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Abstract

As two of the most significant parameters reflecting the cutting process, cutting force, and vibration are often adopted for tool
condition monitoring (TCM) which is especially important in modern machining. Hence, various methods and sensors for
detecting these two signals have been proposed and developed. In this study, an innovative multi-sensor integrated smart tool
holder is designed, constructed, and tested, which is capable of measuring triaxial cutting force, torque, and cutting vibration
simultaneously and wirelessly in milling operations. A standard commercial tool holder is firstly modified to integrate six
capacitive sensors and an acceleration sensor. All the sensors and other electronics, like data acquisition and transmitting unit,
are incorporated into the tool holder as a whole system. The characteristics of the device are then determined by a series of tests.
Besides, an effective TCM model is built by fusing the features of cutting force and vibration. Experimental results showed good
performance of the proposed system which could support wide and flexible application scenarios.

Keywords Smart tool holder - Sensor integration - Cutting force measurement - Vibration measurement - Milling process - Tool

condition monitoring

1 Introduction

Tool condition monitoring (TCM) is of great importance in
the modern machining process. The cutting process signal
acquisition, as the first link of TCM, is especially crucial.
Therefore, how to collect signal during the cutting process
timely and accurately has been widely concerned. Early re-
searchers mostly used a single-parameter sensor signal for
TCM, which has drawbacks of low robustness and poor reli-
ability due to the complexity of machining. Multi-sensor can
provide redundant or complementary information reflecting
multiple aspects of the cutting process, which is able to ensure
high monitoring accuracy [1, 2]. Thus, there is a trend to
identify tool condition by using multi-sensor information fu-
sion technology.
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In the practical application of TCM technology based on
multi-sensor fusion, it is equally important to develop a cost-
efficient and widely applicable multi-sensor signal detection
system and research reliable and effective multi-sensor fusion
algorithms [3]. However, there are more studies on the latter
but relatively fewer on the former. Currently, most researchers
simply use a variety of commercial single-parameter sensors
such as dynamometer, accelerometer, and acoustic emission
sensor to detect cutting process information independently
when performing TCM experimental study. Then, the collect-
ed independent information is fused offline for further pro-
cessing, which undoubtedly brings about complex system
construction issues and difficulty of time synchronization of
various signals. Furthermore, the majority of commercial sen-
sors for the cutting process signal detection are wired. When
mounted on spindle and feed systems that are rotating
or moving at work, additional clamping fixtures are
usually required, which has certain invasion and influ-
ence on the cutting process [4].

Multi-sensor integration and wireless technology may be a
good solution for more flexibility and reconfigurability. Since
cutting force and vibration are two of the most significant
parameters reflecting the machining process, the integrated
sensor systems developed for measuring these two signals
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have been most concerned. Totis et al. [S] proposed a wireless
rotating dynamometer solution for the milling process by
installing commercial piezoelectric triaxial force sensors be-
tween the modular cartridge and the cutter body. Ma et al. also
presented sensor integrated methods for measuring the feed
and transverse forces [6] and the torque [7] in the milling
process based on thin-film polyvinylidene fluoride (PVDF)
piezoelectric strain sensor. Luo et al. [8] embedded the
PVDF film behind each insert to realize the measurement of
the three-dimensional cutting force of each tooth during the
milling process. Qin et al. has developed two strain gauge-
based sensing tool holders which could measure torque [9]
and simultaneously torque and axial force [10]. Wu et al.
[11] presented a force measuring tool holder system based
on strain sensors for measuring axial force and torque in mill-
ing and drilling processes. Rizal et al. [4] developed a force
sensing element on which three full Wheatstone bridge cir-
cuits with a total of 24 strain gauges were designed and then
integrated it on a tool holder to measure three-component
force in milling. Then, more sensors were integrated to the
tool holder for measuring more kinds of cutting signals, in-
cluding two more strain gauges for measuring cutting torque,
an acceleration sensor for detecting axial cutting vibration,
and a thermocouple for perceiving cutting temperature, which
has achieved good results [12]. Suprock et al. [13] have de-
veloped two prototypes of low-cost integrated wireless tool tip
vibration sensor for milling, which were tested and confirmed
to have a good performance for cutting vibration measure-
ment. As the traditional tool holder is just the connection part
between the machine spindle and cutter arbor, the tool holder
integrated with sensors which is capable of measuring
the cutting process information is usually defined as a
smart tool holder [14].

