Research on Engineering
Structures & Materials

WWW.jresm.org

Research Article

Design and construction of full octagonal transducer-based
low-cost dynamometer for measuring cutting forces during
turning process

Agus Susantol™2, Budi Setiyana2®b, Rifky Ismail2¢, Risma Alfiyanild

1Lab. of Precision Engineering, Faculty of Engineering, State Polytechnic of Madiun, Indonesia
2Department of Mechanical Engineering, Faculty of Engineering, Diponegoro University, Indonesia

Article Info Abstract

Article History: This research focuses on developing a low-cost dynamometer based on a novel
transducer, full octagonal ring, which was used to a sensing element of cutting
forces in turning process. Various evaluations were performed which aiming to
Accepted 22 Dec 2024 produce accurate dynamometer. Static analysis showed that proposed transducer
was capable of withstanding normal load of 224 N and tangential load of 388 N

Received 14 Sep 2024

Keywords: with stress, strain, and deflection of 233 MPa, 9.9 x 10-4, and 8.5 x 10-2 mm,
Full octagonal ring- respectively. The dynamic aspect indicated that the natural frequency of
shaped transducer; developed dynamometer could stabilize at 3.85 kHz with stiffness constant, k,
Dynamometer; damping ratio, ¢, and damping coefficient, c, of 18.5 x 10-6 N/m, 1.04%, 16 N-s/m.
Cutting forces; The calibration tests showed that the dynamometer sensitivity for normal force
Calibrations; was 78.1 mV/N with cross sensitivity and linearity error values of 10.2% and
Machining tests 0.63%. The sensitivity for tangential force was 85.7 mV/N with cross sensitivity

and linearity errors of 8.98% and 3.7%. The performance evaluation of
dynamometer through machining tests proved that measured cutting forces
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1. Introduction

The machining process is a sequential and systematic stage to transform raw materials into
products that have functions in a mechanical system. This process is a chain of manufacturing
processes that are widely used in industry, wheatear drilling, milling, sawing, grinding, broaching,
shaping, and turning processes. From the various types of machining processes, turning is a cutting
process that is almost certainly applied to manufacture a product in many industries [1], wheatear
itis for processing automotive components [2], aircraft [3], railways [4,5], HDPE-100 pipe [6], and
others [7]. The interaction of the cutting-tool and the workpiece during turning process produces
cutting forces that induce vibration, deformation, raising cutting temperature, and accelerate tool
wear during machining process [8-10]. The cutting forces, therefore, has direct implications for the
success of the machining process.

When it is possible to measure the cutting forces during the machining accurately and interpret
them correctly, then the machining process can be optimized, tool wear might be monitored in real
time, and even cutting errors can be minimized [11,12]. Cutting forces during turning process are
generally measured using a piezoelectric-based commercial table dynamometer, which are
installed on the machine’s tool-post [13-15]. Zheng et al. [14] clamped Kistler 9257 table
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dynamometer on the tool-post of CA6240 lathe machine for measuring forces during Titanium alloy
machining. Fodor et al. [16] measured the cutting forces on dried orthogonal turning Aluminum
alloy of AL2024-T351 using a Kistler 9129 dynamometer. A six-component table dynamometer
was also used to acquire the cutting forces in hard turning of chrome molybdenum 42CrMo24-type
alloy by [17]. However, the price of piezoelectric-based dynamometers, which reaches thousands
of dollars, is not seen as cheap by some campus academics, researchers, and industrial operators
to implement a machining process monitoring system through observation of cutting forces.
Moreover, disassembling-assembling the lathe’s tool-post first to install the table dynamometer is
a bit of a tedious job. To overcome this problem, researchers have actually proposed low-cost-
based dynamometers. You et al. [18] developed cutting forces measurement tool based on strain
gauges by applying the transducer model of two perpendicular octagonal rings (TPOR). Their
developed dynamometer had sensitivity of 0.32 mV/N and natural frequency of 771 Hz, and it had
been applied for measuring the cutting forces during AISI 1045 and Aluminum alloy turning
process. However, they used commercial data acquisition that had not been included in production
costs in the development of dynamometers. Uquillas et al. [19,20] developed a force measuring tool
by utilizing strain gauges with wireless transmission technology.

