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Abstract An effective system for monitoring the wear of the
machine tool inserts could significantly contribute to saving
costs in manufacturing. One of the most recent and popular of
effective monitoring methods revolves around the use of sens-
ing technologies for indirect estimation of tool wear. The sen-
sory information is difficult to collect from machine tools due
to the extremely poor signal-to-noise ratio of the relevant tool
wear-related information because the milling operation is of
interrupted nature since the work piece is in contact with the
tool edge several times per second. Another issue is the vary-
ing thickness of the chip during the penetration of the work
piece. Yet, many challenges still impede the practical applica-
tion of this method for industrial environment. Therefore, the
paper presents a method that could solve these challenges
especially in industrial environment. The proposed self-
powered wireless sensor node is integrated in the structure
of the cutting tool. The voltage generated from the cutting tool
vibrations of the harvester exponentially rises when the capac-
itor is fully charged and wireless signal sent to the receiver. As
the intensity of energy accumulation depends on the state of
the cutting tool wear, it indicates and detects the tool condi-
tion. The proposed technique could be useful for the identifi-
cation of the cutting tool quality and the relative tool-work
piece position. The information about the variation of tool

wear is beneficial for helping the manufacturers to control
the cutting process, to minimize the product cost as well as
to improve the machining quality and efficiency.
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1 Introduction

The dynamics of the cutting process is rather transient, and
hence, the cutting conditions play an important role due to the
considerable effect they have on the stability of the process. In
machining, two categories of monitoring faults can be distin-
guished, namely faults that occur during the cutting process
and the ones developing in the machine tools [1], and they
both disrupt the stability in machining or affect the condition
of the cutting tool. The impact caused by the direct interaction
of work piece material and the cutting tool during machining
could be evaluated by applying the acoustic emission (AE)
sensor. The signal of vibrations caused during metal cutting
is a set of forced, free, periodic, random vibrations [2]. Wear
detection and monitoring during operation are complex and
difficult tasks, especially for materials under sliding condi-
tions [3]. Techniques functioning on the fast Fourier transform
(FFT) or continuous wavelet transform are utilized for feature
extraction. The monitoring of the cutting tool state, during
machining, by placing an AE sensor, together with a 3D ac-
celerometer, on the shank of the cutting tool holder is present-
ed in the study [4]. In this way, the AE sensor estimates the
changes occurring internally, the vibration sensor shows the
external change in the state of the tool and the FFT evaluates
the output of the sensors. Thus, the experiment carried out in
this study suggests that AE and vibration sensors are an
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effective means to observe the state of the tool and various
other occurrences during the cutting process.

The wear of the cutting tool has an impact on its surface
quality, life span and production time [5]; therefore, an online
system, for the measurement and monitoring of the tool wear,
through the application of a low-cost sensor, was developed.
System identifies and analyses the signals of the deflection of
the tool holder due to the cutting force, estimates the resulting
wear of the tool and displays the results on the screen.
Furthermore, article [6] deals with experimental testing of
the cutting ability of exchangeable cutting inserts and the cal-
culations for the comparison of the cutting abilities and re-
cording the tool wear using a microscope. Article [7] describes
the problems of cutting process monitoring in real time and
focuses on the tool wear by means of impedance layers ap-
plied on ceramic cutting inserts.

Wireless sensor networks provide new possibilities to cal-
culate tool wear through vibration monitoring of the work
piece and/or spindle, which was not possible using traditional
wired sensors, for example multi-sensor data fusion tech-
nique. Wireless sensing can also be applied to voltage, current
and AE signals [8], as well as to facilitate a hybrid network of
remote wireless machine condition monitoring sensors and
radio frequency identification tags so that a technician can
safely work using a personal computer [9]. Paper [10] adopts
a more general perspective on the possibilities of using wire-
less sensor networking and nodes in manufacturing environ-
ments. Thus, the analysis therein demonstrates that condition-
based monitoring and predictive maintenance of factory ma-
chinery in particular “open-architecture machining systems”,
could greatly benefit from wireless sensor networks and the
individual wireless sensor platforms in terms of research. The
tests of the case study show a linear relationship occurring
among the tool wear, surface finish and machine tool vibra-
tions. As in modern advanced manufacturing, a smart cutting
tool, essential to the high-precision machining, using two sur-
face acoustic wave strain sensors mounted onto the top and
side surface of the tool shank, respectively, is described in
[11]. This surface acoustic wave-based, smart cutting tool is
capable of measuring the cutting force and the feed force in a
real machining environment. Article [12] presents a novel
smart turning tool using the embedded piezoelectric sensors
for real-time measurement of cutting forces in precision turn-
ing operations.