Nowadays, strain gauge type and piezoelectric type are still
the mainstream solutions for cutting force detection. In gener-
al, the overall performance of piezoelectric force sensors is
better than that of strain gauge sensors. Nevertheless, in pie-
zoelectric sensor design, the charge leakage problem needs to
be solved and the technical implementation is difficult. The
demand for high-performance charge amplifiers increases the

Fig. 1 Constitution of the TCM
system based on a smart tool
holder

Triaxial force

cost of piezoelectric force sensors, and intricate processing
circuits and strict shielding requirements also make mainte-
nance and repair cost prohibitive. The strain gauge sensors are
relatively inexpensive, but to achieve multi-dimensional force
measurement, a complex elastic structure is necessary, which
reduces the static stiffness of the dynamometer and further
weakens the dynamic characteristics of the system. Multiple
sets of bridge circuits require dozens of strain gauges, and the
complicated sticking process is difficult to ensure the consis-
tency and reliability of the assembly, which may affect the
sensor performance. Therefore, other force measurement
methods are being attempted to adopt, like the methods based
on capacitive sensor [15], surface acoustic wave [16], and
fiber Bragg grating [17]. As for integrated vibration-
measuring tool holder design, it is relatively simple and easy
to implement. Researchers normally select a suitable commer-
cial acceleration sensor and embed it into the tool holder to
directly measure the cutting vibration signal. In previous
work, the authors have proposed a smart tool holder that can
measure triaxial cutting force and torque simultaneously
based on capacitive sensors [18] and a wireless vibra-
tion sensing tool holder [19], and experimental tests
have proved their performance.

Considering the demand for simultaneous measurement of
multi-dimensional signals during the cutting process and the
shortcomings of current sensing systems, this present study
makes a further contribution to addressing the issues, dealing
with the design and construction of an integrated smart tool
holder system. A standard commercial tool holder is modified
to integrate six capacitive sensors and an acceleration
sensor for measuring triaxial cutting force, torque, and
cutting vibration simultaneously and wirelessly in mill-
ing operations. Then, the tool wear condition monitoring
based on the smart tool holder is studied. The devel-
oped device and the monitoring model together consti-
tute a set of cost-efficient and practical monitoring sys-
tem, which is of great significance to enhance the de-
gree of machining automation and integration and fur-
ther improve product quality and production efficiency
to a certain extent.
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Fig. 2 Scheme photograph of a smart tool holder
2 Overall design

A complete TCM system includes two parts as shown in Fig.
1: hardware and software; that is, a multi-sensor integrated
smart tool holder and intelligent monitoring software com-
piled according to practical application requirements. The
smart tool holder is designed for simultaneously measuring
tri-directional force, torque, and vibration in the milling pro-
cess, and the signals can be used for the optimization of cut-
ting parameters, prediction of machining quality, discrimina-
tion of tool state and adaptive control, etc. This paper focuses

Table 1  Parameter values of the smart tool holder structure

Parameter Value (mm) Parameter Value (mm)
wWq 22 l’l 3 15

%) 23.5 w3 20

hy 14 H 70

hy 2 D 131

t 4.5

/ .
7 Electrical system
mounting bracket

(Section view)

Hole (For cutter arbor assembly)

Four-component cutting force sensing scheme

Vertical beam

Torsional deformation
detection position

Smart tool holder
(After assembly)

Electrical system

> Battery #2

on tool wear condition monitoring and attempts to develop a
practical TCM model.

