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DIGITAL TWIN OF SPINDLE UNITS. REVIEW

The Digital Twin technology of the spindle unit can realize the control of accuracy, quality of processing and other
indicators that affect to the efficiency of the system. Many articles focus on Digital Twin, but there are no clear and
systematic analysis of the process of creating Digital Twin. To address this gap, this study conducted an article analysis
of the Digital Twin of the spindle unit (up to May 1, 2023).

In this article, we will consider the existing definitions of the concepts of digital twin and digital twin of metal-
cutting machines. In addition to the articles themselves, we will consider other reviews of digital twins and attempts to
systematize existing research. No review articles on the topic of digital twins of spindle assemblies were found.

For the search methodology, traditional methods of searching scientific sites and search engines were used, and the
analysis of the obtained results is presented in graphs. The analysis included a total of 143 selected publications. After
a detailed examination of which, it turned out that most of the articles, despite the presence of keywords, did not deal
with the creation of digital twins, but only mentioned the possibility of creating digital twins. Some articles have ideas for
creating a digital twin model for metal cutting machinery or spindle unit. As a result of the search, no domestic works in
the given direction were found, most of the works are foreign, of which the lion s share is financed by the government of the
People’s Republic of China. It is expected that this will give an impetus to the in-depth study of the process of creating a
digital twin of a spindle node. It can be useful in the post-war reconstruction of Ukraine, taking into account the problems
of wear and tear of existing machine tools of machine-building enterprises. In addition, it is a possibility of adapting
machines that were in use, which can be obtained in within the framework of international assistance to enterprises.

Key words: intelligent spindle, DT, industry 4.0, model of digital twins, metal cutting machinery.
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IUA®POBI ABIMHUKHA IIMAHIAEJIbHUX BY3JIB. OTJIAT

Texnonozia yugposozo O0BiIHUKA WNUHOETLHO20 8Y314 MOXHCE Pednizyeamiu KOHMPONb MOYHOCHI, AKOCMI 00poOKU
ma iHWUX NOKA3HUKIE, WO 8NIUSAIOMb HA eheKmusHicmy cucmemu mMemanoodpooxu. bazamo cmameii npucesaueno
yugpposum Ositinuxam, aie 4imKozo0 ma CUCMEeMaAMUYHO20 AHANIZY Npoyecy CMEOPeHHs YUPpPoeo2o O08IUHUKA HeMdac.
LLJo6 ycynymu yro npoeanuny, y ybomy 00CHIONCEHHT 6YII0 NPOBEOEHO AHANI3 cmamel N0 memMamuyi Yyu@dpoeozo O8IUHUKA
wnuroenvHoeo gysna (0o 1 mpasnsa 2023 p.).

B oauiii cmammi pozensinemMo HAAGHI GU3HAUEHHS NOHAMMA YUPPo8o2o OsiuHuKa ma yu@posozo O0GiliHUKA
Memanopizanvhux eepcmamis. OKpim camux cmameti po32NaHeMO IHW 021A0U HA YUQposi OIUHUKU Ma cnpodu
cucmemamusayii HaseHux docriodxcens. Q2n1006ux cmametl N0 memamuyi YuGposux OGIIHUKIE WNUHOCILHUX 8Y3/i6 He
BUABIIEHO.

