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This paper presents an experimental evaluation of cutting tool wear based on vibration signals to study the wear
development of the cutting tool insert in order to increase machining performance. To achieve this purpose, tool
life tests according to ISO standard 3685 have been performed in turning operation under dry cutting conditions.
The wear development was studied for thirty cutting tool inserts selected from the same production batch, and used
in strictly identical experimental conditions for a statistical study. The vibration signatures acquired during cutting
processes have been analysed and contrasted using three signal processing techniques: statistical, temporal and
spectral analysis. Results have shown that the dynamic characteristics of tool vibration changed with cutting tool
wear development. Furthermore, this vibration analysis exhibited a strong correlation, during machining, between
the evolution of flank wear land and vibration responses.

1. INTRODUCTION

In the machining process, the quality of the workpiece, like
dimensional accuracy and surface roughness, depends mainly
on the state of the cutting tool. Monitoring of the cutting
tool condition therefore plays a significant role in achieving
consistent quality and controlling the overall cost of manufac-
turing. High performance machining consequently requires a
good evaluation of the cutting tool wear.1 A wide variety of
sensors, modelling, and data analysis techniques have been de-
veloped for this purpose.2–4 In general, the cutting tool wears
on the two contact zones, and the wear phenomenon appears in
several forms, such as flank wear, crater wear, chipping, etc.5

These forms depend essentially on cutting tool characteristics,
workpiece material, cutting conditions, and types of machin-
ing.6 Crater wear occurs on the rake face of the tool (see Fig. 1)
where the chip moves with a frictional force under heavy loads
and high temperatures, leading to wear. Crater wear is usu-
ally avoided or minimized by selecting cutting conditions and a
cutting tool that does not have an affinity for diffusion with the
workpiece material. Flank wear is caused by friction between
the flank face of the cutting tool (see Fig. 1) and the machined
workpiece surface. At the tools flank-workpiece interface, tool
particles adhere to the workpiece surface and are periodically
sheared off. This leads to the loss of cutting edge and affects
the dimensional accuracy and surface finish quality. An estab-
lished industrial standard on tool wear is ISO 3685 (1993).7

Figure 1 shows the typical tool wear profile according to this
standard. In this figure, the wear of the major cutting edges of
the tool can be divided into four regions:

• Region C is the curved part of the cutting edge at the tool
corner, which marks the outer end of the wear land;

• Region B is the remaining straight part of the cutting edge
between Region C (consisting of uniform wear land);

• Region A is the quarter of the worn cutting edge length
farthest away from tool corner;

• Region N extends beyond the area of mutual contact be-
tween the tool workpiece for approximately 1 to 2 mm
along the major cutting edge. The wear in this region is
of the notch type and contributes significantly to surface
roughness.

Under normal machining conditions, flank wear is regarded
as the most preponderant. According to ISO 3685 (1993), mea-
surement of the width of flank wear land (VB) is the most com-
monly used parameter to evaluate cutting tool lifespan.5, 6 If
the profile is uniform, the tool can be used unless the average
value of VB is greater than 0.3 mm. For uneven wear, the max-
imum wear land width (VBmax) should be less than 0.6 mm.

The development of this wear form on the cutting tool is not
a random phenomenon. A typical evolution of flank wear land
(VB) with cutting time for different cutting velocities is shown
in Fig. 2.5 The curve can be divided into three zones during its
lifetime:

• Initial wear zone, where the initial flank wear land is es-
tablished (primary wear zone);

• Steady wear zone, where wear progresses at a uniform
rate (secondary wear zone);

• Accelerated wear zone, where wear occurs at a gradually
increasing rate (tertiary wear zone).

Generally, the evaluation of cutting tool wear can be made
in two ways: direct and indirect methods. The direct meth-
ods involve measuring the state of tool wear by the classi-
cal vision or optical systems such as CCD-based cameras,
equipped optical microscopes, and/or white light interferom-
eters.8, 9 These methods have an advantage of measuring exact
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Figure 1. Progressive tool wear geometry according to ISO standard 3685
(1993).

