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Introduction. In modern manufacturing, the product life cycle comprises various stages, from conception
to disposal. Among these stages, machining plays a significant role, as it directly influences the durability and
functionality of the finished product. With increasing competition and the need to reduce production costs, optimizing
machining processes has become a crucial task. Traditionally, conservative technological approaches have been
used to ensure processing quality. However, this often leads to decreased productivity and higher costs. Modern
monitoring and diagnostic techniques can significantly improve process control, particularly through tool condition
monitoring. The subject. This paper discusses the stages of the product life cycle and emphasizes the importance
of monitoring machining processes. It explores the potential of using vibroacoustic signals to continuously monitor
equipment and product conditions. Special attention is paid to the use of vibroacoustic signals for diagnostics and
quality control. Modern approaches to filtering these signals, including the use of the fast Fourier transform and
various window functions, are analyzed in order to improve the accuracy of the analysis and identify potential
defects. The purpose of this work is to develop an algorithm for an online monitoring system that will monitor the
condition of cutting tools based on the creation of a digital shadow using a vibroacoustic complex. The main tasks to
be solved are to establish the ranges of applicability of frequency response of acoustic signals and optimal window
functions, as well as to establish the relationship between the degree of wear on the cutting tool and the results of
vibration diagnostics and surface roughness. The methods and technologies for filtering vibroacoustic signals and
their application in real-world production settings are discussed. Special attention is given to the role of digital
twins in integrating monitoring and filtering data, allowing for the creation of a virtual model of a product to predict
its behavior and optimize processes throughout the life cycle. A comparison of various monitoring methods and
technologies is conducted, as well as an analysis of practical examples of digital twin implementation in production
processes and its impact on improved control. Results and discussion are presented, identifying current research
and practical advancements, while also proposing existing challenges and promising areas for future research in the
fields of monitoring, signal filtering, and the use of digital twins in mechanical manufacturing.

For citation: Gimadeev M.R., Stelmakov V.A., Shelenok E.A. Product life cycle: machining processes monitoring and vibroacoustic signals
filterings. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2024, vol. 26, no. 3,
pp. 94-113. DOI: 10.17212/1994-6309-2024-26.3-94-113. (In Russian).

Introduction

The transformation of industry during the implementation of the «/ndustry 4.0» concept opens up
prospects for the use of new high-performance approaches to management at all life cycle stages [1], incl.
through the use of digital twins (D7) [2, 3]. DT technology is the main component of a cyber physical
system (CPS) [4], which allows collecting and managing large amounts of data (Big Data) [5], determining
the behavior and reflecting the state of the production system in real time [6], and analyzing, modeling,
predicting and optimizing various production processes [7-9].
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Currently, the initiative shown by enterprises is aimed at the synthesis of science, technology, innovation
using digitalization and automation of design and production processes [10, 11], etc. At the same time, the
emphasis of this initiative 1s on improving the functioning Continuous Acquisition and Life cycle Support
(CALS), in particular, on improving Electronic Technical Documentation (E7D), digital twin technology
[12, 13] and Quality Management Systems (QMS) [14, 15]. Product Lifecycle Management (PLM) systems
are used to manage ETD, provide Integrated Logistics Support (/LS) [16] data and provide access to it at
any stage (Fig. 1).

Fig. 1. Information support for the PLC stages

At the design stage, Computer-Aided Design (CAD) systems and Component Supplier Management
(SCM) systems are used. Product Data Management systems (PDM) are used to solve the problems of joint
functioning of CAD/CAE components (CAE — Computer Aided Engineering) [17].

In digital production systems, technological preparation of production (7PP) is carried out in the CAD
system of TPP, including automated 7PP-CAPP (Computer Aided Process Planning) and the development
of control programs for Technological Equipment (7E) with CNC-CAM (Computer Aided Manufacturing).

Program control is performed through a CNC system based on specialized computers integrated into the
maintenance facility. Information obtained during production can be sent to the Enterprise Resource Planning
system (ERP). To perform the functions of collecting and processing data on the state of maintenance and
Technological Processes (7P), a system of software and hardware complex for Supervisory Control and
Data Acquisition (SCADA) is introduced into the Automated Control System (4CS) [18], interacting with
the Manufacturing Execution System (MES).

According to GOST 57700.37-202, a DT is a system consisting of a digital model of a product and two-
way communication with the product and (or) its components.

The work of the authors Lu et al. [7] describes a conceptual model of DT consisting of three elements:
physical space, digital space and two-way dynamic communication between it; an information model that
collects and integrates selected information from existing databases; a methodology describing decision
support within the life cycle.