3a memodonoziio nowyky 6yn0 SUKOpUcCmano mpaouyitini mMemoou NOUWLYKY HAVKOBUMU CAUMAaMU, NOUYKOSUMU
cucmemamy I aHA3 OMPUMAHUX pe3yabmamié npedcmasneno 6 epagixax. Ananiz exmouae 3azanom 143 eubpani
nybnixayii. Ilicna demanvHo2o po3ensidy AKUX, GUABULOCH WO OLnbicmb cmametl NONpu HAABHICMb KIIOYOBUX CJI6
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He 3alManuch CMEOPeHHAM Yu@dposux OBIUHUKIE, a Juuie 32a0Y8alu NPO MAKY UMOBIPHICIb CMBOPEHHA YUPDPOBUX
osiunuxis. Heski cmammi maioms i0ei 31 cmeopennst mooelni yu@poeo2o O0siHuka. Bimuusnsanux npays no 3adarnomy
HanpsmKy 6 pe3ylomami NOUWYKy He 6UseleHo, DLIbuicmsb npayb 3apyOidicHi, 3 SIKUX J1e6068d 4ACMUHA NPOYIHAHCOBAHI
ypsioom Kumaiicokoi napoonoi pecnyonixu. Ouikyemubcs, wo ye 0acms nowmosx 00 no2iubieH020 GUGHEHHS. NPpoYecy
CMBOperHs Yupposoeo OGIUHUKA WNUHOETbHO20 8Y31d, WO MOdNCe NPUHECMU KOPUCIb 8 RICIAB0EHHIU 6100Y0086i Yrpainu
3 8PAXYBAHHAM NPOOIEM 3HOCY OTIOUUX 8ePCHAMI8 NIONPUEMCINE MAWUHOOYOI8HOI TIAHKU, MAK | MOXCAUsicmy adanmayii
eepcmamis, AKi Oyu 8 BUKOPUCAHHI, AKI MOXCYMb OYIMU OMPUMAHI 8 PAMKAX MIJHCHAPOOHOT 00NOMO2U NIONPUEMCINBAM.
Knrouoei cnosa: pozymui winunoens, Ll/], inoycmpia 4.0, mooens yugposo2o 08ilHUKaA, MemaiopizaibHi 6epcmamii.

Formulation of the problem

Digital Twin is a popular topic in improving technological systems, but there are no clear and systematic analysis of
the process of creating Digital Twin for spindle unit of metal cutting tool. To develop this area of the study need conducted
an article analysis of the Digital Twin of the spindle unit.

Analysis of recent research and publication

One of the first digital twin (DT) was presented by Grieves [1] during the presentation of the product life cycle
management technology (PLM). Initially, the Digital Twin served as an inexpensive tool for simulating various conditions
for modeling NASA rockets, over time it advanced technologically and expanded the fields of use [2]. Definitions of the
concept of DT from different authors are given in Table 1.

Table 1
Definition of digital twin
Author, year Definition of digital twin
Grieves, 2014 “A virtual representation of what was created” [1].
R. Stark and others, 2017 “A digital representation of a unique asset that describes its properties, conditions, and behavior using
models, data, and information” [3].
Soderberg and others, 2017 “A digital copy of a physical system for real-time optimization” [4].
Zhuang and others, 2018 “A virtual dynamic model that fully describes the physical essence of the system and can simulate the
behavior, characteristics and properties of its physical analog in real-time” [5].
Qi and Tao, 2018 “Virtual models of physical systems are created digitally to simulate their behavior in a real environment” [6].
Y. Xu and others, 2019 “Records, simulates and improves the production process from design to system retirement, including the
content of virtual space, physical space and the interaction between them”[7].
Kannan and Arunachalam, 2019 “A digital representation of physical assets that can communicate, coordinate and collaborate to improve
productivity through knowledge sharing”[8].

Let’s take a closer look at digital twins of metal cutting machines. Definitions of digital twins of metal cutting machines
and their authors are listed in Table 2.

Table 2
Definition of digital twin of metalcutting machine
Author, year Definition of digital win of metalcutting machine
Wardandothers, 2021 The digital twin of metal cutting machine is a digital copy of the process in real time; the process receives

real-time data, control digital model data, or makes changes to work based on information from a numerically
controlled machining center (CNC)[9]

Liu and others, 2023 The digital twin of metal cutting machine is an intelligent processing system with a pair of physical objects and
digital models, where the processing is analyzed, solved and controlled based on the digital model [10]

Fujita Tomoya, 2022 A digital twin of the machine is created in the virtual world, which has a controller model, a machine model and
a process model, and receives real data during the machining process, which are used to identify the process
models [11].

Literature reviews of digital twins of spindle units were not found on the Internet. At the literature search stage,
literature reviews on metal cutting machines and literature reviews on other related topics were identified.

A review of digital twins based smart design and control of ultra-precision machining was made in [12]. Authors
consider 64 papers up to July 2021 on thematic of precision machining and digital twin. In article was considered the
design of various modules such as bearing, spindle-drive, stage system, servo, and clamping modules is examined. A
review also includes an overview of control studies based on digital twins, which encompass voxel modeling, process
planning, process monitoring, vibration control, and quality prediction.