Rizal et al. [21,22] focused on designing and manufacturing the dynamometers based on both
octagonal ring and cross beam transducer models. They claimed that their developed
dynamometer had a dynamic response of about 766 Hz, sensitivity of 3.13-172.4 mV/N, 0.87% in
cross-sensitivity error, and appropriate for acquiring cutting forces about 3 kN. Korkut [23], Yaldiz
et al. [24,25] developed instrument for measuring cutting forces based on the octagonal ring. They
implemented it in either turning or milling processes. The eight-shaped rings transducer-based
dynamometer was developed for measuring milling forces [26]. Various transducer models were
applied as an essential element composing dynamometer, including circular ring [27], diaphragm
type [28], elastic body [29], bending beam [30,31], hexagonal ring [32], square ring [33], octagonal-
elliptical ring [34-38], and two extended octagonal rings [39].

Based on those studies, one of the important components of composing a dynamometer is the
transducer. It was used as a sensing element for measuring cutting forces during machining. The
design of the transducers that has an inner circular shape, such as octagonal ring transducers [22-
25,34-38,40], circular rings [27], and the eight-shaped (ES) [26], has a shortcoming in the sensor
installation. Those transducers caused the strain gauge installed on the inside of transducer to
experience initial compression, even when the load had not been applied. This clearly effects on the
accuracy of cutting forces measurements. Therefore, an alternative transducer design needs to be
studied, that can be worked to sense cutting forces in turning process precisely.

This study focuses on designing, analyzing, and fabrication of low-cost dynamometer based on
proposed novel transducer, namely full octagonal ring-shaped transducer. Various evaluations
were performed which aiming to produce accurate and reliable dynamometer, which cover static
and dynamic analysis, and calibration tests. Following, machining tests were conducted to evaluate
the performance of the developed dynamometer for acquiring cutting forces during turning
process. In the following sections, cutting forces model in turning operation is first explained in
Section 2. The materials and methods are following discussing in Section 3. The results and
discussions of the study are described in Section 4, which include static and dynamic analysis of
transducer, configuration of the developed dynamometer and its calibrations, evaluating the
performance of the developed dynamometer through various machining tests.

2. Cutting Forces Model During Turning Process

Turning process is applied to cylindrical workpiece for producing parts that are basically round in
shape, either external or internal shapes [41]. In orthogonal turning process, a workpiece is cut
using a cutting tool with the angle of cutting-edge perpendicular to the cutting direction as shown
in Fig. 1. From Fig. 1(a), the rotating workpiece with the rotational speed of w (rpm) is cut by a
sharp cutting tool that moves translationally along the cutting length with axial cutting depth of a
(mm) and feeding speed of V; (mm/min.). During machining, the cutting forces are generated that
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cause plastic deformation on the workpiece material and producing in chips. These cutting forces
acting in turning process are shown in Fig. 1(b).
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Fig. 1. Cutting process in turning (a) Turning process and its machining parameters and (b)
Cutting forces generated during turning process

Based on Fig. 1(b), the cutting force, F (N), acting during turning process is proportional to the
specific cutting force, Ks (N/mm?), multiplied by cross-sectional area of chip, Ac (mm?2), which is
formulated as [42]s;

F = A, .K, 6]

The cutting force can then be decomposed into normal, F,, and tangential, F;, force components by
cutting force angle, 5. They are calculated as follows;

F, = Ks.b.a.sinf (2)
E, =Ks.b.a.cosf (3)

where b is chip thickness.

3. Methods
3.1. Developed Transducer

The method used in this study was a development and construction model that aims to produce an
accurate, precise, and reliable dynamometer when used for measuring cutting forces in turning
process. The development of dynamometers focused on the transducer which is one of the urgent
components of composing a dynamometer that functions as a sensing element of cutting forces.
This study proposed a full octagonal shaped ring transducer model as displayed in Fig. 2(a) in
developing dynamometer. The material of this component was steel with dimensions of width,
thickness, and ring radius of 15 mm, 3 mm, and 13.5 mm, respectively. It is seen that the transducer
is different from the octagonal-elliptical ring-shaped transducers used by [21,23-26,36], and
others [35,38]. Those old transducer models caused the sensor attached to the transducer's inner
surface having pre-compressive, even when the forces had not been applied as shown in Fig. 2(b).
This obviously affected the accuracy and reliability of the cutting forces measurement. On the other
hand, the proposed transducer in this study does not cause pre-compressive in sensor as shown in
Fig. 2(c), so that the precision of the measurement of the cutting force - in the initial assumption -
is more guaranteed. Various evaluations were performed which aiming to produce accurate
dynamometer, namely; (1) static analysis, (2) dynamical test, transducer and dynamometer
calibrations, and machining tests.
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Fig. 2. Transducer model used in dynamometer: (a) isometric view of developed transducer
and its dimension, (b) pre-compressive effect on the sensor using old transducer, (c) no pre-
compressive effect on the sensor using proposed transducer model

