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This article discusses a low-cost dynamometer based on a novel full octagonal ring-
shaped transducer applied to measure the cutting forces and analyze them with the
use of signal processing tools, in order determine their compatibility and the potential
to monitoring machining conditions. The results showed that the performance of the
developed dynamometer was in good agreement with cutting forces simulation. The
cutting forces were about 30 N in stable cutting and 80 N in unstable cutting. In stable
cutting, the spectrum showed the spindle frequency fs of 5.33 Hz, corresponding
to 320 rpm of spindle speed, which was followed by its harmonic frequencies of
10.66, 16 and 21.33 Hz. Revealing of all characteristic frequencies during turning
processes through the frequency spectrum showed the evidence that the developed
dynamometer indeed functioned well measuring cutting forces in machining. Apart
of the spindle frequency of 7.5 Hz and its harmonics, there also appeared the chatter
frequency f. of 62 Hz in unstable cutting condition. By using the combination of
signal processing tolls of the ensemble empirical mode decomposition with the short-
time Fourier transform (EEMD-STFT), the chatter frequency was clearly captured.
The combination of cutting forces measured by the developed dynamometer with
EEMD-STFT makes it easier for the operator to reveal the machining conditions
within a relatively short time.
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1. Introduction

One of the machining processes widely applied in manufacturing chains is
turning. This process is often applied for processing components in railway [1, 2],
automotive [3-5], aerospace [6] and other industries [7, 8], especially in the stages
of roughing and finishing. During the cutting process, the cutter-workpiece contin-
uous contact produces cutting forces that are influenced by machining parameters
and mechanical properties of the material [9-11]. These forces are generally mea-
sured using a table dynamometer that is installed on the tool-post of the lathe
machine [12, 13]. Another way is attaching a rotating dynamometer in the spin-
dle [14]. The forces are then analyzed for monitoring the quality of the cutting
states [15], designing a machine tool [16], cutting process optimization [17], in-
vestigation in the fundamental studies of cutting tools performance [18], surface
roughness evaluation [19], tool wear monitoring [20], and prediction and control-
ling of the chatter [21, 22].

A commercial piezoelectric dynamometer is widely utilized as a measurement
instrument for quantifying the forces in order to evaluate machining process. Zheng
etal. [23] used a dynamometer of Kistler 9257B placed on the tool-post of CA6240
lathe for measuring cutting forces to evaluate the Titanium Alloy turning process.
Yang et al. [24] employed the same instrument for acquiring cutting forces during
hard turning of nickel-based superalloy to monitor the tool wear and machining
performance. Xi et al. measured cutting forces using a dynamometer for develop-
ing a tool wear monitoring system in machining process. The dynamometer was
connected to the vision of the internet of production [25]. Hakmi et al. [26] used
a Kistler piezoelectric dynamometer (model 9257B) for measuring cutting forces
during turning polyoxymethylene (POM-C) under various cutting conditions.

However, the commercial piezoelectric dynamometer is fairly expensive. On
the other hand, manufacturing processes require not only time efficiency and
high reliability, but also low production costs [27]. Therefore, application of low-
cost dynamometer-based cutting forces measurement may be necessary. Some
researchers tried to develop a less expensive dynamometer that could be used for
machining process purposes. Rizal et al. [28], Zhao et al. [29], Pathri et al. [30],
Uddin et al. [31], Kumar et al. [32], Soliman [33], Dandage et al. [34] developed
low-cost dynamometers based on an octagonal ring transducer to measure cutting
forces in the oblique cutting process. Various transducer models were applied as
an essential element of the dynamometer, including diaphragm-shaped type [35],
flexible body [36], flexural beam [37, 38], hexagonal-formed ring [39], square
ring [40], and two extended octagonal rings [41].

The researches shows that one of the most important components in construct-
ing a dynamometer is the transducer. It functions as the sensing element of cutting
forces during machining. In the case of the octagonal ring transducer design, used
by some researchers, the strain gauge attached on the inside of the transducer is
subjected to compression under normal conditions, even when the pre-compression
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load has not been applied. This clearly affects the accuracy of cutting force mea-
surements during machining operation. Therefore, alternative transducer designs
need to be studied that allow for measuring the cutting forces in turning process
more precisely.