Figure 2. Evolution of flank wear related to cutting time (Altintas, 2000).

geometric changes due to wearing of the cutting tool. How-
ever, these methods require production to stop for the evalu-
ation of the cutting tool wear, and in most cases it is too late
to limit its effects. The indirect methods are achieved by the
correlation of suitable sensors to cutting tool wear.10 In this
case, the cutting tool wear is not obtained directly, but esti-
mated from the signal of the measurement feature. The fea-
tures are extracted through signal processing techniques for
evaluating its corresponding wear state. Direct and indirect
methods, discussed in the work by Byrne, et al.,11 are based on
tool wear measurement using various tool wear sensors, radio
isotopes as tracers, chemical analysis of tool particles carried
by chips, detection probe microscopes, and weighing of the
tool before and after machining,12 acoustic emissions,13 cut-

Figure 3. Machine tool used, data acquisition system, directions and localiza-
tion of a tri-axial accelerometer mounted on tool holder.

ting forces,14, 15 optical displacement sensors,16 spindle cur-
rent,17 strain measurements,18 tool vibrations,2, 18, 19 etc. But
many of them are difficult to implement in the real-time moni-
toring of a production system. However, sensing accelerometer
signals from the cutting process is one of the most promising
methods. The wide range of techniques available for charac-
terizing the tool wear, either during the machining process or
after, indicates that no technique has gained widespread ac-
ceptance, either in research or in industrial practice. This is
not surprising, since it is clear that each method suffers from
numerous disadvantages. The final decision on what method is
appropriate for a particular application rests with the user.

In this context, a collaboration project between a world
leader in cutting tool insert manufacturing and our laboratory
was carried to develop a reliable and applicable evaluation
based on vibratory analysis to characterize in terms of wear
a new cutting tool insert. In this study, the vibratory signatures
produced during the turning process and acquired by a tri-axial
accelerometer, mounted on the tool holder, were analysed us-
ing three signal processing methods: statistical analysis, time
domain analysis, and spectral analysis. The selected process-
ing methods are simple to operate in an industrial environment,
and do not require protracted computing time. The results is-
sued from vibratory analysis were compared with the off-line
direct control of cutting tool wear and contrasted in a sensitiv-
ity matrix.

2. METHODOLOGY

2.1. Experimental Set-up and Data
Acquisition

2.1.1. Machining Details

In this study, experiments were conducted for the turning
process, and the machining operations have been achieved on
a 2.4 kW power SOMAB model 500 lathe (CNC), as shown in
Fig. 3. The cast iron workpiece material chosen was an AISI
CL 40 gray iron for its good machinability, wear resistance,
and vibration damping capacity. The cutting tool insert was
made by Safety Company of the ISO CNMG 1204 08 with
a MT-CVD inner coating (TiCN/Al2O3/TiN multilayer struc-
ture) and mounted on ISO DCLNL 2525M12 tool holder.

Cutting operations were performed in dry conditions (with-
out applying coolant). All cutting experiments were performed
under the following cutting conditions according to manufac-
turer recommendations and held under the same cutting condi-
tions in order to examine the experimental repeatability: cut-
ting speed Vc = 340 m/min, feed rate f = 0.18 mm/rev, and
depth of cut ap = 1.5 mm.6, 20
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Figure 4. Binocular optical microscope of flank wear insert after machining 1
minutes: (a) 8 minutes (b) and 11 minutes (c) of tool life (4× magnification).

2.1.2. Flank Wear Measurement

Tool life tests according to ISO 3685 (1993) were per-
formed.7 The assessment of flank wear is accomplished by
its direct measurement. From the first use up to the end of
its lifespan, the cutting tool state was controlled over regular
intervals (after each cutting test). Tool wear was measured
carefully using a modern CCD Camera linked to a binocular
optical microscope for the picture acquisition in an integrated
desktop PC with a commercial digital image processing soft-
ware installed (AnalySIS). A high resolution picture (768 pix-
els × 576 pixels) of the flank face at 4× zoom was taken and
imported into AnalySIS software, in order to further measure
VB. Wear measurements were made along the length of the
active cutting edge. Each test was repeated three times, and an
average was calculated to ensure precision and repeatability, as
shown in Fig. 4.