The authors of [13] predict the chatter in a ball-end milling
operation using an accelerometer and dynamometer. They use
optical method such as laser displacement sensors for vibra-
tion detection in the milling process. The authors of [14] pro-
pose the measurement technique suitable for monitoring vi-
bration, chatter and tool wear in a rotating spindle [15].

For AE, the piezoelectric ceramics due to their high sensi-
tivity and response is most effective. The transducer can detect
stress-wave motions, which affect the material, cause its

dynamic displacement and transform the displacement into
an electrical signal. The AE transducer has a frequency vary-
ing in the range of 20 kHz and 1 MHz, while the meaningful
information of the AE signals in the machining are mostly
above 100 kHz [16].

The application of AE to milling is not very straightfor-
ward, because it is an interrupted cutting operation with the
rotating cutting tool causing shock pulses [17]. However, AE
signals have high frequency and low amplitude, resulting in
some studies focusing on the AE signal transmission system.
However, to estimate the tool wear and breakage in the milling
operation, some researchers use AE transducers directly
mounted on the machine vice [18], on the machine table
[19], on the work piece [20] and even on the main machine
spindle or the cutting tool holder [21]. Paper [22] describes the
application of sound signals for the monitoring of tool wear in
the milling process. A sound signal has also been used by [23]
in the turning process and by [24] in monitoring the milling
process. The authors of [25] also use signals to evaluate cut-
ting process stability. Moreover, [26] describes the use of ul-
trasonics to monitor tool wear during the turning process, but
there has been no report about such a use in milling. The AE
signals with cutting force, current, vibration [27] and laser
techniques [28] give valuable information about the cutting
process.

This paper aims at developing a more explicit system for
monitoring tool condition by applying a self-powered wireless
signal transmission, indicating the tool wear level, and AE
techniques for the identification of treated surface roughness.

2 Self-powered wireless device for the detection
of cutting tool wear

To evaluate the possibility to harvest energy from the rotat-
ing tool [29], it was necessary to develop a receiver and a
special device with an accelerometer and wireless transmis-
sion of signals alimented from batteries. The angular vibra-
tions of the milling tool holder measured directly on the
rotating tool and pronounced periodicity were present in
the acceleration measurements carried out for the end mill-
ing operation. Milling itself is described as an interrupted
cutting process because during each revolution of the cut-
ter, its teeth enter and exit the work piece and they subjected
to an impact force cycle. During this impact, the vibrations
of the tool as well as those of the machine tool are excited.
The amplitudes of these vibrations are considerably lower
between the interrupted cutting periods than during the im-
pact with the work piece. These amplitudes are insufficient
for energy generation, so the most favourable are vibro-
impact accelerations whose sequence intervals depend on
the cutting regimes.
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2.1 Identifying the mechanical part of self-powered
wireless device

Having in mind that tool rotation at 3200 rpm provokes ap-
proximately 100 g eccentric force, the mass of the self-
powered wireless device could influence the disbalance of
the rotating tool. To prevent excessive vibration due to unbal-
ance, three measures were taken—a rotating milling tool was
balanced by counterweight attached to the opposite side of
wireless device, the mass of the wireless device was designed
only of 13.8 g and the used end milling tool was quite stiff.

It was necessary to find an appropriate type of the actuator
capable to harvest a sufficient amount of energy for the wire-
less device to operate. For this reason, in the piezoelectric
transducer, the mass squeezes the piezoelectric material due
to the force resulting from any changes in acceleration or
motion and, in turn, generates an electrical charge. To conduct
this research, the Noliac piezoelectric cantilever CMBP04was
chosen. It is a multi-layered, co-fired piezoelectric transducer
that operates at a low voltage and can be used to transform a
bending moment into an electrical output. The transducer is
usually employed when a low force causes a large displace-
ment [30]. The piezoelectric cantilever is attached to the mill-
ing tool so that its vibration amplitudes coincide with the
cutting direction and at the same time are perpendicular to
the excentric force vector of rotating milling tool. Thus, the
excentric force is bending the piezo cantilever in the maxi-
mum stiffness direction perpendicular to its vibration plane.