A smart tool holder is the function enhancement and design
improvement of the commercial standard tool holder.
Therefore, it must be able to be used as a normal tool holder
firstly. As the clamping part of the cutting tool, the tool holder
needs appropriate structural stiffness to reduce the deforma-
tion caused by cutting load. In the meantime, higher structural
stiffness can also bring higher natural frequency, so that the
device can effectively measure the dynamic cutting force. In
milling, the “tool-tool holder” system is stimulated by periodic
forces. When the frequency of the exciting force is close to the
tool holder’s natural frequency, the system will generate res-
onance, which will adversely affect the signal measurement
accuracy. To ensure the dynamic performance, the first-order
natural frequency (f;,, Hz) of the tool holder should be at least
three or four times the tooth passing frequency (f;, Hz) which
is highly relevant to spindle speed (n, rpm) [14, 20]. The
relationship can be expressed as follows:

nz

fiz(4)fo = (34) oo 1)
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Fig. 3 Overall scheme of the
multi-parameter information
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where Z is the number of teeth. Thus, the tooth passing
frequency would be 200 Hz if the device was designed to be
applied in the machining process with a spindle speed up to
6000 rpm when using a two inserts tool, and the natural fre-
quency should be not less than 600-800 Hz.

By investigating the cutting parameters used in general
milling and referring to the technical parameters of relevant
sensors, the design indexes of smart tool holder are prelimi-
narily formulated as follows: the measuring ranges of triaxial
cutting force, torque, and vibration are + 1000 N, + 100 N-m,
and + 10 g, respectively. The cross-interference errors are less
than 5%.

3 Multi-sensor integrated smart tool holder
3.1 Design and construction

In the earlier work, the authors have developed a force mea-
suring smart tool holder based on capacitive sensors in the
milling process [17]. Meanwhile, efforts are also made to in-
tegrate an acceleration sensor into the tool holder to measure
cutting vibration [18]. This paper attempts to combine the two
schemes and find a solution developing a smart tool holder

Fig. 4 Photograph of a complete
smart tool holder and details
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which is capable of measuring four-component cutting force
and vibration simultaneously in a wireless environment sys-
tem. The exploded view of the newly designed smart tool
holder is shown in Fig. 2. An acceleration sensor was fixed
on a mounting bracket and then integrated on the rotation axis
of the modified tool holder. Horizontal and vertical deform-
able beams were created by making grooves in the standard
commercial tool holder, and six capacitive sensors (Cl,
C2,..., C6) were used to detect the tiny deformations of the
beams to calculate the four-component cutting force, see Eq.

) [17].

F.—k Ady + Ady, + Ads + Ad,
Adz—Ad
Ady=Ad, (2)
==
Adg—Ads
= k4 _

2

where Ad; (i = 1-6) is the deformation on each measuring
point and k; (i = 1-4) is the coefficient related to structure
sensitivity.

2

Rechargeable battery

. Electrical
system
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Fig. 5 Modal experiment under a (a)
free state and b working condition
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The smart tool holder was designed based on a commercial
tool holder type of BTSOSLN32-150 with an inner diameter
(d1) 32 mm and outer diameter (d>) 70 mm. All the important
structural parameters illustrated in Fig. 2 were optimized and
determined as listed in Table 1. The whole system is powered
by two rechargeable lithium batteries. In the section view of
the electrical system mounting bracket, two batteries were
placed symmetrically, and the bracket structure was optimized
to minimize the influence of system integration on the dynam-
ic balance performance of the smart tool holder. The materials
of the tool holder and vibration sensor mounting bracket were
40Cr, and the capacitor plate mounting blocks were made of
aluminum alloy. In order not to affect the wireless transmis-
sion of signal, the cover and electrical system mounting
brackets were made of nonmetallic material. As can be seen
from the diagram after assembly, the designed smart tool hold-
er does not affect its own installation.