Many researchers have developed low-cost dynamometers and tested them in
machining tests for evaluating their performance in measuring cutting forces. Unfor-
tunately, these dynamometers were not applied for machining process monitoring,
to the best knowledge of the authors of this work.

This article describes an originally developed dynamometer based on a novel
full octagonal ring-shaped transducer applied to measure the cutting forces. Signal
processing tools are then used to analyze them to monitor machining process
conditions.

2. Cutting forces model during turning process

The turning process allows for producing cylindrical workpieces, of both exter-
nal and internal cylindrical forms. In turning, a rotating workpiece that is clamped
by jaws on the spindle of the lathe machine is cut using an inserted sharp cutting
tool to a certain axial cutting dept, a, as shown in Fig. 1a. This process generates
the main cutting force, F, and results in producing chips. The force can then be
decomposed into normal, F,, and tangential, F,, components, depending on the
cutting angle B. These cutting forces are then transferred to the transducer and
cause it to deform in two directions of x and y, as shown in Fig. 1b. The transducer
then senses the forces and the dynamometer measures them.

Vibration mark left

W “S \ in previous rotation Fy(t)
7 ~ Outer sens _ Deformation
UIer sengor Yo iny-direction
RN/ N
EO  FOF 1 F
A —’H_'_"_'_‘—"_“:‘_'_
Y i /= Transducer
‘(“x\\___;_-—;/n‘-. - .
o Deformation
y lnner’: sensor in x-direction
X«—éZ
Vibration mark left
in present rotation
(a) cutting force modelling (b) deformation on transducer

Fig. 1. Cutting forces causing deformation on the developed transducer during turning operation

The main cutting force, F, acting during the turning process is proportional
to the specific cutting force K (N/mm?) multiplied by the chip cross section area
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A (mmz) according to the formula [42]:
F=AK;. (1)

So that, the normal and tangential cutting forces showed in Fig. 1 can be determined,
Fy =ahK;sin(B) and F, = a h Ky cos(B). Here h is chip thickness.

On the other hand, the forces cause the workpiece to deform in the x and
y directions. This is because the considered machining system is represented by
flexible dynamic parameters; mass-damping-stiffness or m—c—k combination. Vi-
brations can occur in the system, caused by main force during the chips removal.
The equation of motion for a two-way oscillation system depicted in Fig. 1a can be
expressed as follows:

[M] {’;} (1) +[C] {;“ } (1) + [K] {’y“ } (1) = F(0), @

where [M], [C], and [K] are matrices of mass, damping coefficient, and stiffness
constant, x and y are the displacements, x and y are the velocities, and time
derivatives of velocities X and j are the accelerations in respective directions.

The deformation of the workpiece causes vibrations that are imprinted on the
workpiece in the form of wavy profiles that remain after the previous period of
rotation. In the next period of spindle rotation, the cutting edge of the cutter is then
facing the wavy profile of the workpiece causing fluctuation of the chip thickness
which becomes a function of time (4(¢)). The phase angle difference between
vibration from the previous rotation period and the current period determines the
dynamic chip thickness, which then decides whether the cutting state is stable or
in chattering condition. The Laplace form of the dynamic chip thickness equation
is [43];

h(s) = ho(s) + (7 = 1) {1 3)
v(s)

where 4, is the determined chip thickness and 7 is the period of spindle rotation.
The frequency response function (FRF) or [G(s)] can be expressed by com-
bining the force and the displacement, namely

3 1 x(s)
BT e {ym} | v

By substituting [G(s)] in Eq. (4) into Eq. (3), the ratio of the determined chip
thickness to the dynamic chip thickness can be written as
ho(s) 1
h(s) — 1=(e™s™=1) [G(s)] AK,

&)
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The stability limit for chatter-free machining at the chatter frequency w, can be
given as
1
2KRe[G(jwe)]

By using the frequency ratio of » = w/w,. and other measured dynamic modal
parameters, the complex FRF in Eq. (6) can be expressed in the form of three main
parts, namely the real and imaginary part of FRF, and the phase angle, as in Eq. (7),
(8), and (9), respectively.

