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Abstract The newly developed multi-sensor system for a
milling process sensor system is capable of simultaneously
measuring six channels of machining signals using a rotating
tool incorporating a wireless system. Furthermore, the system
can be used to measure the spindle torque, Tq; tool vibration in
the z-axis, Az; tool tip temperature, Tm and the three compo-
nents of the cutting force. Cutting force signals are generated
by using a cross-beam-legged transducer embedded in the
standard milling tool holder. A mini accelerometer is placed
under the force transducer, whereas a thermocouple is posi-
tioned under a cutting tool insert close to the cutting edge. All
signals are collected and sent to the data logger system via an
inductive wireless transmitter unit incorporated into the stan-
dard rotating tool holder. The calibration, verification and real
experimental machining test results reveal that the sensor sys-
tem is both suitable and reliable for measuring machining
signals. The measured signals are found to be importantly
related to changes in the flank wear state. Therefore, this sys-
tem can be used for real-time tool condition monitoring in the
milling process.

Keywords Multi-sensor system .Machining signal
measurement . Cutting force . Torque . Vibration .
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1 Introduction

Manufacturing industries are moving towards the adoption of
fully automated systems, not only to control equipment but as
an effective means of meeting current and future market de-
mands. One of the principal issues in the automation of ma-
chining processes is the implementation of a reliable and effi-
cient system to monitor tool conditions. Using such systems
has reportedly increased productivity levels by 10 to 50%, and
consequently increasing savings up to 40% [1]. The basic
concept behind a tool condition monitoring system is in the
acquisition of real-time information regarding the state of the
cutting tool during machining operations. Any changes or
alterations in the state of the cutting tool will cause different
symptoms and information to result. Therefore, in detecting
these symptoms, the sensor system is very important to enable
the variety of signals generated during the machining process
to be observed. These signals include the cutting force, torque,
vibration, acoustic emission, sound pressure, temperature, and
the current or spindle power [2, 3]. Hence, the development of
a suitable and effective sensor system for a machining process
monitoring system continues to be a major challenge.

The most popular signal in the milling process for a tool
condition monitoring system is the cutting force [1–4]. Based
on the literature, most researchers used the table dynamometer
to measure the cutting force. However, it should be pointed
out that a commercial dynamometer is deemed to be unsuit-
able for use in monitoring systems for industrial processes
given the excessive costs involved. While previous re-
searchers [5, 6] fabricated an alternate dynamometer based
on a strain gauge, the use of this tool is limited to the labora-
tory environment due to the weaknesses in the geometry and
dimensions of the workpiece to be cut. Furthermore, a table
dynamometer has limited capability, including signal drift
when measuring static forces [7]. Nevertheless, commercial
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table dynamometers continue to be used for fundamental stud-
ies on machining research because they provide highly accu-
rate cutting force readings.

Utilising a power or a current signal has been used to mon-
itor the cutting tool in the milling process [8]. However, a
power signal is strongly influenced by the viscous damping
feed system and the friction of the mechanical system in mill-
ing machine components. The sound signal is also used by
monitoring systems to measure the intensity of sound via a
microphone [9]. However, such systems exhibit weaknesses
when perceiving sound signals because they tend to capture
and record all sounds, including noise, the sound of coolant
flow, the noise of workshop environment and other parallel
machining operations, which filter into the sensor. Vibration
and acoustic emission signals can be detected directly by
using a piezoelectric sensor placed on a workpiece [10].
However, the quality of the signal is often unstable as the
distance between the cutting zone and the sensors are con-
stantly changing during milling operations because of the rel-
ative movement of the tool holder in three axes during the
cutting process. Furthermore, the cutting tool holder rotates
such that the measurement becomes impossible when a sensor
wire-based system is placed on it.

