasion that appears by grooving on
the tool flank face. The abrasion is due to pull out of tool
particles by hard particles existing in the machined mate-
rial.
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M. K. Babouri, N. Ouelaa, A. Djebala

APPLICATION OF THE EMPIRICAL MODE
DECOMPOSITION METHOD FOR THE PREDICTION
OF THE TOOL WEAR IN TURNING OPERATION

Summary

Tool wear is one of the factors to consider since
its evolution damages and degrades the surface roughness
of machined material. For this raison, this article proposes
the application of a new time-frequency method, called
Empirical Mode Decomposition, for the prediction of the
tool wear in turning operation.

The proposed method is applied on vibratory ac-
celeration signals measured during the cutting process in
different configurations. The sifting process of the EMD
method decomposes the measured signal into several In-
trinsic Modes Functions allowing its time-frequency analy-
sis. A time and frequency domain analyses have been car-
ried out.

In time domain, the tool wear monitoring is per-
formed by using two scalar indicators; the energy and the
mean power of the first IMF of the EMD decomposition.
The variation of these indicators over the entire tool life
highlights the three periods and allows locating the transi-
tion point between the wear stabilization and the wear ac-
celeration period. The prediction of the tool ageing is then
very clear avoiding its collapse and the machining fail.

In the frequency domain a new indicator, based
on the amplitude of the peak corresponding to the tool’s
natural frequency, is proposed. It has been shown that the
variation of this indicator over the entire tool life is the
same as for the scalar indicators. The three periods are
shown and the critical transition point reflecting the begin-
ning of the tool ageing is clearly detectable.

The experimental results are very promising in
industrial environment for the implementation of online
monitoring system for cutting tool state.

Keywords: Wear; Vibratory signature; EMD; Scalar Indi-
cators, Frequency indicator.
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