Ajim = (6)

1 1-r?
Re [G (we)] = T ((1 - r2)2 N (20)2) , (7
B l -2lr

s:ﬂ—2tan_1( 9

Re[G(wc)]
Im[G (w,)] ) '

Using Egs. (6)—(9), one can draw a chart of machining stability for an arbitrary
number of lobes.

3. Research methods

3.1. Construction of low-cost dynamometer and its data acquisition system

In this research, the authors developed a low-cost dynamometer and a data
acquisition system which was used for measuring cutting forces and analyzed them
in order to monitor the machining process states. In the developed dynamometer,
a full octagonal-shaped ring, shown in Fig. 2, was applied. The dimensions of the
transducer, the width, thickness, and radius of the ring were 15, 3, and 13.5 mm,
respectively. The material used to produce the transducer was steel, whose material
properties are summarized in Table 1.

30

Fig. 2. The proposed transducer used in developed of dynamometer
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Table 1. Material properties of steel [9]

Mechanical properties Value
Elongation in 50 mm (/) 65-2%
Ultimate tensile strength (o,;) 400-550 MPa
Yield strength (y) 250 MPa
Young’s modulus of elasticity (E) 200 GPa

The inner surface of the proposed transducer is flat, as shown Fig. 2. So that,
the inner surface does not exert precompression on the sensor attached to it (the
inner sensor), as shown in Fig. 1b, so the precision of cutting force measurement
is improved. Besides, the sensor can be attached to the inner surface of the trans-
ducer without applying a force, which would affect the accuracy of cutting force
measurement during the cutting process. On the contrary, in the previously used
octagonal-elliptical-shaped ring transducer proposed by Rizal, et al. [28], Mohan-
raj, et al. [44], Korkut [45], Yaldiz [46, 47], Soliman [33], and others [30, 34], the
sensor attached to the inner surface of the transducer is pre-compressed even when
the load is not applied.

In order to characterize the strength of the proposed transducer against static
loads, the Finite Element Method (FEM)-based simulation was applied. Fig. 3
shows the distribution of stresses and the safety factors of a full octagonal ring-
shaped transducer subjected to normal force (Fy) and tangential force (F)) of
224 N and 388 N. These forces were calculated by assuming the specific cutting
force (K) of 2800 N/mm?, the cutting angle (B) of 60°, and the feeding rate (f)
of 0.2 mm/rev.

244,1 Max 15 Max
195,4

L | 1467

49,3

I 0,5 Mn

Fig. 3. Condition of the transducer subjected to normal force (F};) and tangential force (F;) of 224 N
and 388 N

3
0,85 Min
0

(a) distribution of stresses (MPa) (b) distribution of safety factors

The stress distribution in Fig. 3a shows stresses ranging from 0.5 to 244 MPa.
The part of the transducer mark red denotes the highest stress value for the applied
loads. Fig. 3b shows the safety factor of the transducer indicating that the transducer
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is still in the safe condition. This is because, for the applied load, the maximum
stress does not reach the yield strength of the material (y = 250 MPa).

Fig. 4 shows the developed low-cost dynamometer and its data acquisition
instruments. The dynamometer consists of four transducers placed between the top
plate and the bottom plate clamped to both plates using bolt-nut of M8 size. The top
plate is used to attach the cutting tool during the turning process, and the bottom
plate is for connecting the dynamometer to the tool post of the machine. The other
parts are data acquisition instruments consisting of a 24 V power supply, step down,
an amplifier, and the ESP 32 data acquisition card. This part is usually omitted in
development of a low-cost dynamometer based on previous research [28, 29, 48].