Therefore, a wireless system is possibly the only solution
that can address the limitations of sensor systems, which are
not able to be placed on the tool holder. Such a system would
enable the sensor to be placed as close as possible to the
cutting zone, even in the rotating tool holder used during the
milling and drilling processes. In this way, the sensors used to
measure temperature can be directly placed onto the cutting
tool, thereby addressing limitations in vibration measurement
associated with the effects regarding irregular and inconsistent
distances from the cutting zone [11]. Previous studies have
used a wireless system to acquire the machining signal.
Suprock et al. [12] developed a wireless vibration sensor sys-
tem for non-invasive integration into milling tool holders to
detect the onset of regenerative chatter. Coz et al. [13] and
Kerrigan et al. [14] proposed a temperature measurement sys-
tem for rotating cutting tools where they incorporated a wire-
less transmitter unit into a tool holder, near to which a radio-
frequency antenna was placed. Totis et al. [15] developed a
rotating dynamometer capable of measuring individual cut-
ting edge forces during face milling. The device was based
on piezoelectric tri-axial force cells installed behind each cut-
ting insert, where a wireless telemetry system transferred the
signal. In a separate study, Ma et al. [16] proposed a wireless
system for torque measurement in the milling process using a
piezoelectric film attached to the tool shank.

Recently, several innovative rotating dynamometers have
been developed such as by Rizal et al. [17], where they devel-
oped a rotating dynamometer using a cross-beam force trans-
ducer for measuring the cutting force in three directions. Qin
et al. [18] proposed using a dynamometer to measure the axial

force and torque in the milling process. Xie et al. [19] also
developed a rotating dynamometer using capacitive sensors
placed on the modified tool holder. However, these proposed
systems only measured cutting force components.
Furthermore, when these systems are used for condition mon-
itoring via the multi-sensor to improve the precision, more
equipment is often required to collect the data from the various
sensors. As a result, the costs associated with the sensor sys-
tem increase and the sensor wires become entangled in the
machine zone.

This paper focuses on developing an embedded multi-
sensor system on a rotating tool that is capable of simulta-
neously measuring torque, vibration, temperature, and three
components of cutting force within a wireless environment. A
rotating dynamometer for cutting force measurement was pro-
posed in a previous study [17]; however, this system was
limited to theoretical stress-strain analysis and a dynamic test.
So, in this work, a mini accelerometer, thermocouple and
strain gauges are integrated for torque measurement into a
strain gauge-based rotating dynamometer.

2 Development of a multi-sensor system
on the rotating tool

2.1 Measurement principle

When the milling cutter cuts the workpiece material, it will
generate the cutting force, torque, vibration, and heat on the
tool’s edge. The cutting force components based on the rotat-
ing coordinate system are shown in Fig. 1. The main cutting

Fig. 1 Components of cutting force in face milling
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force, Fc, acts in the direction of the spindle rotation, n and the
cutting speed, vc. On the other hand, the perpendicular cutting
force, FcN, is in the direction towards the centre of the tool
holder. The vertical interaction between the milling cutter and

the workpiece causes a reactive force to occur regarding the
thrust force, Ft. In the fixed coordinate system, the feed force,
Ff, occurs when the tool holder moves forward of the work-
piece. The relationship of the cutting force components in the
rotating and fixed systems can be expressed by the following
eqs. [17]:

Fc ¼ F f cosφþ FfN sinφ ð1Þ
FcN ¼ F f cosφþ FfNcosφ ð2Þ
Fx ¼ F f ð3Þ
Fy ¼ FfN ð4Þ

Fig. 2 Designed and constructed of force transducer

Fig. 3 Positioning of strain
gauges on the tool holder shaft for
torque measurement

Fig. 4 Disassembled view of the sensor structure system
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Fz ¼ Ft ð5Þ
Fa ¼ F2

c þ F2
cN ¼ F2

x þ F2
y ð6Þ

In detecting the three components of the cutting force dur-
ing milling, a force transducer was designed and constructed
as shown in Fig. 2, which was used and discussed for the
development of a rotating dynamometer in the previous study
[17].