To ensure the stability of 7P and other production elements that directly affect the quality of the product
[19-21], when introducing DT into the life cycle stages, it is necessary to pay attention to improving the
complex processing and transmission of accumulated streaming data received from a real product and
describing its behavior — the Digital Shadow (DS) [22, 23]. DS helps to concentrate data sets from different
subsystems for the purpose of processing and filtering it for use in DT. For example, during machining by
cutting, an excessively large array of different data on process parameters enters the digital space from the
product, some of which are not directly related to DT.
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Redundant data arises mainly due to the lack of ranges of measured product parameters. At the same
time, in repetitive or slightly different processes at the production stage, the actual task when using DS is to
generate meaningful (effective) data.

Riesener M., Schuh G., et al. proposed a DS framework that allows the collection and integration of
information based on heterogeneous data sources [24, 25]. In the work of the authors Fedonin O. N. et al.
a structure of automated systems is proposed that ensures the collection and analysis of data from CNC
metal-cutting machines within the framework of the MES [26]. Integration of a DS simulation model with
MES was proposed by Negri S. et al. [27] by creating a DT used for decision making including an intelligent
system that contains rules and knowledge for choosing between alternatives.

Thus, we can conclude that at the moment, various scientific groups are studying DT of various levels
(hierarchies), starting from DT of the cutting tool [5] and ending with DT of the operating process. This fact
tells us that PLM systems can be integrated with DT to provide more efficient management of the entire life
cycle [7, 22, 28] and be used for modeling and analysis of various processes [29]. For example, through
Online Monitoring (OM) [30, 31], it is possible to clarify the idea of the technical condition of a vehicle,
carry out its diagnostics, predict the remaining service life, etc. [32—-34].

Since one of the main elements of the technological system is a metal-cutting tool, then from the point
of view of creating DT and DS, it deserves the greatest attention, both in terms of ensuring the stability of
the machining process and in terms of the quality of the resulting surfaces. However, taking into account
the multifactorial nature of the machining process, in order to generate DT and DS, it is necessary to
constantly obtain data about the machining process in real time. The authors’ works [35-39] describe
monitoring systems for Tool Condition Control (7CC) in real time at maintenance. An analysis of scientific
works [40—42] made it possible to formulate the purpose of monitoring the /CS: assessing the state of the
IR, detecting chips and breakage of the instrument. Considering the difficulty of predicting tool condition,
multiple sensors are used [43—45]. However, the presence of a large number of sensors leads to repetitive
(redundant) data, which ultimately reduces the efficiency of using 7CC systems. Thus, the selection of
suitable sensors and, accordingly, monitoring methods is important [46—49].

Studies by many authors describe the use of monitoring based on signals of force [40], acoustic emis-
sion (AE) [42, 50], power, current [51, 52], temperature, etc. [33, 45]. Dynamometers and AE devices
are expensive equipment, and for measuring signals, incl. cutting force values require highly qualified
specialists. The AE system is also quite complex and includes: a set of preamplifiers, cable lines, units for
preprocessing and converting AE signals, a computer with the necessary software [53], information display
tools, and system calibration units [54]. The results obtained using temperature sensors are often unreliable
because infrared rays do not measure the actual temperature in the cutting zone [33]. Similarly, the use of
thermocouple [53] has its disadvantages for milling operations due to the complexity of the process.

At the same time, an analysis of scientific works in recent years shows that the topic of 7CC using
Vibroacoustic (VA) signals 1s studied in fragments. Research mainly focuses on two areas: online vibration-
based cutting tool wear analysis [55] and surface roughness analysis using sound signal during machining
[51, 56].

Despite the fact that these areas have its own characteristics and methods, the integration of its results
can lead to the creation of a more comprehensive and effective OM TCC system. Such a system, with proper
methodological description, configuration, recording and filtering of V4 signals, will make it possible to
obtain an easily reconfigurable, reliable monitoring complex with low cost, and will also ensure the re-
quired product quality, increase productivity and reduce costs due to more accurate measurement data and
the processing process.

To implement the concept of monitoring machining on Technological Equipment with CNC, it is
proposed to form a DS using a V4 complex, which transmits a signal to the software. At the same time, the
applied software should have an intuitive, friendly user interface, the data should be structurally ordered,
and the software implementation of application functions should be carried out using a client-server design
[57-62].
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The business objective of using the proposed DS is to reduce the number of defects during program
development and increase the economic efficiency of the machining process. Machining information is
represented by various input data: name of the control program, tool identification number [63, 64], feed
rate [65], spindle speed, etc. [66—68]. The monitoring method based on measurements of the VA signal,
although it does not require accurate information about the absolute interaction of the cutting tool and the
part, but in order to generate effective output data it is necessary to set restrictions.