Holder  Cutting tool

Top plate

N p‘late
Transducer

(a) parts of dynamometer (b) acquisition data instruments

Fig. 4. The developed low-cost dynamometer

3.2. Dynamometer calibrations

The calibration was performed to determine the characteristics of the dy-
namometer with respect to the loads applied. Schematic diagram of dynamometer
calibration is shown in Fig. 5. The instruments required for the calibration included:
the constructed dynamometer, the calibration test rig, the wire sling, the load, the

Sling wire Calibration test-rig

D
L/
W DAQ
Amplifier
[ | |

Developed dynamometer

Fig. 5. Schematic diagram of dynamometer calibration
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data acquisition system (DAQ), and a PC laptop computer. In the calibration, the
test was carried out in two orientations of the force components, normal and tan-
gential, with the load gradually increasing until it reached 100 N with a load step of
10 N. The results of the calibration test were also used to evaluate cross-sensitivity
and linearity errors. A linear equation of force vs. voltage was obtained based on
the calibration.

The results of the dynamometer calibration depicted in Figs. 6 and 7. Figs. 6a
and 7a show the direct-load calibrations, which are the normal response to normal
load, and the tangential response to tangential load, respectively. Figs. 6b and 7b
are the cross-load calibrations, namely the normal response due to tangential load,
and the tangential response caused by normal load.

0.8
— Jm(X)=0.0781x+0.014 ] — Yulx)=0.08x+0.014
o 0.8 -
~ 0.6 o = -
< LT 0.6 e
& 0.4 P & Ll
= s < 0.4 -3
o -’ > - -
~ 02 02
-% - P -
0s” 0.~
0 20 40 60 80 100 0 20 40 60 80 100

Applied Force (N)

(a) direct-load calibration for normal response
to normal load

Applied Force (N)

(b) cross-load calibration for normal response
to tangential load

Fig. 6. Dynamometer calibration graph
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Applied Force (N)

(a) direct-load calibration for tangential response
to tangential load

Applied Force (N)

(b) cross-load calibration for tangential response
to normal load

Fig. 7. Dynamometer calibration graph

The regression equation for the data in Fig. 6a is y,,(x) = 0.0781x + 0.014
with an RMSE of 2.9%, and an MAE of 2.1%. While, the dynamometer sensitivity
due to this calibration is 78.1 mV/N. Fig. 6b shows the calibration of the normal
force dynamometer to tangential loading. The regression equation in this case is
Yar (x) = 0.08x + 0.014 with an RMSE and MAE of 0.8% and 0.6%, respectively.
When a maximum load of about 100 N was applied to the dynamometer, the cross-
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sensitivity of the developed dynamometer reached 10.2% and the linearity error
was 0.63%.

Fig. 7a shows an upward data trend with a regression equation of y,;(x) =
0.0857x — 0.0264 with an RMSE of 2.3% and an MAE of 1.9%. The sensitivity of
the tangential force dynamometer is 85.7 mV/N. The tangential force dynamometer
calibration due to normal loading is shown in Fig. 7b. The regression equation for
the data is y;,(x) = 0.0077x — 0.0203 with an RMSE of 0.9% and an MAE of
0.8%. The cross-sensitivity and linearity error of these calibrations are 8.98% and
3.7%, respectively.

3.3. Identification of cutting system dynamics

The identification of the dynamics of the cutting system was carried out through
impact tests in order to measure the frequency response functions (FRFs). Dynamic
modal parameters were then extracted by modal analysis technique, similarly as
it has been applied in various fields, including dynamics analysis of automotive
body [49, 50], milling structure [51], and others. The impact test experiment
on the workpiece-spindle combination is depicted in Fig. 8. The Dytran-5800B3
piezoelectric hammer was applied to excite the structure. The impulse force of
the hammer was measured by a sensor mounted on the hammer tip and its free
vibration response was measured by a Dytran-3413A2 accelerometer attached to
the workpiece tip. Both impulse and response were registered using a GW Instek
oscilloscope. The way of hitting the structure to obtain direct FRFs in the x and y
directions is illustrated Figs. 8b and 8c.