The rotation of the spindle milling machine will generate
torque as the machine operates, which creates stress on the
surface of the tool holder shaft. Torque can be detected using
strain gauges mounted on the tool holder, as shown in Fig. 3.
Given that stress caused by torque T occurs on the surface of
the shaft, the maximum shear stress occurring on the surface
of the round shaft can be written as

τ ¼ Tr
J

ð7Þ

where J is the polar moment of inertia (J = πd4/32 for the solid
shaft), such that Eq. (7) becomes

τ ¼ 16T

πd3
ð8Þ

Based on Hooke’s law, the shear stress and shear strain are
linear, such that

τ ¼ γG ð9Þ

whereG is the modulus of rigidity or shear modulus, and γ is a
shear strain. By replacing the shear stress in Eq. (8), the torque
can be obtained by applying Eq. (10):

T ¼ πd3G
16

γ ð10Þ

The torque is measured by attaching strain gauges (350 Ω)
to a standard tool holder of the milling process. The tool hold-
er material is 20CrMnTi (E = 225.5 GPa and v = 0.3) with a
diameter shaft of 40 mm.

In fabricating the proposed multi-sensor system, an accel-
erometer and thermocouple were used to measure tool vibra-
tion and temperature. Figure 4 shows a modified structure that
was designed and constructed to enable the placement of the
sensor system on the tool holder in a wireless system environ-
ment. A single-axis PCB accelerometer was attached to the
bottom of the shaft to detect vertical vibration (Az).
Meanwhile, a temperature sensor, which is a type-K thermo-
couple, was placed below the cutting tool insert, as shown in
Fig. 5.

2.2 Instrumentation of the sensor system

The machining signals generated from an integrated multi-
sensor system placed on a rotating tool holder are impossible
to transmit (i.e. send) unless a wireless data transfer system is
available. Figure 6 illustrates the circuit sensor system using a
wireless telemetry system. KMT Telemetry GmbH
manufactured this system, which can transmit voltage signals
via the inductive principle. All modules of the sensor system
were placed on the mounting material made of plastic. The
system consisted of four modules for the strain gauge (MT32-

Fig. 5 Setup of vibration and temperature sensor

Fig. 6 Schematic diagram of a
wireless telemetry system and its
instrumentation on a rotating tool
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STG) used to measure the main cutting force, Fc; the thrust
force, Ft; the perpendicular cutting force, FcN and the torque,
Tq. The system also included one module for the accelerome-
ter (MT32-ICP) and one module for the thermocouple sensor
(MT32-TH K). The vibration sensor used a single-axis ceram-
ic piezoelectric accelerometer (Model 352C67). The perfor-
mance of the accelerometer canmeasure vibration with a max-
imum range of 491 m/s2 and with an output sensitivity of
9.94 mV/(m/s2).

In acquiring the temperature at the tool’s edge during the
milling process, a thermocouple (Omega CHAL-010-BW)
was placed and embedded below the cutting tool insert. The
sensor is a precision fine wire thermocouple with a diameter of
0.25 mm and is capable of measuring temperature up to
871 °C. Furthermore, to collect the signals from the six chan-
nels, an encoder MT32-ENC8 was used. Next, using a trans-
mitter module MT32-IND-Tx-45MHz-2560 k, the signals are
transmitted within a frequency range of 45 MHz rating up to
2560 kb/s. The antenna coil is wrapped around the outer cover
to transfer the data using the inductive transmitter. The sensor
modules in this system were arranged in the mounting of the
modules that were designed in a polygonal shape to avoid
rotational imbalance of the tool holder. The modular cutting
tool was aligned using a dial gauge until a maximum error of
less than 8 μm was achieved.

A 5-V DC powered all the electronic modules and wireless
systems. In the stationary system, a receiver or telemetry

decoder consisting of eight channels (MT32-DEC8) and a
data acquisition device (DT9836) were used. The voltage sig-
nal was the primary output from six channels and was proc-
essed using MATLAB software. The resonance frequency of
the rotating dynamometer structure and the high-frequency
noise of the device system were filtered off by applying a
low-pass filter with a cut-off frequency at 450 Hz.

3 Experimental tests

3.1 Calibration test

In assessing the performance of a multi-sensor system inte-
grated into a rotating tool, static calibration was used on the
sensors to measure the main cutting force, Fc; thrust force, Ft;
perpendicular cutting force, FcN; torque, Tq and temperature,
Tm. Figure 7 shows the calibration setup of the multi-sensor
system. Static calibration for the cutting force and torque sen-
sors was carried out on a servo-hydraulic machine (Instron
8874). The results of the calibration test of the rotating dyna-
mometer were reported previously [17]. In this work, only the
calibrated torque and temperature sensors are examined. The
loading torque applied to the structure of the torque sensor
ranged from 5 to 50 Nm, with a step increase of 5 Nm.