Detail review of smart spindle was shown in [13]. Nonetheless, there is only idea to creation of digital twin of spindle
unit. Article has 357 references. Authors describe 6 main potential functions and three key enabling technologies of
intelligent spindles.
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Paper [14] presents advancement and the current status of the digital Twin-driven smart manufacturing. The enabling
technologies, core concept, application scenarios, reference model, and research issues of digital Twin-driven smart
manufacturing was discussed. Overall article described 84 references for manufacturing developing digital twins.

In review of digital twin driving machining after analyzed 143 sources authors divided all articles in three analysis
perspectives — point perspectives, line perspectives, face perspectives [10]. Point perspectives consist of DT models. Line
perspectives consider connection between virtual and physical entity. Face perspectives consider feedback processes and
repeated cycles.
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Fig. 1. Sketch of DT machining system [10]

Review of digital twin for smart manufacturing described in [15]. Article describes experience big company such
as Tasla, Siemens, Airbus, ABB, Rolls-Royce from open source about work under implementation of digital twins in
manufacturing

All described articles not included literature review of digital twin of spindle unit, therefore, further research on this
issue is necessary.

Presenting main material

Methodology of the research

“Traditional” research methods were used to write this article — literature review, search for information on search
engines and specialized scientific sites. When searching for information, the following languages were used: Ukrainian,
Russian and English. To generate results, the query was limited to recent data, namely, information up to 2018 was
excluded as outdated.

For relevance, the search was performed on the following scientific sites — [16-21]. The following phrases and
designations were used for the search: “Digital twin”, “digital twin for machining”, “Digital twin machine tool”, “Digital
twin, spindle”, “Digital twin metal cutting”, “Digital twin for spindle”, “DT”, “Spindle knots” etc.

The obtained results were checked using VOSviewer for relevance to the topic of research by keywords, and data that
did not relate to digital twins were discarded. An example of the analysis is shown in Figure 2.
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Fig. 2. The result of the analysis by keywords on the example of the website https://www.scopus.com/
for the request «Digital twin» in the VOSviewer software
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We will divide the entire search spectrum into 3 conditional phases: the phase of searching for information on digital
twins, the phase of searching for information on digital twins of metal-cutting machines, the phase of searching for
literature in the direction of digital twins of spindle units.

The next stage of the research was the filtering of the results — the results of research on the practical implementation
of digital twins in areas unrelated to production and mechanical engineering were excluded.

Based on the obtained results, the main definitions of the concept of a digital twins were considered. After filtering the
results by topic, the question of what a digital twins of metal-cutting machines is. The results of the analysis are shown
in the second section.
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Fig. 3. An example of analysis on the request of “digital +twin” on the website https://www.scopus.com/
a) — publications by year; b) — publications by subject area; ¢) — publications by authors; d) — publications by country

Only some works consider separately the creation of the DT of spindle units and mention it in the titles of the articles,
however, quite a lot of works on the creation of a system of a digital twin of a metal cutting machine touch on the topic of
creating and researching issues related to the DT of a spindle unit. For a wider disclosure of the issue and systematization
of materials, we systematize materials according to the system of a digital twin of a metal-cutting machine. And on the
basis of the described stages of the creation of the DT of spindle, will analyzed which works pay more attention to the
creation of the DT of the spindle, and which individual articles are at which stage of the DT.

At the initial stage, more than 40,000 articles mentioning a digital twin were found on scientific websites. In the course
of the analysis, articles not related to engineering and mechanical engineering were excluded, after removing duplicated
articles on the sites, only 43 articles remained in the direction of digital twins of metal-cutting machines.

After analyzing all the articles by direction, articles dealing with issues of digital twins of the spindle node were singled
out — 31 articles. Despite this, not all articles that appear as keywords — spindle node and digital twin have information on
the topic, only 16 articles have an actual mention of the DT and spindle in the article, but none of the articles developed
a digital twin of the spindle assembly.

Most of the articles in the direction of creating digital twins of metal-cutting machines are tangentially related to the
process of creating a digital twine of a spindle in a digital twin of a metal-cutting machine.
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Fig. 4. An example of the analysis by request “digital + twin+spindle” on the website https://www.scopus.com/
a) — publications by year, b) — publications by authors, c) — publications by country

Stages of creating a digital twin
In [23], the author breaks down the process of creating a DT into specific stages:

— creating the idea of a digital twin;

— a prototype of a digital twin — designing what a DT should look like;

— creation of an instance of a digital twin — accumulation and analysis of the work of an instance will contribute to the
creation of a working product;

— creation of a digital twin product;

— creation of a digital twin environment.