3.2 Static Analysis Based on The Finite Element Method (FEM)

Static analysis based on the finite element method (FEM) is performed to evaluate the strength of
the developed transducer structure against the applied loads. Fig. 3 displays the meshing in FEM
environment. Type meshing of 3D Hexahedrons with 91015 nodes and 59671 elements was used

in the calculation. Five types of meshing independence tests including skewness index,
element quality parameters, orthogonal quality, aspect ratio, and parallel deviation were
conducted to determine the meshing quality. The results showed that the meshing was
verified to be able to proceed to the next analysis step.

Fig. 3. Meshing of developed transducer in FEM environment
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3.3. Test of Dynamical Characteristic of Transducer

During turning process, the cutting forces are not in a static situation, but also dynamic [8].
Therefore, it is also important to consider the system response to dynamic loads. And, the
component of dynamometer that is most susceptible to dynamic problems is the transducer. In this
case, the dynamic response of the dynamometer structure is influenced by the forced frequency of
the spindle rotation. During machining process, the natural frequency and forced frequency must
be very different from each other. This will ensure that the cutting force obtained will not be
affected by dynamic phenomena caused by the construction of the dynamometer.

For identifying the dynamical behavior of transducer, the test - well-known as hammering tests -
was carried out. Fig. 4 shows the experimental hammering test along with the instruments needed
in the tests. It is seen that the transducer is excited by an Dytran 5800B3 electrical hammer, so that
the structure vibrates. The transient external force of the excitation was measured by a
piezotronics embedded in the hammer tip and the vibration response was quantified by an Dytran
3413A2 less-mass accelerometer attached to the structure. Those instruments had been activated
by an Omega power supply. Both impulse forces and vibration responses were then acquired by a
data storage oscilloscope, GW Instek, where the data can be checked by a software-interfaced
personal computer. To ensure the data were based on correct assumptions, a certain amount of
collecting data, 3-5 times the replication were collected which were then averaged.
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Fig. 4. Schematic diagram of hammering test

Based on the single degree of vibration model shown in Fig. 4, the vibration equation can be written
by summing inertial, damping, stiffness and external forces as follows:

mi + cx + kx = Fe'@t (4)

where m, ¢, and k are dynamic modal parameters of mass (kg), stiffness constant (N/m), and
damping coefficient (N-s/m), respectively. Fe!®! is the transient impulse force in function of
frequency (w, Hz), with i =+/—1 is an imaginary value. While, x = Xe!®? is the deflection of
transducer due to being hit by hammer and it can be derived into velocity and acceleration, which
are X = iwXe't and ¥ = —w?Xe'®t. By substituting these deriving variables into Eq. (4) and
eliminating the exponential numbers, the frequency response function (FRF) is obtained in the
form of;

X 1
2 _ : (5)
F —w?m + iwc+k

Equation (5) can be decomposed into a pair of the real and imaginary parts of the FRF, namely:
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Where ( is the damping ratio and the ratio between frequency function to the natural frequency is

Re(G(1))
(6)

shown by r =% . Furthermore, the equations of the real and imaginary parts of the FRF
n

formulated in Eq. (6) can be depicted in Fig. 5.
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Fig. 5. A pair of FRF parts that are “measured” from testing (a) Real part and (b) Imaginary part

It can be seen that each peak is identified with small circles in both figures, namely f,, 1, and f> (Hz)
and A (m/N). They are indispensable for extracting dynamic modal parameters of transducer.
Following are four steps to extract them;

f,—f
e Find a damping ratio { (%) by & = 22f 1
n
¢ Find the constant stiffness k (N/m) through k =- _Zié’ .

e Convert the natural frequency fn (Hz) to w, (radian/s) by multiplying 2m to get compatible

f k
units and use @, =,[— to calculate the modal mass m (kg).
m

e Finally, calculate ¢ =2 </Km to determine the damping coefficient ¢ (N-s/m).