For the temperature sensor, the cutting tool tip was heated
using electric heaters until reaching a temperature of approx-
imately 200 °C according to a four-channel thermometer,

Fig. 7 Static and dynamic
calibration test setup

Fig. 8 Experimental setup for verification test

Table 1 Machining parameter for verification test

No. Exp. Cutting speed,
vc (m/min)

Feed rate, fz
(mm/gigi)

Depth of cut,
ae (mm)

1 250 0.10 0.8

2 250 0.15 1.0

3 375 0.10 0.8

4 375 0.15 1.0

5 500 0.10 0.8

6 500 0.15 1.0
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Extech SDL200. Meanwhile, the temperature generated at the
points was observed using a thermocouple placed below the
cutting tool inserts. The temperature signal was recorded
using a data acquisition card DT9836 via the wireless system,
with a sampling of the data at a frequency of 1 kHz. An
average of three readings from sensor data sampling was used
to determine the sensitivity of all sensors. The vibration sensor
exhibited high sensitivity due to the integration of the accel-
erometer sensor and calibration result reaching 9.94 mV/
(m/s2).

3.2 Verification test

After the calibration tests were conducted, the integrated ro-
tating tool sensor systemwas ready to use in the actual milling
process. A comparison test was conducted which was impor-
tant to verify the performance of the developed sensor system.
The cutting force and torque signals were obtained using the
readings obtained from the wireless multi-sensor system and
compared with the cutting forces and torque measured using a
Kistler dynamometer 9257B. Figure 8 shows the experimental
setup for the comparison test between the developed wireless
multi-sensor system and commercial sensors. The cutting
force was measured using a rotating force transducer with a
coordinate-rotating system that generates readings on a flat
surface, namely Fc and FcN. The result differs from the cutting
force that was measured using a table dynamometer which
produces forces at fixed coordinates, for instance, Fx and Fy.

However, the resultant active force (Fa) for the milling process
will generate the same reading between the rotating transducer
and the table dynamometer, as shown in Fig. 1 of Sect. 2.

The Fz force reading of the table dynamometer is the same
as the Ft on the rotating transducer, which is caused by force
generated in the same direction, i.e., parallel to the direction of
the tool holder. While the torque signal is measured on the
rotating sensor, the moment signal is measured in the z-axis
using a table dynamometer, represented as Mz. The cutting
force and torque were recorded using a data acquisition sys-
tem, a charge amplifier Kistler 5070 for the table dynamome-
ter and wireless devices for the developed multi-sensor
system.

A set of experiments were conducted by end milling
FCD700 ductile cast iron, as shown in Table 1. The axial
depth of the cut is constant at 1 mm. The experiment used a
tungsten carbide-coated tool with ACK300 grade on a CNC
milling machine under dry conditions.

To evaluate the wireless system’s performance in terms of
vibration measurements, vibration signals will be detected
when machining is performed using parameters in the exper-
imental set 3: vc = 375 m/min, fz = 0.1 mm/tooth, ae = 0.8 mm

Fig. 9 Calibration curve of the torque sensor

Fig. 10 Calibration curve of the temperature sensor

Fig. 11 Comparison of Fx and Fc forces when milling FCD700 at exp.
set 1

Fig. 12 Comparison of Fy and FcN forces when milling FCD700 at exp.
set 1
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and ap = 1 mm. The other accelerometer is mounted on the
spindle house of the milling machine. Signals were observed
using the accelerometer Endevco model 751–100 and data
acquis i t ion device NI9234. An infrared camera
NECG100EX was used to compare the temperature readings
to assess the capability of the thermocouple sensor using a
wireless system. The parameters used were included in exper-
imental set 1: vc = 250 m/min, fz = 0.1 mm/tooth, ae = 0.8 mm
and ap = 1 mm. The temperature signal sampling rate was
5 kHz for the data transmitted by the wireless system, and
machining tests were conducted thrice to confirm the repeat-
ability of the sensor readings.