The FRFs obtained from the experiments are shown in Fig. 9. They consist
of real and imaginary parts of FRFs, G xx(w) and G (w), which are represented
in black and red curves, respectively. The FRFs have been marked with various
points including the natural frequency (f;) corresponding to the receptance mag-
nitude (A), and two specific frequencies f, and f5. Based on these variables, the
dynamic parameters could be determined using modal analysis technique. The
results are tabulated in Table 2.

Table 2. Dynamic modal parameters of cutting system associated with Fig. 8

Direction | Modal mass, Damp ne Stiffness Damping ratio, Natural
 FRF K coefficient, constant, 9 frequency,
0 m, kg e,Ns/m | k N/m g, (%) fo, Hz
Gxx(w) 0.052 60 2.7 x 100 1.26 61
Gyy(w) 0.047 50 2.5%10° 1.75 60

As explained in Section 2, the machining stability diagram can then be pro-
duced based on these dynamic parameters and assuming the cutting force coeffi-
cient, K, of 2600 N/m? for 1045 carbon steel material [42]. The results are shown
in Fig. 10, which depicts stability chart with eight lobes for spindle speeds ranging
from 0 to 1000 rpm.
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Fig. 8. Hammering test to identify dynamic cutting system
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Fig. 9. FRFs obtained from the experiments
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Axial cutting depth 4, (mm)
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Fig. 10. Stability chart for determining turning process parameters
3.4. Experimental cutting tests

To evaluate the performance of the developed dynamometer used for machining
process monitoring, experimental cutting tests were carried out. Fig. 11 shows
an experimental setup for turning process to measure cutting forces using the
developed dynamometer. A workpiece of AISI 1045 with 25.4 mm in diameter
and 100 mm in length was clamped by an independent three-jaw chuck on the
spindle machine. This type of material is often applied as mechanical components
in industries. As can be seen from the figure, tool holder DASAN MWLNR (20 x
20 mm) with tungsten carbide insert cutting tool (WNMGO0804) placed on the
developed dynamometer with fixed tool-overhang and clamped with M8 bolts
placed on the lathe tool-post. Thus, this developed dynamometer was easier to
use compared to cutting force measurements using a piezoelectric-based table
dynamometer which had been generally used [12, 25, 52]. This is because the
installation does not require dismantling the lathe tool post.

Workpiece Cutting tool

Tool-post

Spindle

Developed Full octagonal ring-
dynamometer ~ shaped transducer

Fig. 11. Experimental setup in turning process using developed dynamometer
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In the experimental tests, the rotating workpiece was cut by a carbide insert
cutting tool at a feed rate f = 0.06 mm/rev, and other machining parameters were
determined based on the diagram shown in Fig. 10. From there, tests were carried
out under stable conditions using combinations of axial depth of cut A, = 0.2 mm
and spindle rotational speed n = 160 rpm, and A, = 0.2 mm and n = 320 rpm.
Another test was a combination of axial depth of cut A, = 1 mm and spindle
rotational speed n = 450 rpm under unstable conditions. The machining parameters
are summarized in Table 3.

Table 3. Machining parameters used in cutting tests

Spindle rotational Feed rate, Ax(i)z;lc(llletpth Machining
speed, n (rpm) f (mm/rev) A (ml;l) condition
a
160 0.06 0.2 Stable
320 0.06 0.2 Stable
450 0.06 1 Unstable

4. Results and discussions

4.1. Performance of the developed dynamometer assessed
by experimental cutting

The cutting forces obtained from the experimental turning process are shown
in Fig. 12. These cutting forces are associated to machining parameters of axial
cutting depth of A, = 0.2 mm with a spindle rotational speed of n = 160 rpm in
stable conditions. The cutting time corresponded to given machining parameters
with about 50 mm of cutting length. Blue and green colors of the graphs represent

100 : :
A,=0.2 mm =Normal force (F,)
= 80 n=160 pm =Tangential force (Fy)
% 60 /=006 mm/rev. —Main force (F)
[}
] —_c .
=§ 40 Slmulatln
g e WH Pt it 'ﬂ*v‘q‘
= | ‘ .
RTINS LM T
= ,Mm T, T klu.g[ll A Wl .l‘.\’ M,“,k “M.*
O . | el
0¥ AT
=20 - ]

