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Abstract

Objectives. The study set out to substantiate the principles of Industry 5.0 as a necessary development for the
classical model of economic growth proposed by Solow. An adapted and expanded Solow model is presented that
takes into account technological progress, as well as social and environmental aspects, which influence long-term
development and economic growth in the context of the Russian economy.

Methods. The main results of the work are obtained through a comparative analysis of the distinctive features
of Industry 3.0, Industry 4.0, and Industry 5.0 in the context of an extended Solow model and an expert survey
to assess the factors influencing economic growth.

Results. In orderto substantiate the necessity of transition to more promising models of production and development,
the main distinguishing features of Industry 3.0, Industry 4.0, and Industry 5.0, are shown to be determined by unique
orientations, technologies, objectives, approaches to working with data, and types of interfaces. The Russian
economy is shown to be insufficiently prepared for the challenges of Industry 5.0. The principles of Industry 5.0 apply
to such factors of the Solow economic growth model as labor, capital, and technological progress, as well as human
capital, natural resources, and the current technological level. A survey of experts was conducted to assess the
contribution of factors to production processes. The extended Solow model is a convenient tool for developing
specific economic policy strategies based on the analysis of the interrelated factors.

Conclusions. The transition to Industry 4.0 technologies and subsequent planning for the implementation
of Industry 5.0 technologies are necessary steps prior to the creation of an innovative and competitive economy.
The conducted expert survey exemplified the different contributions of various factors to Industry 5.0 production
processes, including a decrease in the role of capital and labor, along with a concomitant increase in the
importance of human capital, technological development, and natural resources. This transition is evidenced by the
presented numerical values for the Solow model coefficients for Industry 3.0, Industry 4.0, and Industry 5.0. Such
Industry 5.0 priorities not only do not contradict economic growth, but can be expected to enhance itin the long term.

Keywords: Industry 3.0, Industry 4.0, Industry 5.0, technologies, comparative analysis, Solow model, human capital,
digitalization, innovative economy
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Pe3iome

Llenu. Llenb cTtatbn — gokasatb, 4To npuHumniel MHaycTpumn 5.0 SBnsoTCS HE06X0AMMbBIM Pa3BUTUEM ANIS Klaccuye-
CKOW MOEenm 3KOHOMNYECKOr0 PoCTa, npeanoxeHHon Conoy. B ctatbe mogens Conoy agantnpoBaHa 1 paclumpe-
Ha HOBbIMU dakTopamMm, KOTOPbLIE YHUTBIBAIOT TEXHOIOMMYECKNA MPOrpece, coumanbHbie U 3KO0rMYeckme acnekThbl
1 B KOHTEKCTE POCCUINCKOM SKOHOMMKM OKa3bIBAIOT BAUSIHNE HA ONTOCPOYHOE Pa3BUTUE N SKOHOMUNYECKUI POCT.
MeToabl. OCHOBHbIE pe3dynbTaTbl PabOoThl MOMYYEHbI C MOMOLLIO CPABHUTENBHOIO aHanmn3a OTIMYUTENbHbLIX 0CO-
6eHHocTen Nnayctpumn 3.0, MHaycTtpumn 4.0 n MHpycTtpum 5.0, pacumpeHHoii moaenn Conoy 1 aKCnepTHOro onpoca
019 OUEHKN HakTOPOB, BANSAIOLLMX HA SKOHOMUYECKNIA POCT.