Figure 1 demonstrates the full architecture of the wireless
vibration energy generator.

2.2 Identification of the electrical part of the self-powered
wireless device

Generating and storing electrical energy require the elements
of energy generation, transformation, stabilization and energy
storage together with the elements from excessive surge pro-
tection (Fig. 2). Power converter or energy-generating element
1 is an energy converter which transforms mechanical energy
into electrical. All power converters are most efficient at res-
onant regime, where the amount of generated energy increases
from 2 to 100 times. The generated electric power by the
power converter 1 is an AC current; therefore, it requires a
diode bridge 2, which changes the power from AC to DC. For
the diode bridge, Shotky diodes were used because of several
reasons: they are faster and fall on the lower voltage (approx-
imately 0.3 V) and perform better at high frequencies com-
pared to conventional diodes. Element 3 is a Zener diode
which protects against impermissible high voltage. Element
4 is a chip which increases voltage with a voltage stabilizer
depending on the required stabilizedDC voltage which is used
to power the electronics and voltage amplitude generated by

the inverter. Element 5 is an energy storage capacitor, while
element 6 functions as a microcontroller.

To convert electrical energy generated by the energy trans-
ducer to the microcontroller voltage level, a subsystem of
electrical energy conversion was developed. The primary
transducer, piezo generator, converts the energy of mechanical
vibrations into electrical energy, which is variable and must be
of sufficiently large amplitude. The created subsystem func-
tions as a secondary transducer that converts variable voltage
into direct constant voltage, which can be modified. This
transducer was designed using a Linear Technology
LTC3588-1 microchip into which a diode bridge, Zener diode
and AC/DC voltage decreasing converters were integrated.

2.3 Power conversion input and output

Power conversion subsystem performance is shown with re-
moved signals, charging 100 μF capacitor (Fig. 3). When out-
put voltage reaches the target voltage of 2.5 V, the output in-
duces that stabilized voltage does not go out of the constrained
boundaries. This signal is fed to the measuring electronics.

As it is seen from the Fig. 3, the output voltage reaches 6 V
without load and 2.5 V with load. Experimental results have
showed instability of high-amplitude tool vibrations. In order
to increase the efficiency of energy collection from piezo
transducer, the system was improved and Schottky diode
bridge was replaced with an input voltage quadrupler.

Fig. 1 Full architecture of wireless vibration energy generator: 1
cantilever: Noliac CMBP piezoelectric transducer; 2 concentrated
inertial mass for the tuning of resonant frequency; 3 connection unit; 4
controller; 5 electrical energy accumulator; 6 wireless transmitter; Fk(t)
dynamic force, generated by the piezotransducer function; Fp(t) dynamic
force, generated by the cutting tool function
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Cutting is often performed under aggressive conditions
aiming at high rates of material removal, which causes chatter
with excessive cutting force and intensive vibrations at the
cutting place of the tool. Figure 4a shows the architecture of
the wireless sensor node (WSN) embedded into a cutting tool.

During WSN operation, processing and power management
are carried out by using the industrial, scientific and medical
(ISM) radio bands reserved internationally for the use of radio
frequency (RF) energy for industrial, scientific and medical

purposes other than telecommunications and ultra-low-power
(ULP) microcontroller units (MCU) since the power has to be
strictly controlled. The Texas instruments MCU-MSP430, was
ideal for energy harvesting for its characteristics: it has a standby
current of less than 1 μA and an active current of 160 A/MHz, a
quick wakeup time of less than 1 μs, and a temperature sensor
inside; besides, it operates at the range of 1.8–3.6 V common
MCU. After the experimental tests, the developed sensor has
showed that at the beginning of the charging process of the sensor
subsystem (energy converter or processor and radio transmitter),
it goes to an uncertain state—power consumption strongly ex-
ceeds the current generated by the piezo transducer. This stops the
charging process and the sensor is not able to switch to the mea-
suring mode. Advanced sensor architecture with separete ULP
charge detection with reduced energy consumption duringMCU
startup process was elaborated (Fig. 4b). The system only uses
the energy for input voltage until the capacitor is fully charged.
This prototype fully satisfied energy needs for sensor supply and
is capable to transmit information at the distance of 20 m.