A specific optical technique based on white light interferom-
etry is a modern technique for accurately and precisely mea-
suring the 3D surface of the cutting tools. This technique
uses the vertical scanning interferometer (VSI) performed on a
Wyko NT-2000 optical profiler. To evaluate the degree of tool
wear, the mean of the flank wear width (VB) was measured by
scanning the major flank (scanning size is 0.60 × 0.46 mm2),
as illustrated in Fig. 5 below.

2.1.3. Accelerometer Data Acquisition

In order to study the correlation between tool vibration and
tool wear, it is necessary to first analyse how tool vibration
acts on a machined workpiece. As mentioned by Tobias21 and
after by Thomas, et al.,22 the variation of cutting forces gener-
ated when the tool and workpiece come into contact produce
significant structural deflections. Consequently, the chip thick-
ness varies in proportion to the tool deflection x(t). Assuming
a simple model, the vibration of the tool structure may be de-
scribed by the following dynamic equation:

mẍ(t) + cẋ(t) + kx(t) = f(t); (1)

where m, c, and k are the effective mass, damping, and stiff-
ness, respectively, of the tool structure. The tool deflections
x(t) are obtained by measuring the acceleration amplitudes on
the tool during the machining process, using a B&K tri-axial

Figure 5. 3D interferometer scanning of new insert (a) and worn insert (b).

Figure 6. 3D interferometer scanning of new insert (a) and worn insert (b).

piezoelectric accelerometer (type 4520) with a sensitivity of
1.032 mV/ms−2 according X direction, 1.067 mV/ms−2 ac-
cording Y direction, and 1.045 mV/ms−2 according Z direc-
tion. This accelerometer was fixed on the tool holder, to be in
the fixed part of the machine and near of the cutting area, as
shown in Fig. 3.

All vibratory signatures produced during the dry turning
process were measured in real time, recorded, and analysed
with a B&K Pulse Multi-channel analyser connected directly
to the desktop PC in the three directions: the axial or feed-
ing direction (Z), the tangential (to the rotating workpiece) or
cutting direction (Y), and the radial direction (X), as shown in
Fig. 6. This generates a large number of features, which was
helpful to acquire maximum information about the cutting tool
wear.

Signals issued from the accelerometer were acquired for a
70 seconds (including 60 seconds of cutting time) and sam-
pled at 16,384 Hz. Each signal contained 1,146,600 samples.
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Collected data were stored directly on the PC hard drive. Sig-
nal processing methods were performed from raw data using
our interactive MATLAB interface.

2.2. Signal Processing Analysis
Exploiting vibratory signals acquired during machining al-

lows the estimation of the cutting tool wear and the follow-up
of its evolution by calculating several parameters. Three sig-
nal processing techniques based on statistical analysis (vari-
ance), time domain analysis (envelope), and spectral analysis
(smoothed mean periodogram) are chosen to evaluate a flank
wear from accelerometer data. These techniques are very com-
mon and do not require qualified personnel or investment in ex-
pensive equipment. The sensitivity matrix will compare these
methods.

2.2.1. Statistical Analysis

The variance σ2 of the accelerometer signal recorded xq
such as xq[n] = (xq(1), xq(2), xq(3), , xq(N)), where n is a
sample and N is the number of samples obtained at periodic
time intervals of T seconds, maintains the relevant informa-
tion about the process and tool conditions. It is defined by:

σ2 = E[x2q]− (E[xq])
2. (2)

2.2.2. Time Domain Analysis

The time domain method described below provides a rapid
quantification of the tool wear during the turning process. The
envelope represents the slowly varying features of the signal
and is calculated from the magnitude discrete-time analytic
signal modulus |Zq|, defined by:

Zq = xq + jx̃q; (3)

where a real part xq is the original data, and the imaginary part
x̃q contains the Hilbert transform of the signal implemented in
a MATLAB as function “hilbert()“.