PesynbTatbl. [1ns 060CHOBaHUS HEOOXOAMMOCTM nepexofa K 6onee nepcnekTMBHbIM MOLENSM NMPOM3BOACTBA
N PasBUTUS BblAENEHbI OCHOBHbIE OTIMYUTENBHbIE 0cO6eHHOCTU MHaycTpum 3.0, Mhayctpun 4.0 n MHayctpun 5.0,
onpenensieMble YHUKaNbHOW OpveHTaUMen, TEXHONOMMSAMU, LensMmn, nogxoaamm K paboTe ¢ AaHHbIMAU 1 TUNamm
MHTEPGdENCOB. YCTAaHOBMEHO, YTO POCCUINCKAs 9KOHOMMKA NOKa HeAOCTaTO4HO roToBa K Bbi3oBam MHaoycTpum 5.0.
JokaszaHo, 4To npuHumnel MHgyctpumn 5.0 pacwumpstoT Takme dakTopbl MOAENN 3KOHOMMYECKOoro pocta Conoy, Kak
TPYA, Kanutan n TEXHONOrMYecknii Nnporpecc, Ao0aBnsas YenoBeYeCckuiA kannTan, NPMpPoaHbIE PECYPChI U YPOBEHb
TexHonoruin. ing oueHkn Bknaga GakTopoB B NPOM3BOACTBEHHbIE MPOLECCHI MPOBEAEH ONMPOC 9KCNEPTOB. PacLum-
peHHas mogenb Conoy SBASETCS MHCTPYMEHTOM /19 pa3paboTKy KOHKPETHbIX CTpaTernii B 061acT 3koHOMMYe-
CKOW NONNTUKM HA OCHOBE aHann3a B3anMOCBA3aHHbIX HGakTOpOB.

BbiBoabl. [Mepexopn k TexHonornsam Mugyctpum 4.0 n nocnenyoLwee niaHMpoBaHME BHEAPEHUS TEXHONOrNI MHay-
cTpun 5.0 aBns0TCS HEOH6XOAVMMBIMY LLIAramMu 419 CO3aHUS MIHHOBALVMOHHOW N KOHKYPEHTOCNOCOOHO 3KOHOMUKN.
[MpoBeaeHHbI ONPOC 3KCNEePTOB Aoka3a pasHblii Bkiag GpakTopoB B MPOU3BOACTBEHHbIE NPOLLECCHI: YMEHbLUEHNE
ponu kanuTana n Tpyaa, POCT 3HAYMMOCTM YETOBEYECKOro Kanurana, TEXHOIOrM4eckoro passmuTnsg U NpUpPOaHbIX
pecypcos B IHaycTpum 5.0. Takme npuoputetsl MHaycTpumn 5.0 He TONbKO He NPOTUBOpPEeYaT 3KOHOMUYECKOMY PO-
CTY, HO 1 MOT'YT €r0 YCUINTb B ONTOCPOYHOM NepcnexkTuBe.
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Mpo3spayHocTb pMHAHCOBOM AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTHY B NMPEeACTaB/IEH-

HbIX MaTepuanax nin Mmetogax.

ABTOpbI 3251BNSIIOT 06 OTCYTCTBUM KOHMIMKTA UHTEPECOB.

INTRODUCTION

Contemporary Russia has two distinctly pronounced
trends of the economic development that make it
unique. The formation of a “knowledge economy” in
the first decade of the 21st century was focused on the
latest knowledge, innovations, and the development
of an information society. The process of universal
digitalization that actively unfolded since 2010 has led
to the development of digital innovation and increased
digital competition [1].

Digitalization in Russia differs significantly
by sector. According to the Ministry of Digital
Development, by the beginning of 2024, more than 90%
of government services were provided electronically via
the Gosuslugi services portal.! The Russian financial
sector has always been a leader in the implementation
of digital technologies,”> while retail companies are also
constantly increasing their budget for informatization
by implementing integrated solutions.> However, the
level of digitalization used in industrial enterprises is
characterized by the chaotic use of individual digital
solutions. According to a study by the Russian consulting
company SBS Consulting, the level of digital maturity
of large and medium-sized manufacturing companies in
Russia is only 26.6%.4

The digital transformation of industry involves
the use of digital solutions to improve the production
efficiency and then apply these solutions to the activities
of the enterprise as a whole to enable prompt responses
to emerging problems [2]. For this reason, many Russian
industrial enterprises remain critically dependent on
the implementation of Industry 4.0 technologies. This

! Digitalization in Russia: New Development Vectors in
2024. https://www.sostav.ru/blogs/277074/50927 (in Russ.).
Accessed November 10, 2024.