An FFT (Fast Fourier Transform) filter was used to isolate a narrow band of the sound wave [69-71].
This filter uses the FFT method, which allows to effectively analyze the frequency content of the signal.
The FFT block size determines the frequency resolution of the analysis. The larger the block, the higher
the frequency resolution [72]. For example, for a block size of 65,536 points and a sampling rate of 44.1
kHz, the frequency resolution is approximately 0.67 Hz. This allows to accurately determine the presence
of certain frequencies in the signal. However, with a large block size, the temporal resolution deteriorates.
To improve time resolution, a smaller FFT block can be used to better track rapid frequency changes, but
frequency resolution will be significantly degraded. With an FFT size of 1,024, the frequency grid step will
be approximately 43 Hz. This means that frequencies are 43, 86, 129 Hz, etc. will be determined with high
accuracy, but intermediate frequencies, such as 50 Hz, may not be visible.

Filtering is used to isolate useful frequency components of a signal and remove noise [73]. In machining
applications, this can help isolate vibration frequencies of interest and eliminate unnecessary noise. The
following types of filters are used: low-pass filters pass low-frequency components and suppress high-
frequency ones; high-pass filters pass high-frequency components and suppress low-frequency ones;
bandpass filters pass frequencies in a certain range and suppress frequencies outside this range.

The use of window functions in FFT analysis is necessary to minimize side effects associated with
window discontinuities in the time signal. When a signal is trimmed for analysis, abrupt changes may occur
at the ends of the block, resulting in distortion in the spectrum (spectral leakage).

The Hann window function has low sidelobes compared to the rectangular function, and low spectral
leakage. Among the disadvantages, one can highlight the low frequency resolution.

The Hamming window function has low side lobes compared to the Hann function, and low spectral
leakage. Among the disadvantages, one can highlight the low frequency resolution in comparison with the
Hann window function.

The Blackman window function has a very low level of side lobes, which allows the level of spectral
leakage to be minimized, but the frequency resolution is significantly reduced.

Thus, the goal of this work is to develop an algorithm for the operation of an online monitoring system
for monitoring the condition of a cutting tool, based on the creation of a digital shadow, using a vibroacoustic
complex. To achieve this goal, it is planned to solve the following tasks:

1) to determine the frequency ranges of the frequency response of the acoustic signal obtained during
machining used to analyze the level of wear of the cutting tool;

2) to determine the optimal window function when filtering the acoustic machining signal to isolate the
useful signal;

3) to establish experimental relationships between the degree of tool wear, surface microrelief parameters
and the frequency response of the vibroacoustic signal.

Research methodology

OM TCC in machining plays a key role in improving production efficiency [74]. It allows for a quick
response to wear and other changes in the active contact zone of the tool [35, 75] and the workpiece, thereby
ensuring optimal use of the equipment and preventing the need for premature or delayed tool replacement,
which in turn can lead to unnecessary downtime, such as planned, and unscheduled. In the case under
consideration, optimization of the milling process was based on minimizing the target cost function:

F(3) =3 C(3); - min,

i=1
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where XC consists of C, is equipment operating costs; C, is costs for changing tools; C; is cost of standard
hour; C, is cost of the tool.
Then the performance limitation system will have the following form:

O={V,n,[fz,a,t} — max.

wherel is a cutting speed, m/min; » is a rotation speed, min '; fz is a feed per tooth, mm/tooth; a, is a
cutting depth, mm; ¢ is an allowance, mm.

In this work, DS was considered from the side of information transfer from the Physical World (PW) to
DT. The proposed Online Monitoring system, consisting of maintenance, SCADA and VA sensors (Sensors
are piezoelectric accelerometers “BC 110”), due to the diagnostic function, allows to timely detect tool wear
and make a decision on replacing the cutting tool, correction or changing the control program (Fig. 2).

Fig. 2. The scheme of monitoring and the digital twin

The Online Monitoring system analyzes various parameters such as vibration, acoustic signals and sur-
face finish. This allows to not only determine when a tool has reached a critical level of wear and requires
replacement [76], but also to monitor less obvious changes that may signal possible problems.

Digital signal processing techniques including FF'7T, window functions, and filtering were used to ana-
lyze the resulting VA signals. The data received in the form of an acoustic signal is transferred to the
software, where noise removal (De-Noising) and filtering [35] are carried out in the VST plugin using the
Fourier transform. One of the key elements of the system for transmitting a signal in real time is a virtual
cable, which allows displaying information on the operator’s graphical interface (Fig 3).