150 200 250 300

Cutting time, t, (s)

0 50 100

Fig. 12. Cutting forces measured from turning tests comparing to the simulation using given
machining parameters in stable condition
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the normal and tangential cutting forces, respectively. The red one is the main

cutting force, the resultant of the two cutting forces calculated as F = {/F2 + Fy2
The black one is the simulation cutting force determined with formulas given in
Section 2 with random noise added in the simulations. It is because fluctuation of
the cutting forces is caused by many effects occurring during continuous contact
between the workpiece and the cutter, the noise originating from the surrounding
environment [53-55] and other random effects that should not be ignored [56].

The comparison presented in Fig. 12 indicates that the measured cutting forces
are in good agreement with the simulation ones. Besides, these cutting forces
trend to have similar trends as those from the previous studies, in which com-
mercial piezoelectric dynamometers were used [37, 57, 58]. This indicates that
the developed dynamometer is acceptable for measuring cutting forces in turning
processes, although the frequency characteristics of the cutting forces still needs to
be examined, which will be the subject of the following discussion.

4.2. Cutting forces analysis for machining stability monitoring

Fig. 13 shows the cutting forces acquired in cutting tests based on the prede-
termined machining conditions. Fig. 13a depicts cutting forces acquired in a stable
operation. They appear to be consistent with analytical predictions based on the
stability diagram shown in Fig. 10. With the machining parameters of n = 320 rpm
and axial cutting depth of A, = 0.2 mm, the cutting process is clearly in a stable
state. Besides, the cutting time is shorter compared to that of the first experiment, as
shown in Fig. 12. The magnitude of cutting forces does not depend on the spindle
rotational speed, but it depends on the cutting time.

In Fig. 13b there are presented the cutting forces measured during unstable
machining. As can be seen from this figure, the magnitudes of forces are growing
significantly and become larger than those in Fig. 13a. The main cutting force in
Fig. 13a is about 35 N and the main cutting force in Fig. 13b is about 75 N. Here,
the cutting force was indeed influenced by the cutting dept [42].

To determine the effect of machining parameters on the characteristics of
the turning process, it is necessary to transform the measured forces displayed in
Fig. 13 into frequency spectra to examine the frequency contents of the forces. The
frequency spectra calculated by the fast Fourier transform are shown in Fig. 14.

The spectra above show the frequency content of the cutting forces, both
normal, tangential, and main cutting forces, which are denoted with the color of
each graph. As can be seen in the frequency spectra above, there are various fre-
quencies that can be distinguished, including the spindle rotational frequency ( fs)
and its harmonic frequencies marked by the arrows. Both the fundamental spin-
dle frequency and its harmonics are the characteristic frequencies resulting from
the spindle rotational speed. According to the frequency spectrum in Fig. 14a,
the spindle rotational frequency equals 5.33 Hz. It is associated with the spindle
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(a) Stable machining using assumed machining parameters
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(b) Unstable machining using assumed machining parameters

Fig. 13. Cutting forces obtained from experimental turning tests compared to the simulation using
assumed machining parameters in stable condition

rotation speed of n = 320 rpm used in machining. This frequency is followed by
harmonic frequencies, namely 10.66, 16; 21.33 Hz and so on. All of these charac-
teristic frequencies are of force vibrational type. These characteristic frequencies
of the cutting process, determined through the frequency spectrum above, provide
yet another evidence that the developed dynamometer actually functions well, and
is suitable to measure cutting forces in the turning process. On the other hand,
Fig. 14b shows the spindle frequency f; at 7.5 Hz and its harmonic frequencies
which are associated with spindle rotational speed of n = 450 rpm. In addition,
a more subtle observation of this spectrum allows us to see the chatter frequency
(fe = 62 Hz). The chatter generally arises near the natural frequency of the cutting
system [51, 59, 60].