2 Digitalization of the financial sector 2024. https:/
generation-startup.ru/calendar/82432/ (in  Russ.). Accessed
November 10, 2024.

3 Three IT trends in eCommerce in 2024. https://www.retail.
ru/rbc/pressreleases/tri-trenda-it-v-ecommerce-v-2024-godu/
(in Russ.). Accessed November 10, 2024.

4 Analysis of the digitalization level of Russian
manufacturing enterprises. https://www.tadviser.ru (in Russ.).
Accessed November 10, 2024.

dependence is exacerbated by labor force shortages and
the need to increase labor productivity.*

The chaotic implementation of technological
solutions in industrial enterprises inherent in Industry 3.0
approaches has revealed a number of key problems in
the context of the Industry 4.0, including human factors
and emerging environmental hazards. Issues related to
mismatches between different aspects of the economy
include inefficient production and consumption patterns,

significant social differentiation, social instability,
ete. [3].
The current emphasis of global economic

development and scientific research is changing from
the robotization and automation inherent in Industry 4.0
to the development of sociocentric and environmentally
sustainable technologies. Here the focus is placed on
human—machine interactive systems in which humans
act as creative participants in collaboration with robots.
Traditional enterprises are giving way to the digital
ecosystem, which opens new opportunities for the
economy, but also brings risks of digital monopolization
in virtual sectors [4]. Given these changes, the need for
transition to the Industry 5.0 paradigm becomes obvious.

As a new industrial model, Industry 5.0 naturally
emerges from the expansion of Industry 4.0. Industry 5.0
heralds a multiple increase in production efficiency and
flexibility through automation, process optimization,
and improved cooperation between humans and
the technosphere. In response to the threat of job
losses resulting from the introduction of Industry 4.0
technologies, Industry 5.0 opens up new opportunities
for the creation of specialized jobs related to the
management and maintenance of new technologies.

The feasibility of transition from Industry 3.0
to Industries 4.0 and 5.0 is especially relevant for
the Russian economy, where technologies become
a critical factor of competitiveness and are increasingly
necessary to ensure the country’s technological
sovereignty. Industry 5.0 represents a qualitatively
new stage in the development of production processes,
characterized by an emphasis on a human-centered
approach and the concept of sustainable development.
The introduction of innovative technologies in this
paradigm significantly increases production efficiency,
which becomes especially important in the context of
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demographic changes, shrinking labor resources and the
need to improve the living standards of the population.
Adaptation of the Russian economy to these challenges
requires a comprehensive analysis and development of
system solutions, which emphasizes the relevance of
this study.

LITERATURE REVIEW

Currently, there is a significant increase in the number
of scientific publications devoted to various aspects of
the Industry 5.0 [5]. Many contemporary works focus
on global problems of sustainable development, health
care, education, industry, and technology development.
Studies reflect different views on the terminology of the
subject area, as well as questions concerning whether
Industry 5.0 is a new paradigm or the next stage of
Industry 4.0 development.

Nahavandi describes Industry 5.0 in terms of
a vision of the future of humanity. According to this
perspective, production within Industry 5.0 combines
the advantages of advanced technologies with creativity
and human problem-solving skills, which are aimed at
making production processes more efficient and flexible,
as well as reducing the risk of accidents and injuries [6].
The author argues that the fifth industrial revolution will
occur when smart devices are fully integrated with the
human mind and the physical world. Such cooperation
will ensure high efficiency, production flexibility, and
waste minimization.

In [7], it is argued that Industry 5.0 is aimed at
enhancing the experience of end-users through the
application of various available tools, including artificial
intelligence and robotics. The article [8] outlines a design
approach in which human operators and intelligent
machines form collaborative teams.