In fact, the analytic signal Zq for a sequence xq has a one-
sided discrete Fourier transform — that is, negative frequen-
cies are zeros. To approximate the analytic signal, Hilbert cal-
culates the Fast Fourier transform (FFT) of the input sequence,
replaces those FFT coefficients that correspond to negative fre-
quencies with zeros, and calculates the inverse FFT of the re-
sult. Recall that the convolution kernel h[n] for the transfer
function of the Hilbert transform can be calculated through the
inverse Fourier transform:23

h =


2

π

sin2(πn)

n
, n 6= 0

0, n = 0

. (4)

The analytic signal is useful as an estimates for the amplitude
envelope A of the signal xq in discrete-time domain. Notably,
it was used to evaluate the tool wear from onset to the ending
of tool life.

2.2.3. Spectral Analysis

The simplest way to determine the frequency domain infor-
mation is by using the Fast Fourier Transform (FFT) of the

Figure 7. Lifespan of thirty cutting tool inserts used in experiments.

measured signal. But more advanced statistical signal process-
ing techniques, such as computing the smoothed mean peri-
odogram so-called power spectral density (PSD) with Welchs
method,23 can yield better results. In spectral domain, the PSD
SX(f) of the signal X(t) is determined by the relation:

where CX(τ)is the correlation function of X(t), and g(τ) is a
Hanning window.

3. RESULTS AND DISCUSSION

3.1. Tool Wear Control
As expected, the experimental results showed that the dom-

inant tool wear was the flank wear (VB). Damage observed on
the rake face, such as width and depth of crater wear, indicates
that the crater wear was not affected by wear mechanisms ex-
cept some frictions due to chip contact during cutting process.
It is relatively weak comparing to flank wear (VB) in accor-
dance with the other studies used in this paper, and therefore
the chosen criterion of tool life is the flank wear.

In accordance with the ISO Standard 3685, an average width
of flank wear land (VB) of 0.3 mm (considered to be regu-
larly worn) is adopted for the tool life criterion, as shown in
Fig. 5(b). For the same insert, if the criterion is not achieved,
the tests continue in order to provide wear data for use in
the wheel wear evaluation procedure, as shown Figs. 4(a) and
(c). Then, experiments were stopped when flank wear (VB)
reached or exceeded the value of flank wear limit. Figure 4(c)
shows the flank wear after the eleventh cutting passes. It can
be seen that the flank wear was quite severe. The list of all ex-
periments in which the flank wear limit is measured is shown
in Table 1.

3.2. Dispersion Analysis
The result obtained shows that although the cutting tool in-

serts belong to the same production batch and are used under
the same experimental conditions, their end of lifetime varies
from 4 to 13 minutes, which shows the complexity of the phe-
nomenon of wear in an industrial context and the manufactur-
ing process dispersion.

In accordance with the results given in Table 1, the lifespan
dispersion of the same thirty cutting tool inserts studied in the
same conditions is shown in Fig. 7.

From the representation shown in Fig. 7, the thirty cutting
tool insert lifespan dispersion could be divided into four prin-
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Table 1. List of all experiments.

Insert Machined work- Machined Time Flank wear
piece diameter length limit limit

No [mm] [mm] [min] [mm]
1 185 105.30 13 0.31
2 182 107.04 13 0.30
3 179 108.83 12 0.32
4 176 110.69 13 0.40
5 173 112.60 13 0.40
6 170 114.59 11 0.40
7 167 116.65 11 0.32
8 164 118.78 11 0.60
9 161 121.00 11 0.30
10 158 123.29 11 0.37
11 155 125.68 12 0.40
12 152 128.16 11 0.41
13 149 130.74 12 0.74
14 146 133.43 11 0.71
15 143 136.23 10 0.57
16 140 139.15 11 0.62
17 137 142.19 11 0.64
18 134 145.38 4 0.40
19 131 148.71 11 0.60
20 128 152.19 11 0.40
21 125 155.84 10 0.40
22 122 159.68 11 0.42
23 119 163.70 10 0.34
24 116 167.94 12 0.52
25 113 172.39 10 0.32
26 110 177.10 11 0.55
27 107 182.06 12 0.41
28 104 187.31 11 0.60
29 101 192.88 11 0.53
30 98 198.78 10 0.40

cipal duration groups: 10, 11, 12 and 13 minutes (an insert
which lasted 4 minutes was considered an anomaly and was
not taken into account in this study).