Figure 5 shows the general view of the developed wireless
energy harvester prototype.

3 Experimental tests

The experiment was done on a steel work piece with face mill
working regimes: 4—tooth mill feed—0.1 mm/rev, speed—
3200 rpm; depth of the cut—1 mm. Two kinds of mills were
chosen: one was a new mill and the other was worn. These
two mills were expected to show different results: predictably,
the worn mill would have higher resonance frequency ampli-
tudes due to higher vibrations. A simple 1-mm depth, 5-mm
milling edge of the tool on the work piece, with the feed rate of
600 mm/min and 3200 rpm, was chosen, and a “zigzag”mill-
ing principle was applied.

Fig. 2 Components of the energy
recovery and storage device: 1
power inverter; 2 diode bridge; 3
guard element; 4 voltage
conversion and stabilization
electronics; 5 energy storage
element; 6 powered electronics

Fig. 3 Power transducer subsystem signals charging 100 μF capacitor
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The further experiment was organized to show the in-
fluence of the tool wear on the frequency of wireless

information transmission to the receiver (Fig. 6). During
milling operation, piezoelectric harvester was excited by
the mill vibrations and the harvested energy was accumu-
lated by a 100-μF capacitor.

Figure 6a suggests that the maximum output voltage of
the vibration harvester when cutting the new tool is 2 V.
The generated voltage of the harvester was exponentially
rising until the capacitor was fully charged and a wire-
less signal sent to the receiver. The time intervals of
sending the signal amounted to ∼28 s (the signal is
marked in red).

When the tool life comes to an end and its cutting
edge becomes worn out, the signal amplitude of the ac-
celerometers (Fig. 6b) as well as the frequency of wire-
less transmission of the measured results increases while
the time interval decreases by approximately 2–3 times
down to ∼10 s.

For the identification of the wear level of the milling tool,
the industrial wear measuring device Zoller Smile V300 was
used (Fig. 7).

4 Application of wireless sensor for the detection
of milling tool wear in industrial environment

CNC milling machine tool Optimum Optimill F150 (Fig. 8)
was used for machining three types of the most popular in-
dustrial materials: stainless steel 1.0037-St37-2/S235JR, steel
1.4057 and aluminium alloy. A few cutting speeds n and feeds
f were chosen for the experiments, and surface roughness was
measured three times; hence, Fig. 9 provides the average
results.

Parameters for milling surface with new and worn-out tools
are presented in Table 1.

Figure 9 presents the dependence of work piece roughness
on the duration of the harvested energy accumulation process
under different cutting regimes for (a) steel, (b) stainless steel
and (c) aluminium alloy milling.

The experimental results show that the accumulation pro-
cess of the vibration energy harvested by the worn mill is 2–3
times faster compared to the accumulation process from the
newmill independently from thematerial of the work piece. In
contrast, after treatment with the worn mill, the roughness of
the work piece surface exceeds the roughness obtained with
the new mill by 2–3 times.

5 Acoustic emission measurement results
and discussion

Acoustic emission (AE) can be defined as transient elastic
waves developed by rapidly releasing energy from stable
source(s) in a material, or the phenomenon generating such

4 2 31

Fig . 5 Genera l v iew of the e lec t r i ca l energy harves te r
(length × width × depth = 44 × 20 × 18 mm, mass 13.8 g): 1 case; 2
cover; 3 piezoelectric cantilever of type CMBP05 (Noliac A/S,
Denmark), 4 controller with wireless transmitter

Fig. 4 Wireless sensor node design of a smart tool: architecture of the
wireless sensor node (a) and advanced sensor architecture with separate
ULP charge detection (b)
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waves. The best reason of using AE for controlling the
condition of the tool is that the frequency range of an AE
signal does not interrupt cutting, because it is considerably
bigger than the range of the environmental noises and ma-
chine vibrations. According to the results of the research,
AE of the stress waves, derived by abruptly releasing ener-
gy from deforming materials, was effectively applied to
determine tool wear during the milling operations in labo-
ratory tests.