In [9], Industry 5.0 is presented as a paradigm
aimed at overcoming global social problems resulting
from previous industrial revolutions. According to the
authors, this paradigm is based on the idea of human-
centered intellectual environment and its interaction
with robotic systems.

In [10], Industry 5.0 is understood as a renewed
human-centered industrial archetype that transforms
the processes of industrial production. Examples of
technologies that contribute to this transformation
include artificial intelligence (Al), blockchain, and the
Internet of Things.

In [11] an overview of the benefits of human
interaction with the technological environment in
industrial automation is presented. The authors consider
Industry 5.0 as an evolution of Industry 4.0, in which
creative humans collaborate with intelligent systems
to improve the efficiency, speed, and scalability of
manufacturing systems. Industry 5.0 is also seen in [12]

as an extension of Industry 4.0 with a greater emphasis
on human-centered interaction with computers.

The article [13] focuses on education to develop the
necessary skills and competencies that enable employees
to adapt to Industry 5.0 and changes in the university
landscape.

A number of authors study common aspects of
Industry 5.0 and Industry 4.0 in parallel. For example,
article [14] describes the technological elements
common to Industry 4.0 and 5.0.

Problems arising in connection with Industry 5.0 are
also considered by Russian researchers. Thus, review
studies are presented in the articles [15] and [16].
The authors of the article [17] argue that Industry 5.0
involves an integration of virtual and real worlds. The
authors of the article [18] point out the advantages of
the Industry 5.0 technologies for oil and gas companies.

The article [19] considers the problem of diagnostics
of meso-economic systems in the process of evolution to
the Industry 5.0. The authors put forward and substantiate
the hypothesis about the existence of basic factors
affecting the development of the economic system in the
conditions of this transition, and propose a classification
of methods for the study of such systems.

In general, the analysis of scientific literature has
shown that the readiness of the Russian economy
to respond to the challenges of the Industry 5.0 is
insufficiently studied. In conclusion, it should be noted
that Industry 5.0 is a relatively new concept. Thus, despite
the noticeable increase in the number of works in this area,
the formation of strategies for transition to Industry 5.0
technologies is still fragmentary. Examples are presented
in the national programs of some countries (here we can
highlight the EU program “Industry 5.0”, “Made in China
—2025”, and the Japanese “Society 5.0”) [20].

RESULTS

Analysis of the publications allowed us to identify
the main distinguishing features of the Industry 3.0,
Industry 4.0, and Industry 5.0 (figure), which are defined
by their unique orientation, technologies, objectives,
data approaches and types of interfaces.

From the figure it can be seen that each successive
industrial revolution represents a significant step
in the development of technologies and production
methods aimed at increasing efficiency, flexibility, and
eliminating human error factors in production processes.
In Industry 5.0, the interface between humans and the
technological environment has been significantly
improved to include advanced technologies such as
virtual and augmented reality.

A number of academic economists characterize
Industry 5.0 as a “revolution of human participation,”
where industrial growth is organically combined with the
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Figure. Key differentiating features of Industry 3.0, Industry 4.0, and Industry 5.0.
CNC—Computer Numerical Control; loT—Internet of Things;
Al—Artificial Intelligence

solution of socioeconomic issues through the synergy of
cyber and physical spaces [23]. One of the advantages
of such synergy is the integration of intelligent systems
with current work processes, resulting in an increase in
operational efficiency in general.

The evolution presented in the figure is relevant in
the context of the Russian economy. At present, Russia is
actively seeking to accelerate the introduction of digital
technologies. Thus, in 2017 the Ministry of Industry and
Trade of the Russian Federation initiated the national
program “4.0 RU aimed at digital transformation of
all stages of the production process in accordance with
the concept of Industry 4.0. However, with the launch
of the national project “Digital Economy”® in 2018,
the focus shifted towards the introduction of so-called
“end-to-end technologies” aimed primarily at improving
the social sphere, including identification systems and
digital services for the population. This shift in priorities
has led to a slowdown in digitalization processes in the
industrial sector, as well as the lack of integrated digital
infrastructure at the enterprise level, which makes it
difficult to implement a unified digital environment
within the national economy.