3.3. Flank Wear Analysis
Flank wear evolution was tracked by plotting a mean of flank

wear width (VB) versus cutting time, as illustrated in Fig. 8,
for each group. It was observed that the flank wear propaga-
tion was almost linearly related to the cutting time and then
increased again quite rapidly, indicating that the severity of
degradation was increased until tool collapse.

In order to provide wear data for use in the wheel wear eval-
uation procedure, the tool life was split into three regions (see
Fig. 8). It can be clearly seen that the wear trend obeys the
universal wear law of any mechanical workpiece (initial wear
zone, steady state wear zone, and accelerated wear zone), ac-
cording to the research referenced in this study (see Fig. 2).

Indeed, the wear-time diagram shows that it is possible to
distinguish the three domains for all groups: initial wear phase
of the insert, from the first experiment up to the 3rd experi-
ment; a wear stabilization zone where the flank wear increase
uniformly, from the 3rd experiment up to the cutting time be-
tween 8th and 10th experiment; and finally a tool wear accel-
eration phase where the wear rate increases rapidly, crossing
the exceeded value of flank wear. Furthermore, all cutting tool
inserts had the same behaviour before reaching the wear ac-
celeration. Each group was characterized by its own local and
specific stabilization/acceleration transition. However, using
the direct control, all these transitions could be localized be-
tween 9 and 10 minutes of cutting time. In the following sec-
tion, the application of signal processing methods is shown,

Figure 8. Flank wear (VB) according to the cutting experiment for each insert
group.

which can be used to precisely determine the flank wear. This
is helpful in industrial applications to predict the end of tool
life and preserve a good quality of the product.

3.4. Signal Analysis
The evaluation of the cutting tool wear development was

conducted by analysing the vibratory signature generated dur-
ing the dry turning process. The estimation of the cutting tool
wear was obtained by calculating three signal processing anal-
yses: variance (Fig. 9), envelope (Fig. 10), and PSD (Fig. 11),
in order to be considered as tool wear indicators in real time
monitoring strategies.

3.4.1. Variance and Tool Wear

In Fig. 9, the Y-direction is difficult to exploit because of
high levels of the recorded signal. In the X- and Z-directions,
the evolution of the variance from the beginning to the end
of machining is very close; all the groups have the same be-
haviour. The transition, or collapse, can be estimated at the
10th minute. From this state, each group has its own evolution
up to the end of the tool life. In fact, as the flank wear in-
creased, the variance increased gradually. Hence, the variance
can be used as a significant parameter for the evaluation of the
cutting tool wear.

3.4.2. Envelope and Tool Wear

As for the variance, the levels recorded in the Y-direction
for the envelope parameter were raised and did not allow us
to establish a correlation with the cutting tool wear. The evo-
lution of the envelope according to the X-direction was most
sensitive to the deterioration of the tool state. The three con-
ventional phases of tool wear (initial wear zone, stabilization
wear zone, and acceleration wear zone) could be distinguished.
It can be seen that the envelope increased gradually as the flank
wear. Consequently, the envelope can be used as a significant
parameter for the evaluation of the cutting tool wear. Finally
for this method, of the three directions, X-direction seems to
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Figure 9. Variance versus experiments for each insert group.

be the most adapted direction to the evaluation of the wear of
the cutting tool.

In addition, for both statistical and temporal analysis, the
level of the group of 13 minutes is definitely different from the
other groups, whereas the tests were strictly identical, and the
measuring chain has been the same during all the tests (same

Figure 10. Envelope versus experiments for each insert group.

sensor, same cable, same analyser, same process, and same
configuration). This shows the complexity of the manufac-
turing process phenomenon. It can be noted that the groups
having longest tool life were also those having the lowest ac-
celeration level.
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Figure 11. PSD vibration spectra vs experiments for each insert group, respectively, according to X-direction.