3.3 Machining test for tool condition monitoring

These tests were designed to correlate the machining sig-
nals obtained from the wirelessly integrated multi-sensors
on the rotating tools, such as the main cutting force, per-
pendicular cutting force, thrust force, torque, vibration
and temperature, with the tool condition being the wear
level. The machining tests were performed on a CNC
milling machine (DMC 635 V eco) in dry cutting condi-
tions of an end-milling operation. A coated tungsten

carbide tool (Sumitomo AXMT170504PEER-G) with
coated grade ACP200 is mounted on a standard modular
of the cutting tool. The insert is a rectangular type, and
nose radius is 0.4 mm, the thickness is 5.59 mm and
width is 10.2 mm. Also, the clearance angle is 11°, and
the length is 17.54 mm. A steel tool (AISI P20 + Ni) with
a composition of 0.37% C, 0.30% Si, 1.40% Mn, 0.01%
S, 2.00% Cr and 0.20% Mo, and 1.00% Ni was used as
workpiece material. The application of this material is
also used to produce plastic injection moulds; extrusion
dies, blow moulds, tooling designs, and various other
components measure 170 mm in length, 100 mm in width
and 50 mm in height. The machining test was performed
applying a cutting speed of vc = 200 m/min, with a feed
rate of fz = 0.20 mm/tooth, ae = 0.6 mm radial depth of
the cut and ap = 1.0 mm axial depth of the cut.

During the milling test, the cutting tool insert was peri-
odically removed from the tool holder, and the flank wear
on the flank face was measured using a Mitutoyo tool-
makers microscope. The measured parameter representing
the progress of wear was VB, being the average flank wear
land. Six machining signals (Fc-Ft-FcN-Tq-Az-Tm) were col-
lected simultaneously using the developed sensor system,
and all data were recorded using the developed GUI at a
sampling rate of 5 kHz.

4 Results and discussion

4.1 Calibration results

The calibration results of the torque sensor based on the strain
gauges are shown in Fig. 9. It can be observed that the ratio of
the torque voltage obtained using linear regression was
1.396 μV/Nm, which is, in theory, the sensitivity of the de-
veloped torque sensor. The same can be observed in Fig. 10,
which shows the result of the temperature sensor calibration
using a type-K thermocouple. The graph illustrates that the

Fig. 13 Comparison ofFz and Ft forces whenmilling FCD700 at exp. set
1

Fig. 14 Comparison of tool passing frequency ofFx and Fcwhenmilling
FCD700 at exp. set 1

Fig. 15 Comparison of moments Mz and Tq when milling FCD700 in
exp. set 1
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temperature voltage ratio obtained using linear regression was
0.173 μV/°C.

4.2 Verification results

The comparative results from the cutting force signal in the
time domain that was achieved using a 9257B Kistler dyna-
mometer and a developed rotating transducer are shown in
Figs. 11 and 12. It is evident that the patterns of the cutting
force readings for both methods are similar, although they are
different in the force value due to the varying orientation di-
rection of the coordinate systems, namely fixed and rotating
coordinates. However, the thrust force on the rotating trans-
ducer can be compared directly to the cutting force in the z-
axis on a Kistler dynamometer, as shown in Fig. 13. The
obtained average of the thrust force Ft was about 65 N, while
the axial force Fzwas about 67 N. The result indicates that the
difference is not significant. In the frequency domain, it can be
concluded that the frequency of the cutting tool (tool passing
frequency—TPF) showed comparable results at about 33.3 Hz
as illustrated in the frequency plot shown in Fig. 14. This,
therefore, means that the developed rotating transducer

provided a similar dynamic response reading compared to
the Kistler dynamometer.

Figure 15 shows a time domain plot of the torque signal
from a wireless sensor system based on using strain gauges
and a moment signal in the z-axis from a Kistler dynamometer
obtained during experimental set 1. This shows that the am-
plitude of the wireless torque signal after calibration was via
the reading amplitude of the Kistler dynamometer. This result
indicates that the reading of the developed torque sensor,
based on strain gauges and using a wireless system, is reliable
and can, therefore, be used tomeasure the torque in the milling
process even during drilling. However, there is little interfer-
ence in the readings of the torque signal caused by structural
factors or tool holders, i.e. where the strain gauges are
installed. This is inevitable due to the rotation of the tool
holder, as well as the impact of the wireless devices on the
tool holder during the milling process [20].