In experimental studies, machining was carried out in the same direction using a cutting fluid, on work-
pieces having the properties of 4151 321, with cylindrical end mills with a diameter of D = 8 mm, z = 2.
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Fig. 3. The process of software processing of an acoustic signal

The tool material used is CVD coated carbide BC20HT, application range according ISO is K/0-K20. The
tool overhang ratio was assumed to be I/D = 4. The feed per tooth was fz = 0.2 mm/tooth, a, =10 mm,
t = 0.4 mm. The spindle speed (n) was 1,500 min' . During milling cutting tools were measured along its
length and radius using a Heidenhain TT140 contact sensor to monitor the degree of tool wear.

Vibroacoustic diagnostics were carried out using the Spectrum Analyzer ZetLab 017-U2 device based
on a DMG DMU (Germany) 50 Ecoline machining center. The amplitude of the acoustic signal 4 (dB),
changing over time 7 (s), vibration acceleration a (m/sz), signal frequency @ (Hz) and the microrelief pa-
rameter — roughness — Rz (um) were used as output indicators of the efficiency of machining.

The range of perceived frequencies of the microphone was 20 Hz+20 kHz, resolution was 16 bits and
sampling frequency was 44.1/48 kHz. For the optimal balance between time and frequency resolution, the
FFT size was chosen to be 16,384, which ensures sufficient detail and accuracy of the analysis. Roughness
measurements after surface milling were carried out using a 7IME TR 200 profilometer; for this device, the
error according to the standard is 3 %. The primary profile filtering process was performed using a 50 %
Gaussian filter.

Results and discussion

When machining by cutting, vibrations and noises that occur during operation play an important role.
Digital signal processing techniques including FFT [77], window functions and filtering were used to
analyze these signals.

Fig. 4 clearly shows that the microphone records several sound sources, including sounds around
the technological equipment, the drive system of the technological equipment, the spindle, the tool, and

the cutting process. Therefore, for a more accurate
analysis, an acoustic signal within the frequency range
characteristic of the cutting process was considered.
This allows to better identify specific characteristics
and features that may not be obvious in the wider
frequency spectrum.

From Fig. 4 it can be seen that background noise
can be identified in the range of 0+2 kHz, this specified
part of the signal can be easily filtered without losing
the main signal. Spectrum analysis reveals dominant
frequencies and amplitudes that may indicate resonanc-

Fig. 4. Frequency response of the acoustic signal: es, defects and tool wear. After spectral subtraction of
1 — Initial; 2 — After noise removal; 3 — Filtered; 4 — Filtered noise and filtering of the acoustic signal, the frequency
and normalized response of oscillations is characterized by three main

CM Vol 26 No. 3 2024
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frequencies (Fig. 4) in the range of 20~200 Hz: @, = 25 Hz — harmonic, a multiple of the frequency of passage
of the cutting edges; @, = 50 Hz, which corresponds to the cutting frequency modulated by the revolutions of
a two—tooth cutter; resonant frequency @, = 100 Hz, which should be interpreted as the tool outrun.

Thus, the results of acoustic signal processing made it possible to establish a pronounced low-frequency
region of 20200 Hz, the use of which contributes to a more accurate identification and analysis of acoustic
characteristics associated with the cutting process. This is especially important for V4 diagnostics, where
the accuracy and detail of the analysis can make a significant difference in identifying and diagnosing
potential problems.

Also in this study, different windows for filtering audio signals are considered. The use of various
window functions during filtering allows optimizing the process of extracting a useful signal from the
total mass of data. The results of the window functions that were used in this study are presented in Fig. 5.

a b
c d
e f

Fig. 5. The spectrum of signals of the passage of the milling cutter cutting edges through
the processing zone after the application of window functions, recorded in the form of:

a, ¢, e — vibration acceleration; b, d, f— acoustic signal; a, b — Hanning window;
¢, d — Hamming window; e, f— Blackman window
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The rectangular window due to the high level of side lobes, which can lead to significant spectral leaks, and
the Kaiser window due to the complexity of tuning the parameters to achieve the optimal result were not
used in this work.

As can be seen from Fig. 5, the Hamming window function effectively reduces the spectral leakage that
occurs when applying the Fourier transform. At the same time, the Hamming window function provides a
good compromise between the width of the main lobe and the level of side lobes in the spectral representation,
is easy to implement and does not require significant computational resources. This makes it the preferred
choice for many digital signals processing applications, providing the high quality and accuracy of analysis
needed to implement an online monitoring system.

To determine the influence of the degree of tool wear on the parameters of the microrelief and the
frequency response of the acoustic signal, experiments were carried out, the results of which are shown in
Fig. 6 and Fig. 7.