3.4 Dynamometer Configures and Data Acquisition System

The configuration and orientation of the transducer on the developed dynamometer is shown in
Fig. 5. It can be seen that the sensors of strain gauges that are attached to the transducer with a
certain configuration and orientation to produce the shape of the dynamometer as shown in Fig.
6(a). The configuration and orientation of the transducer were intended for measuring normal (F,)
and tangential (F:) cutting forces during the turning process as discussed in Section 2. For each
measurement of the force component, the strain gauges are assembled based on Wheatstone
bridges as seen in Fig. 6(b).

To measure the tangential force, transducers A and B in Fig. 6(a) are attached to a series of strain
gauges whose arrangement is shown in Fig. 6(b-right). It can be seen that there are four strain
gauges (R1, R2, R3 and R4) that are connected based on the Wheatstone bridge. R1 and R3 are
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attached on the outer surface of the transducer at an angle of 45¢ to the vertical plane that would
be subjected to tensile stress. R2 and R4 are attached on the outer surface of the transducer at an
angle of 45¢ to the vertical plane so that they would be subjected to compressive stress. For
measuring normal force (F,), transducers A, B, C and D in Fig. 6(b) are attached with eight strain
gauges which the arrangements are shown in Fig. 5(b-left). R5, R7, R9 and R11 are attached on the
outer surface of the transducers at an angle of 90° to the vertical plane that would be subjected to
tensile stress. R6, R8, R10 and R12 are attached on the inner surface of the transducer with the
perpendicular angle to the vertical plane that would be subjected to compressive stress. The strain
gauges used were BF(BA)350-3AA with dimensions of 7.44 x 4.4 mm and a gauge factor was 2.0-
2.2.
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Fig. 6. Configuration and orientation transducer on developed dynamometer (a) Arrangement
strain gauges that attached on transducer and (b) Wheatstone bridges-based order strain
gauges for measure: (left) normal force, and (right) tangential force

3.5 Calibration Tests

To determine the characteristics of transducers and dynamometers due to the applied loads,
calibration tests were conducted. The experimental set-up and schematic diagram for both the
individual transducer and dynamometer are shown in Fig. 7. Fig. 7(a) shows the experimental set-
up and the instruments required in the calibration. It can be seen that the instruments needed for
the calibration test include; units tested either dynamometer or transducer, calibration test-rig,
wire sling, load, data acquisition system, and PC laptop.

Amplifier + data
acquisition

Sling wire  Calibration test-rig

Load

Calibration

test-rig w DAQ
Unit under ‘L Amplifier
calibration test | | |

Data acquisition 7
interface to PC Laptop Unit under calibration test

(a) (b)

Fig. 7. Experimental set-up and schematic diagram for calibration tests (a) Instruments
required for calibration tests and (b) Schematic diagrams of calibration tests; individual
transducer or constructed dynamometer
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Fig. 7(b) shows a schematic diagram of the calibration on the unit under test, either an individual
transducer or constructed dynamometer. In the calibration of the individual transducer, the
structure was subjected to a load that ranged from 0 to 60 N with a step addition of 10 N, where
the load was connected by a sling wire. The loading was intended to evaluate the sensing of
transducer to the given loads, both the outer part and the inner part of transducer (see Fig. 2). In
addition, calibration due to cross-load effect was also observed to evaluate the transducer response
due to cross-load, both the normal response due to the tangential load, and the tangential response
due to the normal load. In the calibration of a constructed dynamometer, the tests were performed
on two orientations of the force component; F, and F;, with gradual loading until reaching 100 N
with aload interval of 10 N. To ensure the consistency of the output results, the tests were repeated
3 times. The results of the calibration test were then used to evaluate cross-sensitivity and linearity
errors. In addition, a linear equation was also obtained based on this calibration.

3.6 Machining Tests

The next tests were conducted for evaluating the performance of the developed dynamometer in
measuring the cutting forces. Dry machining was carried out on the ANNYANG conventional lathe
machine. The experimental set-up of the cutting process is shown in Fig. 8. Based on Fig. 8(a), a
1045 carbon steel workpiece with 25 mm in diameter and a length of 100 mm is clamped on the
machine spindle. Tool holder of DASAN MWLNR (20 x 20 mm) with insert cutting tool of tungsten
carbide (WNMGO0804) is clamped on a developed dynamometer by M8 bolts and it was mounted
on the tool-post of machine. The installation of the developed dynamometer was easy to use than
measuring the cutting force using a piezoelectric-based table dynamometer as it had been
commonly used [14,43]. This is because, the installation of dynamometer did not need to
disassemble-assemble the tool-post of machine.