Regulatory documents testifying to the ongoing
digitalization of government structures and the social

5 https://niieap.com/2017/07/24/minpromtorg-rossii-i-
ryad-vysokotehnologichnyh-kompanij-predstavili-tsifrovoj-
proekt-v-sfere-aviastroeniya-industriya-4-0/ (in Russ.). Accessed
November 10, 2024.

6 http://government.ru/info/35568/ (in Russ.). Accessed
November 10, 2024.

sphere include the national program “Digital Economy”
and the nine federal projects it encompasses, of which
“Digital Technologies” and the national project “Data
Economy”” currently under development are examples.
However, the fully-fledged digital transformation of
Russian industry requires the restoration of priorities in
the field of digitalization of production processes and
the development of specialized program documents
aimed at supporting enterprises in the real sector of the
economy.

In addition, these program documents do not
sufficiently take into account the human factor, which
plays a central role in Industry 5.0. The accessibility and
inclusiveness of new digital solutions for all segments
of society should also be taken into account to avoid
deepening the digital divide. It becomes increasingly
clear that the data economy is not just about simply
using new digital technologies in the economy, society
and everyday life, but also includes the creation of
a country’s own scientific, educational, technological,
industrial, socioeconomic and cultural base to ensure its
technological sovereignty through import substitution
and integration into global value chains.

The transition to Industry 5.0 in Russia is
accompanied not only by prospects, but also by various
challenges. Since the introduction of innovative
technologies requires highly qualified specialists, one
of the key challenges involves the need to train and
retrain labor resources. In particular, the following

7 https://HanMOHANBHBIENPOEKTH.ph/new-projects/
ekonomika-dannykh/ (in Russ.). Accessed November 10, 2024.
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challenges can be noted: exponential growth of data
volume, increased vulnerability to cyberattacks, job cuts
in enterprises, lack of consideration of ethical issues of
artificial intelligence. At the same time, Industry 5.0
envisions increased efficiency of production processes
through automation and improved interaction between
the technological environment and humans. Thus
Industry 5.0 opens new perspectives for the creation of
jobs related to the maintenance of new technologies.

While the transition to Industry 4.0 and 5.0 does
not imply an automatic and immediate transition for all
enterprises of the national economy, the introduction of
new technologies and management methods at some
enterprises may serve as a catalyst for others, creating
a snowball effect according to which the number of
enterprises involved increases over time. Awareness
of the trends and challenges of Industries 4.0 and 5.0
is necessary for Russian enterprises to maximize their
resources and capabilities and successfully complete the
transition to Industry 4.0.

Despite the significant potential advantages
conferred by the transition to Industry 5.0, this process
in the Russian economy faces a number of serious
barriers. Key among these are insufficient readiness of
technological infrastructure and limited investment in
research and innovation activities. The introduction of
advanced technologies is hindered by the current level
of equipment of enterprises, which does not yet meet
the requirements of Industry 5.0. Limited investment
in research and development also significantly hinders
innovative development [24]. The elimination of these
barriers requires a comprehensive approach and state
support.

Taking into account that Industry 5.0 “represents
the next stage of industrial development” [21], when
approaches “to business management emphasizing
the human factor”® are radically changing [21], it is
important to be guided by the following principles of
Industry 5.0 [4, 21, 22] in order to successfully overcome
the listed challenges and barriers:

1. The principle of human-centeredness implies
production processes that are based on human needs.

2. The principle of digitalization requires the full use
of advanced digital technologies in the production of
goods and the provision of services.

3. The principle of integration implies not only
the introduction of technologies to automate
production, but also the formation of proper
conditions for effective interaction between humans
and the technological environment, utilizing the best
qualities of both parties.

8 Industry 5.0: The Human-Centered Future of Business
and New Growth Strategies. https://pakhotin.org/technologies/
industry-5/ (in Russ.). Accessed November 10, 2024.