5.1 Measurement of AE signals

The device for measuring AE was elaborated for evaluating
the reliability of vibrational analysis. AE can be described
as non-fixed signals that very often consist of overlapping
transients with unknown waveforms as well as the arrival
time. The biggest problem of processing an AE signal is
obtaining proper physical characteristics, such as tool wear,
when they include variations of frequency and time.
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Fig. 6 Exponentially rising voltage generated by the harvester when milling a steel work piece with the new (a) and worn (b) tools; the time of the
capacitor charge up to 2 V is ∼28 s for the new and ∼10 s for the worn tool
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Fig. 7 Zoller Smile v300 tool
wear measuring device (a), corner
worn-out end milling insert (b)
and its Nikon ECLIPSE LV150
microscope digital picture (×5) (c)
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Fig. 8 Industrial setup for the
experiment: 1 CNC milling
machine tool Optimum Optimill
F150; 2–4 tooth mill D=∅50; 3
electrical energy harvester with
the energy accumulation and
wireless transmitter; 4 work
piece; 5 PC; 6 diagnostic signal
(Wi-Fi) receiver; 7 roughness
measurement device
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Fast Fourier transform (FFT) was used to analyse AE sig-
nals and identify frequency diapasons (Fig. 10).

As milling can be described as an interrupted cutting
process because during each revolution of the cutter, its
teeth enter and exit the work piece, and in this way,
they are subjected to an impact force cycle. It can be
seen from Fig. 10a that the 120-Hz frequency dominates
as a result of mill tooth and work piece material colli-
sion. During this impact, the vibrations of the cutting tool are
excited. When the milling tool is worn out, this signal is
blanketed by the increased noise level (Fig. 10b).
Comparing the noise spectrums of the new and worn mills
(Fig. 9), registered by the microphone placed near the cutting
zone, a 10-dB level difference is evident, which coincides
with the 3 times difference in the amplitudes.

As a result, the dynamic interaction between the work
piece and the cutting tool, self-excited vibrations distort
the quality of the surface and deteriorate the lifetime of
the tool. Moreover, machining process may become less
effective due to the occurring vibrations and may reduce
the capacity of chip removal of the tool. A typical type of
vibrations occurring in the process is regenerative chatter

where varied thickness of the chip causes excitation in the
machine-tool-work piece system. Figure 11 illustrates the
vibrations of the work piece measured by an accelerome-
ter attached to it. Given scans of the vibration, signals
were measured in the radial direction of the milling tool
at 2000 rpm.

Figure 11 clearly demonstrates the increase of work piece
excitation level under the worn mill cutting.

5.2 Ultrasound measurements of the impact of the relative
location of the tool and work piece on the identification
of surface finishing and tool wear

The results of ultrasound measurements were registered
by a crafted sensor of AE, whose general view and
structure are presented in Fig. 12. The sensor of AE
(Fig. 12a) is composed of the housing 1, which has a
disc-shaped piezoelectric actuator 3, electrodes 5, 6, and
wires 7, 8 by which the measured AE signal is trans-
mitted to the measuring device. From the direction of
the acoustic signal, the piezoelectric actuator is
armoured by a ceramic disc 2 and a diaphragm-screen
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Fig. 9 Dependence of work
piece roughness on the duration
of the harvested energy
accumulation process under
different cutting regimes for (a)
steel, (b) stainless steel and (c)
aluminium alloy milling, (d)
marking of cutting regimes
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4, characterised by low damping. From the backside,
the acoustic signal-damping compound 9 is placed en-
suring the sensing direction. The frequency diapason of
the acoustic sensor is from 10 Hz to 2 MHz and its
overall dimensions equal to ⌀16 × 22 mm.

Surface roughness has a significant influence on how
the completed components perform. In milling, the sur-
face quality itself is affected by different technological
specifications, for example the properties of the work
piece and the cutting tool, or the conditions of cutting.