In [24], the author pays considerable attention to disposal and the process of decommissioning digital twin and
separates it as a separate stage of the existence of a digital twin.

In [2], the author systematizes the phases of the DT life cycle and divides it into 5 stages, each of which separately
breaks down the tasks assigned to each of the stages, the authors of works on each of the directions are given in parentheses:

1. Development stage — integration of design and production based on DT, description of DT tools, service innovations,
analysis and verification of DT.

2. Production stage —digitization of production, modeling strategies, production optimization, individual manufacturing,
situational adjustment with DT support, production process monitoring.
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3. Implementation stage — robot-human cooperation, database management, optimization of data transfer.

4. The stage of use —repeated application and evaluation of knowledge, improvement of the work process, improvement
of production, digitization of process management and all production, improvement of energy and resource efficiency, DT
management of the product life cycle.

5. The decommissioning stage.

For a simpler understanding of the creation process, let’s break down the process of creating a DT of spindle unit into
4 stages: idea, modeling of a DT, experimental product and implementation.

Literature review of digital twins of spindle units

On the basis of the considered articles, we will single out those articles that consider in more detail the very issues
related to the creation of spindle units with digital twins. We will break down all the found articles by the stages of
creating digital twins of spindle units and present them in the form of Table 3.

Table 3
Works about DT of spindle unit according to stages of creation DT
Stages of creation a digital twin References
1. Idea 13, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38

2. Model R
3. Experimental sample -
4. Existing DT -

In the work [13], the authors describe the concept of creating intelligent spindle, which can serve as a basis for creating
a DT of spindle units. The prototype of the intelligent spindle from the authors is shown in Fig. 5. The authors substantiate
the perspective of creating intelligent spindle as independent components of machines. The article presents the expected
functions of intelligent spindles and the goals that should be pursued by such functions. The advancement of technology
for intelligent spindles is reviewed in great detail based on the stated goals and functions that a spindle assembly must
perform. The authors consider many options, what should be monitored in the work process and how to do it. However,
the authors in this article are not engaged in the creation of a model DT for spindle.
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Fig. 5. Prototype of an intelligent spindle [13]

The prospect of creating a DT of spindle units is discussed in works [13, 25]. In the works [25-26], the main attention
is focused on the architecture and functional capabilities, compatibility and confidentiality of the integrated system of
local collection, unification, processing, presentation and transmission of data to the DT. This is how the authors consider
the 4 main functions of the DT of spindle:

— data collection from sensors installed on the vehicle;

— processing of received signals;

— implementation of executive mechanisms;

— a presentation, as a connection of the spindle with the shop, the database and the manufacturer.

However, the authors are not directly involved in the creation of a model or an experimental sample.

In [27], a dynamic model of a machine tool (MandelliM5) was created, the structure of components, a model of the
cutting process, and models of transmission chains and control systems were described. Although the author mentions
digital twins and spindle unit in the article, he works specifically on digital twin of the machine, and not a spindle unit.
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A tool wear monitoring system developed in [28]. A digital DT model with appropriate parameters was able to
simulate the dynamics of the micro-milling process close to real-time data. The author monitors in detail the parameters
of the spindle, such as rotation speed, load and other parameters using a controller on a CNC micro milling machine.
Emphasis is placed on the importance of tracking tool wear, a digital model has been created that applies to the entire
machine, not just the spindle. However, this idea allows you to use the sensors and elements already available on the
machine, and monitor the results of the spindle using the existing software. Tool wear monitoring system for micro
milling shown in fig. 6.
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Fig. 6. Tool wear monitoring system for micro milling [28]

Creation of digital twin-driven thermal error prediction was considered in [29]. Model DT for thermal characteristics
was developed at the first stage. After implementation of DT system was obtained theoretical value of thermal error.
Long-short term memory was trained using experimental data. The implementation of the DT model shown on fig. 7.
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Fig. 7. The implementation of the DT model [29]

The document [30] describes the method of creating a digital twin based on planning and process data for processing
processes using the example of components in the aerospace industry, but there is no information about a separate digital
twin of the spindle unit.