4. The principle of synergy implies the use of
modern technologies (cloud technologies, artificial
intelligence, etc.) to automate production processes
while retaining a significant human role in
management.

5. The principle of optimization implies the search for
models of economic activity that minimize the use
of resources to achieve maximum efficiency in the
interaction between humans and the technological
environment.

6. The principle of virtualization implies the creation
and implementation of digital twins of physical
objects and production and management processes
to augment analytics and artificial intelligence
applications.

7. The principle of platformization implies connection
to a single information space of various users for
interaction, systems and equipment along the entire
chain of the production life cycle.

8. The principle of personalization implies the
creation of systems that will enable mass production
of personalized products and services using digital
technologies.

9. The principle of ecosystemness implies bringing
together elements disparate in time, space, and
types of industries to create technology and business
collaborations.

10. The principle of environmental friendliness implies
implementation of energy-efficient technologies
in order to reduce the negative impact on the
environment.

We may note that each industrial revolution forms
its own unique principles. For example, at the stage
of Industry 3.0 development, the main focus was
on automation and the introduction of electronics,
which reduced the relevance of human-technology
integration that nevertheless became a key principle for
Industry 5.0. At the stage of Industry 4.0 development,
where digitalization and the spread of the Internet of
Things dominate, principles such as environmental
friendliness and human interaction with the technological
environment also play a secondary role. At the stage
of Industry 5.0 development, the focus shifts to the
integration of digital technologies and the human factor,
which requires the creation of comprehensive program
documents, including by the government and the state,
which are aimed at stimulating business and industry to
implement new digital technologies. Special attention
should be paid not only to large state corporations,
but also to private small and medium-sized industrial
enterprises.

Incorporating the principle of human-centeredness
into production processes provides opportunities to
increase productivity and create more sustainable
business models. This involves not only modernizing
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technologies, but also adapting them to the real needs
of society. In Russia, human-centeredness can be
a key factor in the successful implementation of new
technological solutions due to increased employee
satisfaction, which encourages them to learn and
develop, resulting in improved customer experience.

MATHEMATICAL MODEL
OF THE PRODUCTION FUNCTION

Comparisons between different industrial revolutions
can be made using economic growth models. For
example, using the Solow model, it is possible to trace
what significant changes in production processes each
subsequent industrial revolution brings, as well as to
conduct studies of growth processes under conditions of
continuous technological development. In this case, the
so-called production function is analyzed, which defines
the relationship between the volume of production 7Y,
the number of workers L, the amount of capital K and
technological progress A:

Y =AK°L!™, (1)

In formula (1), the value of the parameter o, which
falls within the range from 0 to 1, determines how much
of the production is provided by capital.

Typically, the three main factors of production,
comprising labor, capital, and technological progress, do
not provide a complete picture of the production process.
In such cases, extended models are used, or additional
variables are added for deeper analysis. For example,
the extended Solow model [25] can be formalized as
follows:

Y = AK*LPHYNORE, (2)

In the extended model, in contrast to the original one,
new factors are introduced: human capital H, natural
resources NN and the current level of technology R. The
model parameters (a, B, y, 8, and €) determine the impact
of these factors on the production process (elasticity of
output with respect to each production factor). The sum
of the values of these parameters should be equal to 1
to ensure the completeness of accounting for all factors.
For example, o shows by how many percent output ¥ will
change if the capital K changes by 1 percent provided
that the other factors remain unchanged.

For each industrial revolution, the coefficients of
the model should take different values. Let us consider
considerations on the values of the parameters of the
extended Solow model in the context of Industries 3.0,
4.0, and 5.0.

Industry 3.0. Capital K plays a key role in
Industry 3.0 as physical inputs (machinery, equipment)

remain the basis of production. Labor L also remains
important in Industry 3.0, but arguably has less influence
compared to machinery and equipment. Human capital,
education, and skills H are less important as compared
to physical resources and technology. The influence of
natural resources N depends largely on the specifics
of the industry, but is still significant, especially in the
production of raw materials. The level of technology
development R is quite important, but not as important
as in Industries 4.0 and 5.0.