To compare the components of the main cutting force Fc
and the perpendicular cutting force FcN from the rotating force
transducer to the cutting forces components of Fx and Fy on
the Kistler dynamometer, Eq. (6) is applied to obtain the active
force (Fa). A comparison is then made between the thrust

Table 2 The results of comparison between developed force transducer and Kistler dynamometer

No.
Exp.

Active force, Fa (N) Error
(%)

Force in z-axis (N) Error
(%)

Torque (Tq and Mz)(Nm) Error
(%)

Rotating
dynamometer

Kistler
dynamometer

Rotating
dynamometer

Kistler
dynamometer

Rotating
dynamometer

Kistler
dynamometer

Set 1 687 761 9.7 66 62 6.5 48 45 6.7

Set 2 915 983 6.9 73 80 8.8 54 53 1.9

Set 3 662 724 8.6 57 63 9.5 46 49 6.1

Set 4 779 885 12.0 63 73 13.7 47 52 9.6

Set 5 520 562 7.5 53 59 10.2 28 30 6.7

Set 6 651 747 12.9 60 68 11.8 36 41 12.2

Average error 9.6 Average error 7.9 Average error 7.2

Fig. 16 Comparison of vibration signals in time domain of wireless and
fixed sensors

Fig. 17 Comparison of vibration signals in frequency domain of wireless
and fixed sensors

818 Int J Adv Manuf Technol (2018) 95:811–823



force on the rotating force transducer and the z-axis of the
table dynamometer. The moment signal in the z-axis of the
table dynamometer can be compared directly to the torque
signal generated by the wireless torque sensor. The resultant
errors of comparisons for some combinations of the experi-
mental sets are shown in Table 2. The percentage error from
the dynamometer readings indicates less than 13.7%, meaning
that the accuracy of the readings obtained in the various ex-
perimental sets is almost like the readings from the existing
commercial dynamometer. The average error of the dyna-
mometer for the active force did not exceed 9.6%, while the
average error of the cutting force in the z-axis is 7.9% and the
average error of the torque or the moment is 7.2%. This rela-
tive error exhibits similar results to those in the comparative
study of the force-based sensing system and the Kistler dyna-
mometer [15, 21].

Figure 16 shows the vibration signal in the time domain
obtained from experimental validation for experimental set 3.
The graph plots the vibration of the fixed accelerometer on the

rotating tool holder and a wireless accelerometer attached to
the machine’s structure. The figure also shows the apparent
peak signal of vibration in the time domain indicating each
rotation of the tool when cut and not cut. The vibration signals
are also plotted in the graph of the frequency spectrum or
cutting tool (tool passing frequency—TPF) as shown in
Fig. 17.

Vibrations are generated by the interaction between the tool
and the workpiece having frequency characteristics in multi-
ples of the tool passing frequency of 1×, 2×, 3×, …62× [22].
This means that the signal in the time domain consists of a
series of impulse-like peaks, causing integer multiples of its
harmonics. The sharpness of the force impulses influences the
relative magnitudes of these harmonics. As shown in Fig. 17,
the frequency of the cutting tool is initially generated at
49.77 Hz. This is an accurate result, calculated, at a 2986-
rpm rotation speed of the cutting tool, resulting in a frequency
of 49.76 Hz. When compared to the amplitude of the frequen-
cy for both readings, it seems that the second TPF of the
accelerometer placed on the machine structure appears small.
By locating the accelerometer away from the cutting zone,
damping effects are experienced in the structural spindle and
bearings with this result being consistent with previous studies
reporting that the signal quality is dependent primarily on the
placement of the vibration sensors and vibration source [11,
23].