In order to make the monitoring of machining process clearer, the digital signal
processing tools of the Ensemble Empirical Mode Decomposition (EEMD) were
applied in conjunction with the short-time Fourier transform (STFT). Ordinarily,
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Fig. 14. Frequency spectrum corresponding to the cutting forces obtained in cutting test

EEMD is used together with the Hilbert transform (HT) to reveal abnormality
phenomena in many mechanical systems, such as chatter detection in milling
processes [58], cutting tools breakages [63], bearing faults [64], and diesel engine
instability detections [65]. This is because EEMD and HT are two consecutive
steps in implementing the Hilbert-Huang transform (HHT) [66]. EEMD function
is to decompose any complex signal into simple components called the intrinsic
mode functions (IMFs). HT is then used to plot the IMF components on one time-
frequency plane. However, high computation load is the weakness of HHT [67, 68].
Therefore, its application in machining process monitoring may be quite time-
consuming. Therefore, the combination EEMD-STFT is a possible step used in
practice to monitor the machining process conditions quickly.

A set of IMFs in time domain processed by the EEMD is shown in Figs. 15
and 16, which correspond to stable and unstable main cutting forces, respectively.
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Fig. 15. Decomposed signal for stable force corresponding to raw signal in Fig. 13a

The decomposition process has been explained in the paper [67]. EEMD has a
unique principle of working, namely separating data that have complex frequencies
into simple frequencies. From Figs. 15 and 16, it can be seen that IMF1 contains
most of the oscillations, which means that it has the highest frequency among the
other IMFs. The last one is process residue which has no meaning because there
isn’t even one oscillation.

The next step is transforming the IMF into a spectrum in the time-frequency
domain using STFT. The resulting spectrum is shown in Fig. 17. Figs. 17a and 17b
are the STFT spectra for stable and unstable machining, respectively. According to
these spectra, in stable machining, the level of energy spread in the STFT window is
low. On the contrary, the energy level of unstable machining, which is shown in the
second STFT spectrum, increases and is concentrated at the chatter frequency.. The
time required to generate all the spectra was relatively short, approximately about
three seconds. This would certainly make it easier for the operators to examine
the condition of the machining process they are handling, for example processing
automotive and railway shaft components. This confirms that EEMD-STFT has
the ability to reveal the current state of turning operation based on the cutting force
obtained using given cutting parameters.
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This result can be confirmed based on the images of the machined surface
produced during machining process, as shown in Fig. 1. The machined surface
obtained in a stable process, Fig. 18a, shows that there is no mark of chatter on the
surface of workpiece. The reasonable surface roughness in this product might be
explained by the fact that the instability of sliding contact between the tool and the
workpiece depends only on the fluctuations of friction coefficient during sliding,
not on the chatter vibrations [69, 70]. Fig. 18b shows the chatter that was imprinted
on the surface of the workpiece.

(a) Smooth surface of workpiece (b) Chatter imprinted on workpiece surface

Fig. 18. Machined surfaces generated in turning tests

5. Conclusions

A low-cost dynamometer has been developed for measuring cutting force
during turning process and it has been validated by calibration and simulation.
Based on the presented results and discussions, some important conclusions can
be drawn:

1. The developed dynamometer indeed performed well in measuring cutting
forces during turning processes and provided good agreement between the
measures cutting forces and the simulation.

2. The characteristic frequencies of the turning process determined through
frequency analysis, which include the frequency of rotational spindle speed
and its harmonic frequencies, show another evidence that the developed
dynamometer works properly.

3. In turning process monitoring by analyzing the cutting forces, unstable
conditions during the machining process can be distinguished from the
stable ones. Frequency chatter appears at 62 Hz in the frequency spec-
trum of forces in unstable conditions, according to the frequency spectrum
calculated by fast Fourier transform (FFT).

4. The machining process conditions can be easily and clearly recognized in
time-frequency domain using the combination of EEMD-STFT. The short
time of cutting force analysis using that signal processing tool will also
make it easier for operators to recognize machining process conditions.

5. The cutting forces measured using the developed dynamometer are com-
patible with the signal processing tools of EEMD-STFT.
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