Figure 3 shows the overall scheme for the multi-parameter
information acquisition system. The cutting vibration is direct-
ly measured using a commercial MEMS accelerometer (type
0of VS9010.D, Colibrys, Switzerland) with a measuring range
of = 10 g, the sensitivity of 200 mV/g, and bandwidth up to
2400 Hz (— 3 dB). Meanwhile, the cutting forces are detected
by six capacitive sensors indirectly. Each sensor can be

\ Impact hammer

(b)

s ERRN/ L&
. Smart tool holder

considered as a parallel plate capacitive displacement sensor,
which consists of a commercial MEMS capacitance detection
chip (type of Pcap01, acam, Germany) and two parallel con-
ductive plates, one of which is mounted on deformable beams
as the movable plate and the other is glued on a mounting
block as the fixed plate. The signal collected can be wirelessly
transmitted to the host computer through a WiFi module (type
of MARVELLS801) with a sampling frequency of 5 kHz.
Also, a DC-DC conversion circuit was designed so that the
lithium battery can power the whole circuit system.

A completely developed smart tool holder is demonstrated
in Fig. 4. The power consumption of the system was as low as
0.63 W in a stable working state. Two 9 V—-800-mAh re-
chargeable lithium batteries were integrated for electricity
supply, which enables the smart tool holder to be in operation
for more than 10 h. Besides, a charging port was set up for
batteries recharging easily, and the smart tool holder can be
shifted between the work state and the rechargeable state (the
idle state) by setting the switch on or off.

The smart tool holder is developed based on a standard tool
holder; thus, all the standard tools that the original tool holder
could use can be equipped on this device. Since the system
uses wireless signal transmission, it has a flexible application.
Besides, due to the ability to simultaneously capture cutting

Fig. 6 Frequency response (a) (b) i i
curves of smart tool holder under 121 X-direction : ' ] — X-direction ; '
a free state and b WOI‘kiIlg — Y-direction ; —_— —— Y-direction
condition Z 10 Z 4T § \
o~ N
L g @
E E |
v 6 [}
;i ;
E E] (e85 7%
£ g Bk
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Table 2  Cutting parameters of cutting test
Test no. Spindle speed (/min) Feed speed (mm/min) Axial depth of cut (mm) Radial depth of cut (mm) Number of
inserts
800 300 10 3
2 1800 100 10

force and vibration, the device has solved the multi-sensor
signals synchronization problem.

3.2 Performance test and analysis
3.2.1 Static and dynamic test

After the static calibration test, the sensitivities of the smart
tool holder were obtained with 571 aF/N, 2302 aF/N, 2353 aF/
N, and 11226 aF/N'm in F,, F,, F,, and T directions,
respectively. It should be noted that since the selected
capacitance detection chips were capacitance-to-digital con-
version chips and the outputs were digital, the sensitivity units
were aF/N or aF/N'm. The sensitivity in the axial direction
(F,) of the smart tool holder was much lower than that in radial
directions (¥ and F,), which is determined by the application
scenario of the smart tool holder. During the cutting process,
the tool holder is mounted on the spindle, and the taper part is
constrained. Thus, the entire “tool holder-tool” system is
equivalent to a cantilever beam structure. This results in the
radial bending stiffness of the tool holder being lower than the
axial tension-compression stiffness. Overall, the designed
smart tool holder has high sensitivities.

Test results also showed the cross-interference errors in all
directions were basically low after decoupling. The maximum
error was 2.93% occurred on torque 7 'to axial force F,, and all
the others were around 1%. The cross-interference was greatly
improved compared with the authors’ previous work [17].

| Reference acce
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i Reference dynamometer

Fig. 7 Milling experiment set using a smart tool holder

A
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Since the force sensing structure had good decoupling perfor-
mance, the cross-interference errors were mainly caused by
capacitive sensors. In this work, the parameters of the capac-
itor plates were further optimized, making the electrode thin-
ner to reduce the effect of edge effects on the linearity and
sensitivity. The assembly process of the capacitor plates has
also been improved to reduce assembly errors.

The pulse test was performed to evaluate the dynamic char-
acteristics of the smart tool holder. Modal experiments of the
device under free state and working condition were carried out
to obtain its natural frequency, see Fig. 5. The former reflects
the dynamic characteristics of the structure itself, while the
latter reflects the smart tool holder’s dynamic performance
in practical applications. The experimental equipment includ-
ed a dynamic signal test analysis system (Donghua DH8302),
an [EPE piezoelectric acceleration sensor (Donghua DH186,
sensitivity of 10 mV/m s® and measurement bandwidth of
0.5-5 kHz), and a modal impact hammer (Longke LK 1427,
sensitivity of 4.19 pC/N).