Figure 12. PSD vibration spectra vs experiments for each insert group, respectively, according to Y-direction.
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Figure 13. PSD vibration spectra vs experiments for each insert group, respectively, according to Z-direction.

3.4.3. PSD and Tool Wear

In order to characterize the evolution of vibratory energy
according to the cutting tool wear, the PSD vibration spectra
(waterfall plot) is respectively represented in Figs. 11, 12 and
13, respectively in X-, Y-, and Z-directions.

In these figures, it was possible to visualize the amplitude
variations and their corresponding frequencies, and the two
frequency bands (one to 4200 Hz and the other to 5100 Hz)
were distinguished quite clearly. A third frequency (2600 Hz)
is slightly visible in X-direction of the 11 minutes group
(Fig. 11). A previous modal analysis of the cutting tool (tap
test) has shown that these three frequencies correspond to the
first three natural frequencies of the cutting tool. These fre-
quencies increased steadily, peaking before falling just before
the tool collapse.

As illustrated in Fig. 12, the Y-direction imposes the high-
est levels when compared to the others directions, which is
in agreement with the research used in this paper, because it
corresponds to the direction of cut where the cutting energy
is highest. The magnitude of vibration is higher in the main
cutting Y-direction than that of the radial X-direction.

The evolution of these PSD according to the X-direction of
acquisition was significant to the deterioration of the tool state.
The three conventional phases of tool life (initial wear zone,
stabilization, and acceleration of wear) can be distinguished.

Finally, it is clear that the amplitude of vibration increases
steadily with increasing flank wear, as it was established for
the variance or envelope analysis.

Table 2. Sensitivity matrix of vibration components.

Vibration components
Criteria X-Direction Y-Direction Z-Direction
Variance 3 1 2
Envelope 3 1 1
Power Spectral Density 3 1 2
Total 9 3 5

3.4.4. Comparative Evaluation of Signal Processing
Methods

For the best performance evaluation of the three adapted sig-
nal processing methods used, a sensitivity criterion to tool wear
was obtained by building a sensitivity index table. Table 2 was
constructed using the following score: 3 = most sensitive; 2 =
moderately sensitive; 1 = least sensitive; and 0 = not sensitive
at all.

All the components of the vibratory signal were sensitive
to flank wear, but the X-Direction component was the most
sensitive, regardless of the cutting conditions, to all the adapted
signal processing used, i.e. the variance, envelope, and power
spectral density.

4. CONCLUSIONS

The present study investigates the use of vibration measure-
ment to perform the evaluation of cutting tool wear during the
dry turning process. To achieve this objective, tool life tests ac-
cording to ISO standard 3685 were conducted. The flank wear
width of the cutting tool insert was measured using a binocular
optical microscope and a 3-D optical profiler after each ma-
chining. Thirty inserts used under the same experimental pro-
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tocol were classified into four groups associated with different
lifespans, which demonstrated the complexity of the wear phe-
nomenon in an industrial context.

Generally, all cutting tool inserts had the same behaviour
according to the tool life law. The level progressively increases
with the time of machining. The cutting tool wear may be split,
then, into three regions as expected.

From accelerometer data acquired during the dry turning
process, three signal processing analyses based on the calcu-
lation of the variance, the envelope, and the smoothed mean
periodogram of the signals were evaluated. This demonstrated
that the variance, the envelope, and the smoothed mean peri-
odogram were relevant parameters for the evaluation of the cut-
ting tool wear from accelerometer data in the X-direction. For
any parameter selected, each group respects a certain order. In-
deed, the groups which last longest are those whose vibratory
level is lowest. In addition, the highest levels were obtained
in the cut direction in agreement with the studies used in this
paper. Finally, a sensitivity criterion was proposed to choose
the most sensitive direction for signal processing analysis from
accelerometer signals.
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