Cutting forces measurement are carried out based on the schematic diagram as shown in Fig. 8(b).
The machining process is performed at a constant cutting depth (a) of 0.2 mm, and a constant feed
rate (f;) of 0.06 mm/rev., and varying spindle rotational speed, w, namely 160, 320, and 450 rpm.
These machining parameters were similar to those used by other researchers when testing the
dynamometers they developed [14,22,40].

Workpiece Cutting tool

Spindle
Chuck
Tool-post of
Spindle e machine
lathe machine Workpicce
q N D B I @ Tool-post of
lathe machine DAQ
Chuck . p
t £ Cutting tool
’ . x .
i J P v, Amplifier
Developed Dynamometer V< I ‘
(a) (b)

Fig. 8. Cutting tests conducted for developed performance evaluation (a) experimental set-up
and (b) schematic diagram of the cutting test

4. Results and Discussions
4.1. Static And Dynamic Analysis of The Transducer

Static analysis based on the finite element method (FEM) is performed to evaluate the strength of
the structure against the applied load. Fig. 9 displays the condition of the full octagonal shaped ring
transducer which is subjected to normal force (F,) and tangential force (F;) of 224 N and 388 N
evaluated based on FEM. Those conditions display distribution of stresses, strains, deflections, and
safety factors.

Based on Fig. 9(a), the forces cause the transducer to having stress over the entire area with stress
distribution ranging from 0.5 - 233 MPa as shown on the color bar. The part of the transducer that
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is most having stresses when the forces were applied is indicated by red. Fig. 9(b) shows the strain
distribution experienced by the transducer with a maximum strain of 9.9 x 10-% This maximum
strain is relatively small which indicates that this transducer was quite rigid. The deflection is also
fairly small, namely 8.541 x 10-2 mm as shown in Fig. 9(c). The transducer is rigidly designed to
keep the turning forced frequency away from the natural frequency of developed dynamometer, so
that the transducer was not going through damage due to the loads. Fig. 9(d) shows the safety factor
analysis of the transducer which indicate that the transducer is still in a good condition to be used
with the given loads. This is because the maximum stress that occurs had not reached the yield
strength of the transducer material, 250 MPa.

v

23 M.

M

0,02417

0,01708

() (d)

Fig. 9. Distribution of stresses, strains, displacements, and safety factors experienced the
surface of the developed transducer when subjected by normal and tangential forces (a) Stress
distribution (MPa), (b) Strain distribution, (c) Displacement distribution (mm) and (d) Safety

factor distribution

The dynamic analysis based on the FEM are shown in Fig. 10, which shows the first four vibration
modes experienced by the transducer due to the normal force and tangential force applied to the
transducer. Fig. 10(a) shows the first vibration mode with a natural frequency of 3.85 kHz. It can
be seen that the transducer is deformed, but still maintain its shape. Figs. 10(b) - 9(d) show the
second to fourth vibration modes with frequencies of 6.41, 14.1 and 20 kHz, respectively. At these
frequencies, the transducer undergoes a deformation due to dynamic loads and does not hold its
initial shape. So, it is quite risky to use the developed dynamometer at those frequencies.

Fig. 11 displays raw data in the time domain data obtained by impact tests. They are the impulse
force and vibration response which are shown in Figs. 11(a) and 11(b), respectively. It is seen that
when the transducer was excited with a force of 1 N by hammer, the damped free vibration was
given by structure. The oscillation decays over time and the vibration finally vanished. Those time
domain data were then transformed into a frequency response function (FRF) to determine
dynamic modal parameters of transducer in receiving dynamic loads. Fig. 12 is an FRFs consisting
of the real and the imaginary parts of FRF. By utilizing these two graphs, the dynamic modal
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parameters of transducer can be extracted based on the explanation in Section 3.2, as well as have
been applied to mechanical structures in general, whether in precision table grinding [44], lathes
[45], milling [46], drilling [47], and automotive vehicles [48]. The results of the extraction of
dynamic modal parameters, which including mass (m), damping coefficient (c), stiffness (k),
damping ratio ((), and natural frequency (f,) are tabulated in Table 1. These results are valid with
simulation results based on FEM in previous discussion.
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Fig. 10. The first four vibration modes of the transducer under the of applied forces (a) 1st
mode, (b) 2nd mode, (c) 39 mode and (d) 4t mode
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Fig. 11. Time domain data measured by impact test (a) Impulse force and (b) Vibration
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Fig. 12. Frequency response function (FRF) associated to raw time-domain data (a) Real part of
FRF and (b) Imaginary part of FRF