The smart tool holder was suspended along Z-axis to sim-
ulate a free state in X and Y directions as shown in Fig. 5a and
mounted on the spindle of a vertical CNC milling machine
(type of Xiangtai VM7032) as the working condition, see Fig.
5b. The experimental results are demonstrated in Fig. 6. Due
to the limitation of the acceleration sensor bandwidth, only the
natural frequencies in the X and Y directions were obtained,
which are sufficient to reflect the dynamic performance of the
device. The results showed that the two frequency response
curves had no significant difference and the peaks of the
curves were similar, reflecting the symmetry of the structure.
Under the free state, the first two natural frequencies were
3730.5 Hz and 3925.8 Hz, respectively, which proved good
dynamic characteristics. However, the natural frequencies un-
der working condition were significantly lower which were
468.8 Hz and 488.3 Hz.

The low natural frequency of the device under working
condition is mainly affected by the machine spindle. When
tool holder is mounted on spindle, they are considered as a
whole system. Thus, the measured values are actually the ones
of'the “spindle-tool holder” system. The natural frequencies of
the tool holder-type force sensors when mounting on the ma-
chine spindle were generally low [4, 6, 10]. Here, according to
Eq. (1), the situation where the device can be applied to the
spindle speed n (rpm) and the number of cutter teeth Z is as
follows:
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Fig.8 Force and torque measured (a)

by a, ¢ smart tool holder and b, d 400 r . : .
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That is, when the smart tool holder is equipped with a two
inserts tool, it can reliably collect dynamic cutting force
signals below the spindle speed of about 3500-4600
rpm, which can meet measurement requirements in most
conventional milling.

3.2.2 Cutting test

In order to evaluate the performance of the developed smart
tool holder in actual milling, cutting tests were carried out on
the VM7032 vertical milling machine as illustrated in Fig. 7.
A 32-mm diameter cutter arbor (BAP400R-35-160-C32) with
PVD-coated carbide insert (Mitsubishi APMT1604PDER)
was assembled in the device. All the experiments were per-
formed by cutting 45 steel under dry cutting condition. The
cutting forces and vibration measured by the smart tool holder
were transmitted to the host computer and recorded. A
table dynamometer (Kistler 9257B) was mounted be-
tween the workpiece and the machine table, and the
cutting forces measured by which were recorded and
considered as reference forces. Meanwhile, two acceler-
ation sensors (Donghua DH186) were placed on the
machine spindle and the workpiece, and the vibration
signals measured by which were considered as reference
cutting vibration. Milling experiments under different
cutting parameters were carried out, and two of them
were selected for special instructions, see Table 2. The cutting
parameters and the number of assembled inserts of these two
tests are different from each other.

0 5 10 15 20 25 30 35
Time [s]

Figure 8 shows the three-dimensional force and torque
measured by the smart tool holder (STH) and Kistler reference
dynamometer (ref) under test 1. As displayed in Fig. 8 aand b,
the waveforms of the forces were similar in amplitude, and the
cutting time was consistent, showing a clear “cut in-cutting-
cut out” process. However, the torque results were quite dif-
ferent, see Fig. 8 ¢ and d. Although the cutting parameters
during test 1 remained the same, the amplitude of the torque
measured by the Kistler dynamometer was constantly chang-
ing. The cutting point always moves on the cutting plane
during milling; thus, the torque information calculated in the
“force x force arm” mode by the table dynamometer is