As can be seen from Fig. 6, the surface roughness of the processed material directly depends on the
degree of tool wear, and the following correlation dependence has been established: r = —0.9678 (strong,
negative).

The deviation between the tool diameter with increasing number of machined surfaces is different, at the
beginning there is a small dimensional wear of 2—4 um, which increases Rz by 20 %. Further, within 6 um,
the roughness increases by 50 % of the minimum values obtained. At the same time, the deflection of the
tool increases (Fig. 7), as evidenced by the increase in the resonant frequency @, = 100 Hz. It is important
to regularly monitor the condition of the tool and replace it in a timely manner.

As can be seen from Fig. 7, the sound spectrograms of a worn tool contain higher values than the sound
of'a new tool, with identical cutting process parameters. This fact is also confirmed by the graph of vibration
acceleration at various degrees of tool wear. It is worth noting the difference in density around 50 Hz, but as
previously stated, further work is still needed to understand the discrepancies for each specific case.

Thus, based on the conducted research, we can conclude that with the use of a V4 complex based
on the formation of DS, Online Monitoring is possible. However, special attention should be paid to the
obtained frequency response data of the acoustic signal from the standpoint of its processing and filtering.
A significant amount of data obtained should be optimally processed in order to analyze and correlate it
with the condition of the cutting tool. To do this, the study determined the frequency ranges of the acoustic
signal, within which it is possible to draw conclusions about the current state of the instrument. The next
step was to select a specific window function. It depended on signal filtering requirements, such as the
acceptable level of spectral leakage and the required frequency resolution. The study analyzed the results
of applying these window functions to audio signals to determine the optimal acoustic signal from the point
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Fig. 6. Dependence of the roughness parameter Rz on tool wear:

a — distribution; b — correlation
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C

Fig. 7. The results of VA4 diagnostics:

a — frequency response with wear less than 4 um; 6 — frequency response with
wear more than 4 um; 6 — vibration acceleration

of view of computational resources and accuracy, as a result, the Hamming window function is determined
as the most suitable for analyzing the machining process.

The dependences of the frequency response of the acoustic signal and surface roughness on the degree
of tool wear are established, on the basis of which conclusions can be drawn about the condition of the
cutting tool at stages close to critical in terms of the quality of the resulting surfaces. Although the study was
aimed at determining the relationships between tool wear level, tool vibroacoustic signal and surface finish
quality, the results of this study can be used to develop new techniques for monitoring tool wear, increasing
the efficiency of the material processing process and improving the quality of finished products.

Also, the study made it possible to formulate a sequence of actions for V4 analysis, which contributes
to a more accurate identification and analysis of acoustic characteristics associated with the cutting process:

1) install sensors (accelerometers, microphones) near the working area of technological equipment to
record VA signals;

2) collect time data of VA4 signals;

3) convert an analog signal to a digital one using an analog-to-digital converter;

4) apply a window function to the collected data to minimize spectral leakage before performing FFT;

5) perform FFT to convert time signal to frequency domain;

6) analyze the spectrum to identify dominant frequency components associated with instrument
condition;

7) apply filters to isolate frequency components of interest (apply a low-pass filter to remove high-
frequency noise; apply a band-pass filter to highlight frequencies associated with normal tool operation and
anomalies; apply a high-pass filter to remove low-frequency noise and vibration.)
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8) perform additional analysis of the filtered signal (Compare filtered signals with reference signals to
assess the condition of the tool. Identify changes in the sound and vibration spectrum, indicating wear or
damage to the tool).

Conclusions

Based on the current state of research described in this paper, as well as an evaluation of the results of
the experiments, the following conclusions can be drawn.

1. An algorithm is developed for the operation of an Online Monitoring system for monitoring the condition
of a cutting tool during milling, filtering interference and noise in real time based on the formation of DS obtained
during vibroacoustic analysis. This conclusion stimulates the formulation of new tasks for research in this area.

2. Analysis of the frequency response in the range of 20+200 Hz made it possible to establish the
difference in the spectral density of the acoustic signal over time, an increase in which makes it possible to
record the degree of tool wear.

3. The Hamming window function is determined to be optimal in terms of computational resources and
accuracy of the acoustic signal from the standpoint of its use in the analysis of the machining process.

4. The presence of an acoustic signal correlation is confirmed by measurements of wear on the cutter
radius, roughness and the results of vibration diagnostics. At the same time, the Online Monitoring system
makes it possible to determine earlier signs of changes in the condition of the tool’s cutting edge than
measurements recorded by a cycle in the CNC control program or measurements of roughness parameters.
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