The resultant temperature readings obtained from the wire-
less thermocouple during the milling process are shown in
Fig. 18. It is quite noticeable that during the milling test, the
temperature attained while cutting workpieces of 170 mm in

Fig. 18 Plot the temperature signal when milling cast iron

Fig. 19 Temperature spectrum
from infrared camera at a 10, b 20
and c 30 s

Fig. 20 Changes of main cutting force signal, Fc, in the time domain in three stages of tool condition. a VB = 0mm. b VB = 0.168 mm. c VB = 0.311 mm
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length was about 320 °C, further showing that the temperature
of the workpiece in and out of the zone of the cutting tool is
not in a constant state. The temperature increased gradually
along the cutting zone. This finding is in agreement with the
results obtained by previous researchers [13, 14], which con-
cluded that the temperature along the cutting zone increases
gradually, with no fixed temperature attained.

From the temperature readings observed in Fig. 19, it
may be said that the temperature readings for all three ma-
chining tests were very similar. The repeatability error of the
thermocouple reading is within the range of 0.24 to 2.79%,
which means that the thermocouple sensor used in this re-
search provides a consistent reading. Also, the performance
of the wireless temperature sensor system was tested by
comparing temperature readings via an infrared camera
NECG100EX. Figure 20 shows the maximum temperatures
observed on the edge of the tool at 10, 20 and 30 s, and
104.4, 193.7 and 234.7 °C, respectively. These results are
dissimilar to that of the readings of the thermocouple wire-
less system’s temperature recording during the same time
intervals, which were 109, 213 and 251 °C, respectively.
This indicates that the sensor system is reliable with satis-
factory performance with an average variance of about
7.11%. This error is relatively small as compared with pre-
vious research reports which showed the percentage error
was about 14% [14].

4.3 Machining test for tool condition monitoring

Actual experimental machining was carried out in CNC mill-
ing to assess the performance of a wirelessly integrated multi-
sensor on a rotating cutting tool for tool condition monitoring.
Figures 20, 21, 22, 23, 24 and 25 show the results of the six
channels of machining signals recorded during the milling of
AISI P20 + Ni tool steel. This was undertaken using a param-
eter machining cutting speed of vc = 200 m/min, feed rate
fz = 0.2 mm/tooth, radial depth of cut ae = 0.6 mm and an
axial depth of cut ap = 1.0 mm.

Figure 20 illustrates the main cutting force signal Fc, as
well as the interval time between the peaks where the cutting
tool was not touching or cutting the workpiece. It is clear that
the cutting tool flank wear caused the main cutting force to
increase.When initiating the milling process with the new tool
or VB = 0 mm, the maximum amplitude of the force Fc was
738 N. As a result of the occurrence of flank wear
VB = 0.168 mm, the peak reading of the main cutting force
increased until reaching an amplitude of 994 N.

The amplitude continued to increase, such that at flank
wear VB = 0.311 mm, the peak reading of Fc reached
1182 N. This indicated that the increase in the average force
Fc due to the flank wear was 26.8%. This result is in agree-
ment with the result as reported by Kuljanic and Sortino [24],
which measured the force Fc using a rotating Kistler dyna-

Fig. 21 Changes of thrust force signal, Ft, in the time domain in three stages of tool condition. a VB = 0 mm. b VB = 0.168 mm. c VB = 0.311 mm

Fig. 22 Changes of perpendicular cutting force signal FcN in the time domain in three stages of tool condition. a VB = 0 mm. b VB = 0.168 mm. c
VB = 0.311 mm
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mometer and observing an increase of around 20–22% in the
main cutting force Fc due to flank wear.

Figure 21 shows the thrust force signal Ft in the time
domain. Thrust force can be referred to as passive force.
Furthermore, it was observed that the amplitude achieved
was smaller than the main cutting force Fc due to the thrust
force generated by the reaction of the work piece against
the pressure of the cutting tool in the vertical direction
[25]. Moreover, the amplitude of the thrust force Ft showed
a reading of only 70 N in the initial cutting process
(VB = 0 mm). However, thrust force Ft was also sensitive
to changes in tool flank wear. When the flank wear reached
VB = 0.168 mm, the amplitude was 116 N, increasing up to
an amplitude of 143 N at flank wear VB = 0.311 mm. Thus,
the average increase in the amplitude of the thrust force Ft

was 44.5%.
The result of the perpendicular cutting force signal FcN is

plotted in the graph as shown in Fig. 22. The changes in the
force FcN amplitude are due to the significant increase of the
flank wear. For instance, when cutting using a new tool
(VB = 0 mm), the amplitude of the force FcN was 338 N.