< Rotation

Machine table

‘ M. .r‘ 4
P 2/ Q

’ — Feed direction

Fig. 9 Diagram of measurement coordinate system of smart tool holder
and table dynamometer
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Fig. 10 Comparison of a axial (a) (b)
force F, and b radial resultant T Insert 3' 7.STH 600 T T
force F, measurement results; ¢
300 Insert2 /| Fz-Ref
torque 7' measured by smart tool - Insert 1 One rotatio
holder; d amplitude-frequency Z. 200 l / ] Z 400
characteristic of F, by smart tool g 100 9
holder (test 1) L ‘ E 200
O
100 : ' L 0 AR ALER L
10.2 10.3 10.4 10.5 10.2 10.3 10.4 10.5
Time [s] Time [s]
©) | | (@) | |
— = 60 1
E 0 =
= )
= g 40t .
3 =
g St s
o 20+ 4
a Insert 1 #Y Insert < JL j Jk
-10¢ Inselrt2 L I ] 0 1 1 l l 1 | s
10.2 10.3 10.4 10.5 50 100 150
Time [s] Frequence [Hz]

unreliable. The force measurement coordinate system of the
smart tool holder is fixed to the device as shown in Fig. 9, so it
can accurately measure the torque information at any position
during the movement of the cutting point in real time, which is
also one of the advantages of the tool holder-type dynamom-
eter compared with the table dynamometer. Moreover, it can
be noticed that the signal achieved by the developed device
seems to contain more noise than that by the reference dyna-
mometer at idling state. This is because the smart tool holder
was also in rotating when the spindle was idling, while no
cutting force was generated yet at this moment and the refer-
ence table dynamometer was still stable.

The measurement coordinate system of the smart tool hold-
er is rotating during the cutting process, while the table dyna-
mometer is fixed. The different definitions of the coordinate
lead to the fact that the components of the cutting force mea-
sured by these two devices cannot be completely one-to-one
corresponding. Firstly, the axial forces measured by the two
sensor systems in their respective measurement coordinates
are always the same, that is
F. =F. (4)

But, the radial forces cannot be directly compared. When
there is an angle 6 between the Y' axis of the smart tool holder

Fig. 11 Comparison of a axial (@) (b)
force F, and b radial resultant ' o F2STH ! ! FSTH
force F, measurement results; ¢ 150 Pre rotathn ,,,,,,,,,, Fz-Ref Il 150 |- ) I
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I L ‘\ i Op
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z ©
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g5 E
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measurement coordinate system and the Y axis of the table
dynamometer at a certain moment, see Fig. 9, these are

F. =
F, =

Then, radial resultant forces F, and F,’ can be written as

cosf) + F,sind
sinf—F,cosf

(5)

2 12
F =\ F’ +F,

I
=

(Fx0059 + FysinH)2 + (F,CsinG—chosﬂ)2 (6)
Fx2 + Fyz

:

Equation (6) indicates that the radial resultant forces in the
two coordinate systems are always equal in magnitude. Thus,

Fig. 13 Cutting tool wear
experiment set

Smart tool holder

Insert

Microscope

by comparing and analyzing the axial force F, and the radial
resultant force F, measured by the smart tool holder and the
reference dynamometer during the milling process, the perfor-
mance of the designed device can be evaluated.

For further details, the force data in 5 revolutions of the
spindle was extracted for comparison and analysis as shown in
Fig. 10a, b. The measurement results of the smart tool holder
were very similar to the reference dynamometer. The axial
force F, and the radial resultant force F,. excited by each tooth
were accurately collected, and the same situation can be ob-
served in Fig. 10c where the torque signal of each tooth was
also reliably gathered. At a spindle speed of 800 rpm, the
spindle frequency should be f; = 800/60 = 13.3 Hz. When a
3-tooth milling cutter is used, the tooth passing frequency is
39.9 Hz. Figure 10 d was the amplitude-frequency curve of

1

Wireless data acquisition
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Vibration
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Table 3 Cutting parameters in

tool wear experiment Test no. Spindle speed (1/min) Feed per tooth (mm/Z) Axial depth Radial depth
of cut (mm) of cut (mm)
1 1600 0.05 0.5 8
2 1600 0.10 0.5 8
3 1900 0.10 0.5 8
4 2200 0.10 0.5 8

the axial force signal measured by the smart tool holder in test
1, which indicates the experimental result was consistent with
the theoretical analysis.