Industry 4.0. Capital K remains important; however,
the main vector of development is focused on innovative
technologies and digitalization of production. With
automation and the use of robotics, the human factor L
is less significant compared to Industry 3.0, and training
and skills A become more important as highly skilled
professionals are required to work with new technologies.
Considering sustainability and eco-efficiency, the impact
on natural resources N may be less, while the impact of
R technologies, especially digital technologies, may be
significant for production.

Industry 5.0. Capital K in the form of intellectual and
digital capital becomes the main factor of production.
Human resource L is still important, but more attention
can be paid to creativity, innovation, and interdisciplinary
cooperation. In Industry 5.0, education, creativity, and
flexible skills H are key factors. Sustainability priorities
and environmental awareness determine the importance
of minimizing the use of natural resources N. The
influence of advanced R technologies such as artificial
intelligence or nanotechnology becomes a major
determinant.

The setting of coefficients a, B, v, 6, ¢ for each
Industry X.0 iteration depends on the specific conditions
and objectives of a certain industrial sector. In order
to numerically determine the values of the coefficients
of model (2), an expert survey was conducted. To
ensure the representativeness and reliability of the
study, 110 experts were recruited representing various
sectors of the economy, including higher educational
institutions (RTU MIREA and R.E. Alekseev Nizhny
Novgorod State Technical University), academic
research centers, industry, and business (Nizhny
Novgorod Regional Branch of the All-Russian Public
Organization “Free Economic Society of Russia”),
which is generally sufficient for such studies [26].
This approach made it possible to cover a wide range
of opinions and ensure the diversity of views on the
importance of various factors of production. The experts
were asked to assess the contribution of five major
factors to the total output for three industrial revolutions.
In doing so, each expert had to allocate the factors such
that their sum for each industrial revolution equaled 1.
The data obtained from the survey were averaged to
obtain the total coefficients (Table).
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Table. Distribution of coefficients of the extended Solow model

Industry o B Y )

Explanation

3.0 0.32 0.18 0.16 0.1

Capital has the largest impact on output, indicating that
Industry 3.0 is capital intensive. The contribution of
labor is significant, but less than that of capital. Human

0.24 capital, important, but inferior to capital and labor.

The contribution of natural resources is small. The high
contribution of the level of technology development
emphasizes the importance of technological progress

4.0 0.26 0.16 0.19 0.09

0.3

Capital contribution is high, but less than in Industry 3.0.
The contribution of labor is reduced compared

to Industry 3.0. Human capital contributes more than

in Industry 3.0. The contribution of natural resources
remains the same as in Industry 3.0. The highest
contribution among all factors is given to the level

of technology development, indicating a high dependence
on technological innovation

5.0 0.21 0.11 0.24 0.14

0.3

Lowest contribution of capital and labor among all
industries. Highest contribution of human capital,
emphasizes the importance of knowledge and skills.
Higher contribution of natural resources compared
to other industries. Contribution of technology
remains high

According to the presented comparative analysis of
the contribution of each factor to production in the context
of Industries 3.0, 4.0, and 5.0, we can state that the relative
contribution of capital is decreasing. The role of labor is
also decreasing, generally indicating less dependence on
the quantity of labor. On the contrary, the contribution
of human capital increases, emphasizing its extreme
importance. The role of the factor related to natural
resources remains relatively stable, with a slight increase
in Industry 5.0, while the importance of technological
development remains consistently high, indicating the
importance of innovation for economic growth.

Thus, each industrial revolution has its own
peculiarities and differences regarding the contribution
of each factor, which should be taken into account when
designing economic policies and investment strategies.
Although from a theoretical point of view the distribution
of the coefficients a, B, v, 8, € seems reasonable, in order
to fully confirm the fairness and adequacy of the model
in practical application, it is necessary to carry out its
empirical verification.