Likewise, when cutting continued and reached the flank
wear VB = 0.168 mm, the amplitude of the force also in-
creased to 513 N. Furthermore, at the flank wear
VB = 0.311 mm, the amplitude readings peaked at 645 N.
Subsequently, the average increase in the amplitude force sig-
nal FcN was 38.7%. These results indicate that the perpendic-
ular cutting force signal FcN has high sensitivity to changes in

flank wear. These results are consistent with the results obtain-
ed by Kuljanic and Sortino [24].

Figure 23 shows the amplitude changes of the torque signal
caused by the progression of tool flank wear. During the initial
milling with the sharp tool, the torque reading reached to
about 22 Nm. However, when the flank wear started to in-
crease at 0.168 mm, there was a corollary 34 Nm increase in
the torque readings. Similarly, there was a progressive rise in
the readings until about 42 N at the flank wear value
VB = 0.311 mm. This illustrates that torque signals have an
important relationship with changes in flank wear. These re-
sults are in agreement with prior studies, which measured the
torque using a torque-based sensorised tool holder [26] or
based on a rotating dynamometer [27].

The results relating to the vibration signals in the time
domain on the three stages of flank wear are shown in
Fig. 24. The increase in the amplitude of the vibration in the
raw signal was insignificant when there was a change in the
flank wear value. However, observing the pattern of the peak-
to-peak signals closely revealed signal pattern changes due to
flank wear. The resulting crest-of-waves pattern at any one
period, for an increase in the number (i.e. value), indicated
frequency increases. Also, the vibration signals had a signifi-
cant relationship with the change in flank wear, normally
analysed using feature extraction methods in the frequency
domain [22, 28].

Figure 25 shows the changes in the temperature signal
readings due to tool flank wear in the time domain, indicating

Fig. 23 Changes of torque signal Tq in the time domain in three stages of tool condition. a VB = 0 mm. b VB = 0.168 mm. c VB = 0.311 mm

Fig. 24 Changes of vibration signal, Az, in the time domain in three stages of tool condition. a VB = 0 mm. b VB = 0.168 mm. c VB = 0.311 mm

Int J Adv Manuf Technol (2018) 95:811–823 821



that the flank wear of the tool caused the rate of temperature to
increase, caused by the rubbing action between the flank edge
of the cutting tool and the surface of the work piece [29].

All six results relating to the main cutting force, thrust
force, perpendicular cutting force, torque, vibration and tem-
perature found that the developed wireless integrated multi-
sensor is highly sensitive but effective to the changing pro-
gression of flank wear. This statement is supported by prior
experiments that measured the cutting forces and torque to
monitor the tool using a rotating dynamometer [24, 26] or
table dynamometer [27], a vibration signal [22] and tempera-
ture [30]. Therefore, this sensor system is suitable for real-time
tool condition monitoring during the milling process.

5 Conclusion

This paper proposed a newwireless integratedmulti-sensor on
rotating tools for real-time tool condition monitoring in the
milling process. The sensor system is capable of simulta-
neously measuring the six channels of machining signals:
the main cutting force, perpendicular cutting force, thrust
force, torque, vibration and temperature. Furthermore, the sys-
tem provides for flexible and re-configurable cutting tools
since it is interchangeable and compatible with distinct stan-
dard modules.

The calibration, verification and real experimental machin-
ing tests were undertaken to evaluate the performance of the
developed sensor system with the results highlighting the fol-
lowing outcomes:

& The sensitivities of torque and temperature sensors (Tq and
Tm) were 1396 μV/Nm and 0.173 μV/°C.

& The verification results of the force transducer and torque
sensor obtained an average error of less than 9.6% when
compared to the existing dynamometer.

& The repeatability error of the wireless temperature sensor
was in the range of 0.24 to 2.79%, while the average
relative error was about 7.11% when compared to the
infrared camera readings.

& The six channels of machining signals have significant
correlation with the progression of flank wear.

& The prototype of the new wireless integrated multi-sensor
is reliable and can be utilised for studies on cutting pro-
cesses, optimisation and real-time tool condition monitor-
ing systems.
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