Figure 11 shows the experimental results of test 2,
including the forces comparison and the amplitude-
frequency curve of the axial force. The results demon-
strate the smart tool holder could also reliably collect
cutting force and torque information at a spindle speed
of 1800 rpm.

Take experimental data of test 1 to analyze the performance
of the smart tool holder on vibration measurement. The results
are exhibited in Fig. 12, where Fig. 12 a and ¢ were the spindle
and workpiece vibration measured by the reference accelera-
tion sensors and Fig. 12b was the signal measured by the smart
tool holder. The comparison indicates that the three measure-
ment results were different due to different measurement po-
sitions and vibration signal transmission paths. The signal
transmission path of the vibration on spindle was “tool-cutter
arbor-tool holder-spindle.” Thus, there were many cou-
pling factors and the signal was susceptible to noise
pollution. The measurement results also showed the ra-
dial vibration of the spindle was higher than the axial
vibration of the tool holder.

In addition, in this experiment, the acceleration sensor #2
on the workpiece was closer to the cutting point than that
integrated with the smart tool holder, so the vibration mea-
sured by this sensor was slightly higher. However, since the
sensor was fixed on the workpiece, it was difficult to distin-
guish between the idling and stall states of the spindle from its
measurement signals. Moreover, this may be invasive to the
cutting process when mounting the sensor on the workpiece.

Table 4  Cutting process signal features

Domain Symbols  Features

Time domain I Mean
Rms Root mean square
Var Variance

Wavelet domain ~~ wE) WPD energy at the first scale
WPD coefficient Rms at the first scale

WPD coefficient Var at the first scale

wcRms,

weVar,

Thus, it demonstrates the smart tool holder has advantages on
cutting vibration measurement compared with the traditional
measurement methods.

The amplitude-frequency characteristic of the vibration sig-
nal was illustrated in Fig. 12d. It can be observed that the
signal energy was mainly concentrated in the 0—100-Hz and
280-550-Hz frequency bands. And, the spindle frequency of
13.3 Hz and the tooth passing frequency of 40.0 Hz were also
consistent with the theoretical analysis. Overall, the cutting
experiment results demonstrate that the developed smart tool
holder in this paper can measure the multi-parameter informa-
tion including four-component force and vibration in the mill-
ing process accurately and reliably.

4 Cutting process monitoring
4.1 Experimental work

The developed device provides hardware support for the on-
line monitoring of tool condition during the cutting process. In
order to research the TCM, tool wear experiments were car-
ried out firstly using the smart tool holder. The work was still
performed on the VM7032 vertical milling machine by end
milling 45 steel under dry cutting condition. The experiment
setup is illustrated in Fig. 13. The cutting force and vibration
were measured by the developed smart tool holder with a
sampling rate of 5000 Hz, and the tool insert wear was mea-
sured using a microscope. Besides, the tool holder was still
equipped with a 32-mm diameter cutter arbor and a PVD-
coated carbide insert (APMT1604PDER).

The experiments were conducted with different spindle
speed and feed per tooth as listed in Table 3. There are four

Table 5 Tool condition recognition results (%)

Test1  Test2  Test3  Test4  Average rate
Initial worn 93 94 92 91 92.5
Medium worn 93 96 92 92 93.3
Severe worn 95 97 95 93 95.0

Average rate 93.7 95.7 93.0 92.0

@ Springer



Int J Adv Manuf Technol (2020) 110:853-864

863

tests and each one for a new tool insert. The cutting tool inserts
are usually replaced when the width of the flank wear area
(VB) reaches the pre-defined limit. According to ISO 8688,
the threshold for determining the tool life is maximum flank
wear of 0.3 mm in conventional machining [21]. The tool
wear was divided into three states: initial worn, medium worn,
and severe worn.