Table 1 Parameters for milling surface with new and worn-out tools

No. Tool condition Cutting data Surface roughness Loading time T, s

Spindle speed n, rpm Feedrate f, mm/min Cutting deep ap, mm 1Ra, mm 2Ra, mm 3Ra, mm åRa, mm

Steel 1.0037

1 New 1000 100 1 0.20 0.16 0.21 0.19 32

2 Worn 1000 100 1 0.58 0.45 0.60 0.54 13

3 New 1000 200 1 0.22 0.18 0.23 0.21 29

4 Worn 1000 200 1 0.58 0.45 0.60 0.54 11

5 New 1000 300 1 0.20 0.16 0.21 0.19 23

6 Worn 1000 300 1 0.64 0.50 0.67 0.60 7

7 New 2000 100 1 0.20 0.16 0.21 0.19 25

8 Worn 2000 100 1 0.62 0.49 0.64 0.58 9

9 New 2000 200 1 0.27 0.21 0.28 0.25 25

10 Worn 2000 200 1 0.62 0.49 0.64 0.58 12

11 New 2000 300 1 0.26 0.20 0.27 0.24 22

12 Worn 2000 300 1 0.75 0.59 0.78 0.70 8

Stainless steel 1.4057

1 New 1000 100 1 0.24 0.19 0.25 0.23 35.2

2 Worn 1000 100 1 0.69 0.54 0.72 0.65 14.3

3 New 1000 200 1 0.27 0.21 0.28 0.25 31.9

4 Worn 1000 200 1 0.69 0.54 0.72 0.65 12.1

5 New 1000 300 1 0.24 0.19 0.25 0.23 25.3

6 Worn 1000 300 1 0.77 0.60 0.80 0.72 7.7

7 New 2000 100 1 0.24 0.19 0.25 0.23 27.5

8 Worn 2000 100 1 0.74 0.58 0.77 0.70 9.9

9 New 2000 200 1 0.32 0.25 0.33 0.30 27.5

10 Worn 2000 200 1 0.74 0.58 0.77 0.70 13.2

11 New 2000 300 1 0.31 0.24 0.32 0.29 24.2

12 Worn 2000 300 1 0.90 0.71 0.93 0.84 8.8

Aluminium alloy

1 New 1000 100 1 0.61 0.48 0.63 0.57 128.0

2 Worn 1000 100 1 1.73 1.36 1.80 1.62 52.0

3 New 1000 200 1 0.67 0.53 0.70 0.63 116.0

4 Worn 1000 200 1 1.73 1.36 1.80 1.62 44.0

5 New 1000 300 1 0.61 0.48 0.63 0.57 92.0

6 Worn 1000 300 1 1.93 1.51 2.00 1.80 28.0

7 New 2000 100 1 0.61 0.48 0.63 0.57 100.0

8 Worn 2000 100 1 1.86 1.46 1.93 1.74 36.0

9 New 2000 200 1 0.80 0.63 0.83 0.75 100.0

10 Worn 2000 200 1 1.86 1.46 1.93 1.74 48.0

11 New 2000 300 1 0.77 0.60 0.80 0.72 88.0

12 Worn 2000 300 1 2.25 1.76 2.33 2.10 32.0
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However, literary sources do not cover the impact of the
relative location of the work piece and tool on the sur-
face roughness of the former or the lifetime of the lat-
ter. That is why the results of the dependence of the
surface roughness on the milling tool position could be
interesting. During face milling, the measurements of
roughness were realized in 1, 2, and 3 positions accord-
ing to the scheme in Fig. 13 and compared to the
acoustic emission measured for the relative mill and
work piece behaviour in the indicated positions
(Fig. 14).

The analysis of AE signals excited by the new
(Fig. 14) and the worn (Fig. 15) milling tools clearly
shows that the most favourable position from the point
of view of possible chatter excitation is related to the
relative tool-work piece location 2, which assures a
higher work piece stiffness under the action of the mill-
ing forces. The test results suggest that the amplitude of
the acoustic signal generated in the work piece material
is more than twice lower for the new mill than for the
worn one. However, the character of the acoustic signal
in the diapason from 20 to 100 kHz is similar for the

new (Fig. 14a) and for the worn tool (Fig. 15a). It is
evident that the cutting forces of the worn tool excite
more intensive vibrations of the work piece, which have
a resonance frequency equal to 10 kHz (Fig. 15a).
According to the fixing scheme of the work piece in
Fig. 13, when the cutting starts (1 position) or ends (3
position), these parts of the work piece could be con-
sidered as cantilever beams, the stiffness of which is
lower than in the case of the 2 position.