In works [31], a model of a digital twin created to monitor thermal processes in the spindle. A program was developed
and a data collection system and a physical model with embedded sensors created. Experimental setup shown on fig. 8.

In the [32] was proposed digital twin system includes three modules for thermal characteristic motorized spindle.
The DT software, the data acquisition system, and the physical model with embedding sensors considered in article.
Experimental setup shown on fig. 9.

In work [33] we obtained a mathematical model in MATLAB for a CNC milling machine. Data on spindle speed,
motor load and axial deviation of the working tool were monitored and studied. Nevertheless study was based not only
on spindle data, also were investigated axial movement and servo-motor parameter. Therefore this study more related to
the part of DT machinery.
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Fig. 9. Experimental setup [32]

Experimental DT have been developed for a CNC machine tool, which allows simulating and predicting changes in
surface quality based on feed adjustment and spindle rotation speed in operation [34].

The authors of [35] work on the problem of durability of a working tool, using a digital twin. They measure the load
on the spindle and the vibration signals of the tool during operation and adjust the operation of the spindle drive to avoid
tool breakage. However, the work does not directly concern the creation of a digital twin of the spindle. Tool condition
prognostic system shown on figure 10.

Tool Comdition
Prownostic System

~Tool Condition

Fig. 10. Tool condition prognostic system [35]

For CNC machines, an approach to fault detection and re-planning of the work process based on digital twin shown
in [36]. The authors experimentally check the operation of a digital twin model for a CNC machine for checking rolling
bearing faults (Fig. 11) and the effect on interruptions in work due to faults. However, the work was not related to the
spindle assemblies.
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Fig. 11. Bearing fault test [36]

The authors [9] describe the method of creating a digital twin, which allows simulate the processing process in real
time and transfer data to the analysis control center. To achieve this, the authors use smart sensors and data transmitters to
collect information about the processing process. Experimental setup shown in fig. 12.
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Fig. 12. Inside Ecospeed machining centre (AMRC, Sheffield, UK), hardware and IO modules [9]

In [37] was designed experimental scheme, was build experimental platform and was obtained experimental data of
thermal characteristics for motorized spindle. Temperature measurement stand shown on fig. 13.

Fig. 13. Temperature measurement stand [37]

156



BICHUK XHTY Ne 4(87), 2023 p. IH’KEHEPHI HAYKH

It is worth noting that the number of works in which digital twins of spindle are mentioned does not reflect the real
amount of work done in the direction of creating DT of spindle — for example, in many articles there is a mention of digital
twins and their effect on the operation of the spindle unit, but these works do not consider the creation of DT spindle.

Rest of articles — 19, which shown searching systems, do not included work with digital twins of spindle or machine
tools, although articles have digital twin and spindle in title or key words.

Among the machines in which the system of digital twins has already been implemented and have already working, it
is worth highlighting the Gepro 502 at the MASA Aerospace plant in Logrono (Spain) and the COMAU at the Renault car
plant in Cleon (France) [38], but the system descriptions are not available in scientific articles. As for works where DT of
spindleare implemented in the production cycle, such works have not been identified.

Conclusions

There is an increase in the demand for the creation of DT, but still most of the articles related to the creation of DT
for metal cutting machines do not include the issue of creating DT for spindle units, there is not enough systematization,
research is in the initial stages of creating DT. Most of the available works consider individual factors affecting the
technological system, for example, only temperatures, tool wear, or vibrations, but do not work out a set of measures
that can affect the operation of the technological system as a whole. Most of the works on the given topic are in English
and Chinese. Acknowledgments very often state that the works are financed by the Chinese government. No Ukrainian
developments on the given topic were found. In the reviewed literature, more attention is paid to the creation of the DT of
systems of the machine tool, the processing center, but there are few works on the creation of the DT of the metal cutting
machine, the issue of the integration of the DT of the metal cutting machine into the DT system of the metal cutting
machine is not resolved.

This review shows that the issue of creating a digital twin of spindle unit is relevant and understudied, despite the
development of research in the direction of the implementation of DT systems of metal-cutting machines.
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