4.2 Tool wear condition monitoring

The hidden Markov model (HMM) has attracted lots of atten-
tions on TCM due to its strict data structures and reliable

{Features}'V = {Fz—wEl, Fz=wcVar,, Fz—p, Fz—var,

computing performance [22]. The author has also applied
HMM to recognize tool wear conditions based on cutting
force signal in the previous work [23], and in which a method
using two different feature sets to identify different wear con-
ditions of the tools in two steps was proposed and achieved
good results. The method was also implemented in this article.
The key to successful implementation of the method lies in the
selection of two appropriate feature sets. By adopting the
proven method, the time and wavelet domain features were
extracted and their classification performance was evaluated.
Then, two feature sets {Features}" and {Features}® were
selected as follows :

Fz—wcRms,, Fz—rms, Fr—wcVar,, Fr—var, (7)

Fr—wE |, Fr—wcRms,, Fr—rms

{Features}(z) = {FZ—WEl, Fz=Var, Fr-wcVary, T-wcRmsy,
Fz—wcRms,, Fz—wcVary, T—-wcE;, T—-wcVary, (8)

Fz—p,  Fr—p, V—wcRms, }

Each symbol representing a feature consists of two parts.
The first part indicates which source signal this feature comes
from, including axial force F, radial resultant force F,, torque
T, and vibration V, while the second represents the feature type
as listed in Table 4. Where the wavelet domain features were
obtained by decomposing signals into three levels using the
db4 wavelet packet, the coefficients at the first scale in the
third level were selected and used to calculate the energy
and other statistics.

The force and vibration data of test 2 were used for model
training. In the recognition process, 1200 samples randomly
selected from all four tests, 300 for each test, were
extracted the same features and then put into HMM sets
to recognize the tool wear states. The recognition results
were summarized in Table 5. Notice that the data for
recognition in test 2 were selected from what was not
used for the model training.

The results show the recognition accuracy in test 2 was the
highest with an average rate of 95.7% since the data used for
model training also came from this test. Meanwhile, the tool’s
severely worn state could be better distinguished in all 4 tests
with an average value of 95%, while initial worn and medium
worn states were recognized a trifle worse. Overall, the recog-
nition results are better than those in the authors’ previous
work [23] which only used three-dimensional cutting force as
the monitoring signal. As the methods used in the two articles
are the same, this proves that multi-sensor signal fusion includ-
ing cutting force, torque, and vibration can improve the

performance of TCM. It further reflects the necessity of devel-
oping the smart tool holder that can simultaneously measure
multiple information during the cutting process.

5 Conclusions and future work

In this work, a practical multi-sensor integrated smart tool
holder—based milling process monitoring system was pro-
posed. The system consists of a smart tool holder which is
capable of measuring triaxial cutting force, torque, and cutting
vibration simultaneously and wirelessly, and an effective
TCM model for tool wear state identification. A standard com-
mercial tool holder was firstly modified to make itself be the
multi-parameter information sensing element that has advan-
tages of simple structure and easy machining. Six capacitive
sensors, an acceleration sensor, and other electronics, like data
acquisition and transmitting unit, were designed and all inte-
grated into the tool holder. The whole system had low power
consumption and was powered by two lithium batteries which
could be recharged easily. Then, a series of tests have been
carried out to determine the smart tool holder’s static and
dynamic characteristics and the performance in actual cutting
applications. Furthermore, tool wear condition monitoring
was studied and a TCM model was built by adopting HMM
and fusing the features of cutting force and vibration. Some
tests were also conducted and the results proved the perfor-
mance of the model.
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Generally, the developed smart tool holder could be suc-
cessfully applied in milling for multi-parameter information
measurement and cutting process monitoring. The device is
compatible with different standard cutting tools, thus provid-
ing a flexible machining process. In the future, further re-
search would be carried out. Firstly, it is probably a good
choice to adopt wireless power supply so that the device could
operate for a long time without interruption. More TCM algo-
rithms and models should be presented for better monitoring
cutting process under many other conditions, like different
workpieces and tools. Besides, based on the developed smart
tool holder, research on the online optimization of cutting
parameters and real-time prediction of processing quality
could be conducted, thus expanding the application
scene of the device and further improving the device’s
intelligent degree.
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