Table 1. Parameter modal dynamic of transducer

Dynamic Parameters Value
Mass (m) 32g
Damping coefficient (c) 16 N-s/m
Stiffness (k) 18,5x10¢ N/m
Frequency (f,) 3,85 kHz
Damping ratio ({) 1,04%

4.2 Calibration of Transducer

Calibration on individual transducer aims to evaluate the transducer through the response given
by the transducer due to the load applied to it. Fig. 13 shows the output results during calibration
tests. Fig. 13(a) shows the transducer calibration for normal response and Fig. 13(b) shows the
transducer calibration in tangential response. Both Figs 13(a) and 13(b) show three data due to the
load applied to the transducer through the experiment described in Fig. 7. The black and red graphs
are responses sensed by sensors attached to the outer transducer and inner transducer,
respectively, (see Fig. 2). The blue graph is the calibration of the transducer due to the cross-load
effect which used to evaluate the transducer response in normal direction due to the application of
tangential directional loads.

[t can be seen that the normal load calibration for the external sensor above shows an upward trend
with respect to the given load, while the normal load calibration for the inner sensor shows a
downward trend. This shows that the measurement of normal loading using a developed
transducer worked well. In addition, the blue graph indicates that the transducer is not affected by
the cross-load effect, both the normal directional response due to tangential loading and the
tangential directional response due to normal loading. This shows that the developed transducer
measures the cutting force independently and was not affected by the directional loading.

In calibration test of the normal direction transducer, the regression equation was y, = 0,1425x —
0,0514. Meanwhile, the root mean square error (RMSE) [49] for the data was 3.2%, and the mean
absolute error (MAE) [13,16,49,50] was 2.4%. On the other hand, the regression equation of the
transducer calibration resulted for the tangential direction of data was y, = 0,1379x — 0,0197. The
RMSE for the data was 2.5%. Meanwhile, the MAE for these three data was 2.1%. Those lower the
RMSE and MAE indicated that calibration tests show the better the model performs.

11



Susanto et al. / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx

1

— Outer sensor _ — Quter sensor
— Inner sensor _e--" — Inner sensor -7
9 0.5 —Normaltotangenﬁal_______,r-' ; 0.5 —Tangentialtonom\al'___.-r"”
I SR - TR S Er R .
S 05 Tl < 05 e
-1 . . -1 |
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Load (N) Load (N)
(@) (b)

Fig. 13. The transducer calibration (a) normal, (b) tangential responses

4.3 Design and Construction of Low-Cost Dynamometer Based on Full Octagonal
Transducer

Fig. 14 displays a construction of low-cost dynamometer based on a full octagonal shaped ring and
the important other instrument to measure cutting forces in turning process. The configuration of
the strain gauge installation on the transducer of dynamometer along with the necessary fittings is
presented in Fig. 14(a). Besides, Fig. 14(b) is a prototype of developed dynamometer. The overall
cost of producing these dynamometers is about 70% cheaper than the commercial piezoelectric
dynamometers widely used by previous researchers [13,16,50].

.,
saiis ]

(a) (b)

Fig. 14. Construction low-cost dynamometer base on full octagonal shaped ring and the
essential components (a) Installation strain gauge on transducer and the data acquisition and
(b) Prototype of developed dynamometer

This developed dynamometer consisted of upper and lower plates with dimensions of 120 x 90 x
10 mm. The bottom plate was used to a handle to which the tool-post was attached. The top plate
was used as a place for the cutting tool. Four transducers attached strain gauges with a wiring
system were placed between the bottom and the top plates, which are then fastened by M8 nuts.
Besides, other instruments in the developed dynamometer include a 24V power supply, step down,
amplifier and ESP 32 acquisition data. This part was usually ignored in the development of low-
cost dynamometers as shown in previous results [18,21,22].

4.3 Dynamometer Calibration

The dynamometer calibration results are shown in Fig. 15 where Fig. 15(a) is the dynamometer
calibration for normal force, and Fig. 15(b) is for tangential force due to the loading applied. It can
be seen that there are two graphs in each figure. The black curve is a dynamometer response due
to direct load, namely; (a) normal force calibration due to normal load, and (b) tangential force
calibration due to tangential load. Meanwhile, the red graph is a dynamometer response due to the
cross-load effect, namely; (a) normal force calibration due to tangential loads, and (b) tangential
force calibration due to normal loads.
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Both black curves, both normal and tangential force calibrations, indicate an uptrend. The
calibration sensitivity of the dynamometer to normal force was 78.1 mV/N. The linear regression
equation of the test was y, = 0,0781x + 0,014, which RSME was 2.9%, and the MAE was 2.1%.
Meanwhile, the calibration sensitivity of the dynamometer to the tangential force was 85.7 mV/N
with a linear regression from data of y, = 0,0784x — 0,0209, which RMSE of 3.2% and MAE of
2.7%.