This statement was confirmed by measuring the surface
roughness in the indicated points (Fig. 16).

5.3 Identification of the cutting tool precision by acoustic
emission measurement

Acoustic emission measurement could be useful for the iden-
tification of the new tool precision by narrow band envelope
analysis of the raw time waveform from the AE sensor. The
magnitude modulation of the envelope signal can be used as
the fault development indicator. Figure 17 shows the envelope
signal of the tool.

Fig. 10 In case of the new mill
(a), the average noise level is
−65 dB, the frequency of the mill
tooth and work piece material
collision is 120 Hz; in case of the
worn mill (b), the average noise
level is −55 dB, the frequency of
the mill tooth and work piece
material collision is inhibited by
the noise of higher frequencies
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Figure 17 demonstrates that the end mill tooth No. 1 gen-
erates by 50%more intensive signals compared to the tooth in
opposite side of the mill. The reason of this phenomenon is
that the tooth No. 1 is different from the other tooth. From the

given vibrogram, it is possible to judge about the quality of the
new milling tool and to improve it before use. For such an
evaluation, it is necessary to accomplish vibrodiagnostic in-
vestigation on the stand presented in Fig. 18. This stand
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Fig. 11 Vibration signal of the
work piece measured by an
accelerometer KD 91 when
milling with a new (a) and worn
(b) cutting tool

Fig. 12 Structure (a) and general
view (b) of AE sensor: 1 housing;
2 element of acoustic contact; 3
piezoelectric element; 4
diaphragm-screen; 5, 6 the
electrodes of piezo element; 7, 8
cables; 9 compound for the
acoustic signal suppression
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contains not only the sensor of the vibrational level but also an
additional sensor of the mill tacho signal generator. This stand
enables to identify which tooth generates the higher-level
vibrations.

Figure 19 provides the general view of the setup of the
technical state evaluation sensors of the mill.

5.4 Statistical evaluation of a wirelessly unregistered tool
condition on the quality of milling

The cutting conditions in milling directly influence the pro-
duction, which concerns not just time but also quality.
Therefore, finding a suitable compromise among the surface

Fig. 13 Relative positions of the
end mill and work piece during
the measurements
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Fig. 14 Acoustic emission signal in the work piece for the new mill in 1 and 3 (a), 2 (b) positions
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Fig. 15 Acoustic emission signal in the work piece for the worn mill in 1 and 3 (a), 2 (b) positions
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quality, condition and productivity of the cutting tool is one of
the main objectives of the CNC machining centre. The pro-
posed new method for the identification of milling tool con-
dition is based on the excited mechanical vibration energy
transformation to an electrical signal. According to this meth-
od, the accumulation time of harvested energy, which corre-
lates with the cutting tool wear level, depends on such
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Fig. 16 Dependence of the
surface roughness measured at
different relative positions of the
cutting tool-work piece
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Fig. 17 Envelope signal of the
waveform generated by the 4-
tooth face mill (blue curve) and
tacho signal of the rotating mill
(red curve); 1, 2, 3 and 4 signify
the tooth number, which
generates vibrational impulse
when striking the work piece

Fig. 18 Structural scheme of the vibrodiagnostic stand for mill technical
state evaluation: 1 mill axis; 2 mark of tacho signal; 3 mill teeth; 4 work
piece; 5 direction of mill rotation; 6 feed direction of the work piece; 7
shaper of tacho signal; 8 accelerometer; 9 oscilloscope; 10 PC with
vibrodiagnostic analysis software