The cross effect of tangential load on the normal force for dynamometer calibration shows slight
upward trend with a maximum error of 10.2%, so that the cross effect of tangential tool does not
interfere with the normal force measurement on the dynamometer. From three tests, a regression
equation was obtained, namely y,,.; = 0,0014x — 0,0018, and they had RMSE of 0.17%, and MAE
of 0.14%. Meanwhile, the cross effect of normal load on tangential force calibration was also
insignificant and did not interfere to the measurement results with a maximum error of 8.98%. The
regression of the test was y;., = 0,0029x — 0,0097. RMSE was 0.47%, and MAE was 0.37%.
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Fig. 15. Dynamometer calibrations (a) normal response, (b) tangential response due to the load

application

The calibration was then used to evaluate linearity errors when a maximum load of about 100 N
was applied to the dynamometer. It was found that the linearity error in normal force was 0.63%
and for linearity error in tangential force was 3.7%. This means that the developed dynamometer
was acceptable for measuring cutting forces in turning process.

4.4 Machining Tests

Machining tests are carried out to evaluate the cutting force measurement in turning process using
a developed dynamometer. Fig. 16 shows cutting forces measured using developed dynamometer
based on the variation in spindle rotational speed. Figs. 16(a), 16(b) and 16(c) show the cutting
forces associated with spindle rotational speed of 160 rpm, 320 rpm, and 450 rpm, respectively. In
addition of normal and tangential forces, resultant forces are also seen that were calculated by F =

VFZ + EZ2. It is seen that the quantity of the cutting forces is similar. This indicated that variations
in spindle rotation speed did not affect the quantity of cutting force, but they affected the cutting
time; the greater the spindle rotation speed, the faster the machining process, and vice versa. This
is because the quantity of the cutting force was affected by the axial depth of cut [42,51]. For all
cutting experiments, it was seen that the normal force had a smaller quantity than the other cutting
force.

From the figures, it is seen that the cutting forces fluctuate. These fluctuations were strongly
influenced by the dynamic cutting process during contacted between the cutting-tool and the
workpiece, noise from surrounding environment, namely from material factors and machine
conditions [8,9]. Some theories such as Hamilton's principle need to be considered to ensure this
phenomenon and considering the importance of static and dynamic analysis in structural design
[52]. On the other hand, those cutting force trends had a good agreement with previous studies
which used commercial dynamometers such as in [16,17,30]. In order to confirm above deduction
and to evaluate the measurement results, cutting forces measured by the cutting tests were
compared with calculated cutting forces, which the equations have been described in Section 2. The
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comparison between the measured cutting forces to the simulation one is shown in Figs. 17, 18,
and 19. Random noise has been added to the simulation, while considering other conditions are in
the same as the conditions of machining tests. The specific cutting force, Ks, of 2600 N/mm? for
1045 carbon steel was applied in the simulation [53]. Based on the figures, the cutting forces
obtained through experimental tests comparing to the simulation results show well agreement.
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Fig. 16. Cutting forces measured by machining tests using developed dynamometer with the
spindle rotation speed; (a) 160 rpm, (b) 320 rpm, and (c) 450 rpm
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Fig. 17. Comparison of cutting force obtained by machining tests to the simulations for spindle
rotation speed of 160 rpm

Fig. 17 shows cutting forces comparison between the measured to the simulation for spindle
rotational speed of 160 rpm. Figs. 17(a), 17(b) and 17(c) represent the normal, tangential, and
resultant cutting forces, respectively. It can be seen that the cutting time required to machine about
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50 mm in cutting length is 313 seconds. The cutting force in the first 15 seconds is still close to zero,
which indicates there was no cutting process occurred. When the cutting process has started until
the end of the operation, the cutting forces are steady with certain quantity.
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Fig. 18. Comparison of cutting force obtained by machining tests to the simulations for spindle
rotation speed of 320 rpm
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Fig. 19. Comparison of cutting force obtained by machining tests to the simulations for spindle
rotation speed of 450 rpm

Fig. 18 displays cutting forces comparison for experiment with simulation one in spindle rotational
speed of 320 rpm. With the same cutting length, the cutting time is twice as fast, which is 156
seconds. Fig. 19 is a comparison of the measured cutting forces to the simulation in a spindle
rotational speed of 450 rpm. It is seen that the cutting time is faster than the other two, which is
111 seconds. To find out the effect of spindle speeds on the attributes of turning process, it was
necessary to transform the cutting forces obtained in machining tests displayed in Fig. 16 to the
frequency spectrum to observe the frequency characteristics of cutting. This is because the spindle
rotational speed almost certainly affects the frequency content of the cutting process in machining
process. The frequency spectrum calculated by fast Fourier transform (FTT) are shown in Fig. 20.
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Those Figs. 20(a), 20(b) and 20(c) are frequency spectrum that correspond to cutting force of (a)
160 rpm, (b) 320 rpm, and (c) 450 rpm, respectively.
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Fig. 20. The frequency spectrum of cutting forces measured during machining tests
corresponding to; (a) 160 rpm, (b) 320 rpm, and (c) 450 rpm

The spectrum above shows the frequency content of the cutting forces, the normal, tangential, and
resultant of cutting forces which are visualized with the colour of each graph. Based on each
frequency spectrum above, there are various frequencies that are observed. They are spindle
rotation frequency, f;, and its harmonic frequencies marked by the arrow. Both the spindle and
harmonic frequencies were characteristic frequencies which were a consequence of the machining
process. Harmonic frequency was calculated by multiplication of f; by integer numbers.

Based on the frequency spectrum in Fig. 20(a), the spindle frequency is 2.7 Hz. It was associated to
spindle rotation speed of 160 rpm. This frequency is followed by its harmonic frequencies, namely
5.4,8.1,10.8, Hz and so on. From Fig. 20(b), it is found spindle rotational frequency of 5.4 Hz, which
associated to spindle rotational speed of 320 rpm, and followed by its harmonic frequencies,
namely 10.6 and 21.2 Hz. Frequency spectrum in Fig. 20(c) displays spindle rotational frequency
of 7.5 Hz, which associated to spindle rotational speed of 450 rpm, and its harmonic frequencies at
15 and 30 Hz. All of these characteristic frequencies were typically forced vibration. These
spectrum frequency results indicated that the developed dynamometer perform well. It was
because the dynamometer revealed the characteristic frequencies during turning process.

5. Conclusions

This study discusses the low-cost dynamometer developed for measuring cutting forces during
turning process. Owing to the transducer is one of the main components that is used to as a sensing
element of cutting forces, a novel full-octagonal ring- shaped transducer was proposed to overcome
the weaknesses of the inner circular ring-based transducer which has been introduced previously.
Various evaluations were performed which aiming to produce accurate and reliable dynamometer,
which cover static analysis by Finite Element Method (FEM), dynamic analysis by impact tests, and
calibration tests. Finally, machining tests were conducted for varying the performance of the
developed dynamometer. Based on the results and discussions, several important points are drawn
as follows;

e Static analysis showed that the proposed transducer was capable of withstanding normal
load of 224 N and tangential load of 388 N with stress, strain, and deflection of 233 MPa, 9.9
x 10-4, and 8.5 x 10-2 mm, respectively. The transducer was also safe to use as indicated by
the distribution of safety factors.
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e The dynamic aspect indicated that the natural frequency of developed dynamometer could
stabilize at 3.85 kHz with stiffness constant, k, damping ratio, {, and damping coefficient, c, of
18.5 x 106 N/m, 1.04%, 16 N-s/m, respectively.

o The calibration tests revealed that the sensitivity, cross sensitivity, and linearity errors for
normal force were 78.1 mV/N, 10.2%, and 0.63%. Meanwhile, for tangential force was 85.7
mV/N in sensitivity with cross sensitivity and linearity errors were 8.98% and 3.7%,
respectively.

e The cutting forces obtained during machining tests showed good agreement with the
simulation-based cutting forces. It means that developed dynamometer was accurate for
measuring cutting forces during turning process.

e The characteristic frequencies of cutting processes which were explored by fast Fourier
transform showed that the developed dynamometer was valid used for measuring cutting
forces in turning process. The frequency of rotational spindle and its harmonics appeared in
the spectrum frequency.
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