Fig. 19 General view of the set-up of the technical state evaluation
sensors of the mill: 1 mill; 2 Wi-Fi vibrational level sensor; 3 work
piece; 4 accelerometer BK-310A; 5 transmitter of tacho signal
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parameters as the type of work piece material, speed (rev/min)
and feed (mm/min) of the tool cutting. The proposed experi-
ment of three-factorial influence estimation was carried out to
determine the relative value of the time when the identification
signal, informing about tool condition, is formed and the eval-
uation of the interaction of the parameters. For a statistical
experiment, the results of the three types of work piece mate-
rials (stainless steel 1.0037-St37-2/S235JR, steel 1.4057 and
aluminium alloy), the two levels of cutting speeds (low level
1000 rpm and high level 2000 rpm) and the three levels of the
feed values (low level 100 mm/min, medium level 200 mm/
min and high level 300 mm/min) were used. The interval of
the identification signal, informing about the tool state and the
formation time, is appreciated in seconds. For the statistical

experiment, three-factor two-level analysis of variance
(ANOVA) statistical method was chosen to determine the
experimental results of the dispersion analysis, meaning that
in every population the considered properties are normally
distributed and have the same dispersion. After the disper-
sion analysis, the following results were submitted: the sum
of squares (Sum sq.), their degrees of freedom (d. f.), mean
squares (Mean sq.), F criterion and its p value. If p exceeds
the chosen importance level α, then the null hypothesis is
unquestioned. In other words, the experimental results pro-
vide no basis for claiming that the factor has a reliable
impact on the measured variable. However, if p≤α, then
the null hypothesis is rejected, i.e. the factor has a reliable
impact on the measured variable. The purpose of the statis-
tical experiment is to evaluate if the work piece material,
cutting speed, feed rate and their interplay have influenced
a change in the time interval of the formation of the wire-
lessly transmitted identification signal, updating the tool con-
dition, or if the average differences in the time interval of
identification signal formation are statistically important.
Table 2 gives the results of the analysis of milling.

Table 2 provides the sum squares, their degrees of freedom,
mean squares, F criterion and its p value. It is evident that under
the influence of one factor, i.e. work piecematerial, p value ofF
criterion is less than 0.05, that is why the conclusion that dif-
ferent work piece materials have influenced the time of identi-
fication signal formation is statistically significant. Other fac-
tors and their interactions did not statistically influence the for-
mation time of the identification signal. It is relevant to have the

Table 2 Results of variance analysis of the milling process

Analysis of variance

Source Sum sq. d. f. Mean sq. F Prob > F

Material 5299.55 2 2649.78 18.82 0.0092

Cutting speed 297.68 1 297.68 2.11 0.2196

Cutting feed 177.78 2 88.89 0.63 0.5777

Material*speed* 139.36 2 69.68 0.49 0.6426

Material*feed 83.23 4 20.81 0.15 0.9545

Speed*feed 1203.25 2 601.56 4.27 0.1017

Error 563.97 4 140.81

Total 7763.97 17

* used to mark means reciprocity
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material=3

material=2

material=1

mean

Fig. 20 Comparison of the
marginal mean of thematerials for
the milling operation

Int J Adv Manuf Technol (2017) 88:2803–2817 2815



information about both the pairs of means that are considerably
distinct and those that are not, so a multiple comparisonmethod
was applied as a test that provides such information. Figure 20
presents a multiple comparison of marginal means of the pop-
ulation and suggests that the marginal mean of material 3 is
significantly different from those of material 1 and material 2.

In this case, material 1 and material 2 are stainless steel and
steel, the physical and mechanical properties of which are
approximate similarly as the marginal mean of the identifica-
tion signal formation time, while material 3, aluminium alloy,
that has different properties of marginal mean.While marginal
mean of the materials are considerably different, from the
analysis, it is evident that the influence of different work piece
materials on the identification signal time interval is statisti-
cally significant. Therefore, it is essential to compose the de-
pendence of identification signal formation time interval on
the physical properties of the material and their machinability
parameters. Thus, the operator will be obliged to indicate only
the code of work piece material as the distinguishing feature.

6 Summary and conclusions

The use of sensors in machining provides significant informa-
tion about tool conditions, including tool wear, breakage and
chatter, which influence the quality of the machined surface
and production time. In order to apply in industry, a low-cost,
small in size, robust, non-invasive and interfering technique
with the working space is proposed. The value of this technol-
ogy can be realized when reliable sensors are deployed in
milling operations with rotating tools using wireless data
transmission systems. The implementation of innovative sen-
sors and their integration into technical condition monitoring
systems considered as a research challenge in the future to
enhance machining systems and their operations.
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