CONCLUSIONS

The present study discusses conceptual differences
between Industries 3.0, 4.0, and 5.0, including unique
orientation, technologies, and goals, as well as approaches
to data handling and communication. Special attention
is paid to the justification of the need for accelerated

implementation of Industry 5.0 technologies in Russia. Itis
noted that the Russian economy is insufficiently prepared
for the challenges of Industry 5.0. The main obstacles
are the lack of a clear government strategy for digital
transformation of industry, the low level of digitalization
of most industrial enterprises, limited funding and support
for small and medium-sized industrial companies in the
implementation of advanced technologies, and a lack
of qualified personnel. However, the introduction of
Industry 4.0 technologies and planned transition to
Industry 5.0 technologies are seen as necessary steps for
the formation of an innovative and competitive economy.

The following conclusions can be drawn on the
basis of the conducted research: although the transition
to Industry 5.0 technologies in the Russian economy is
at an embryonic stage, the need to accelerate this process
is obvious. Recommendations for accelerating the
transition include: the development of a clear strategy for
the implementation of Industry 5.0 principles at the level
of the national economy, strengthening of state support
for small and medium-sized industrial enterprises, and
the creation of specialized educational programs to train
personnel to work with new technologies.

The Solow model can serve as a basis for the
development of economic strategies aimed at accelerating
the implementation of the principles and technologies of
Industry 5.0. The Solow model can be used to analyze
the impact of technological change on long-term
economic growth, taking into account the importance of
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investment in research and development, as well as the
impact of human capital and technological progress on
the growth of gross domestic product. However, these
conclusions are based on theoretical assumptions and
expert assessments, which require further empirical
confirmation. To fully justify the proposed strategic
steps, it is necessary to conduct additional research and
test the model on practical data. Here the importance of
financial capital and investments in critical infrastructure
and human capital development should be emphasized,
due to the significant costs and comprehensive analysis
required to support the transition to new technologies.

ACKNOWLEDGMENTS

The study was supported by the Russian Science
Foundation grant (project No. 23-78-10009).

Authors’ contributions

N.N. Karpukhina—the idea of the study, literature
analysis, writing and editing the text of the article.

E.S. Mityakov—the idea of the study, literature
analysis, substantiation of the mathematical model,
interpretation and generalization of the research results,
writing and editing the text of the article.

A.Yu. Pronin—the idea of the study, writing the text of
the article.

10.

11.

12.

13.

14.

15.

16.

17.

18.

REFERENCES

. Sitnikova S.E. Digital form of commercialization of innovations in universities and ways to improve its efficiency:

international experience and prospects for Russia. Innovatsionnoe razvitie ekonomiki = Innovative Development of Economy.
2020;6(60):61-70 (in Russ.).

. Starozhuk I.N., Komissarov V.D. Digital twin as a mechanism for transition from Industry 4.0 to Industry 5.0. In: Digital

Transformation of Economic Systems: Problems and Prospects: Proceedings of the 6th All-Russian Scientific and Practical
Conference with Foreign Participation. St. Petersburg: POLITEKh-PRESS; 2022. P. 151-154 (in Russ.).

. Ageev A.l. Managing the digital future. Mir novoi ekonomiki = The World of New Economy. 2018;12(3):6-23 (in Russ.).

https://doi.org/10.26794/2220-6469-2018-12-3-6-23

. Rozanova N.M. Industry 5.0: a golden age or a leap into the dark? Vestnik Instituta ekonomiki Rossiiskoi akademii nauk =

Bulletin of the Institute of Economics of the Russian Academy of Sciences. 2023;6:61-77 (in Russ.).

. Barata J., Kayser I. Industry 5.0 — Past, Present, and Near Future. Procedia Comput. Sci. 2023;219(1):778-788. https://doi.

org/10.1016/j.procs.2023.01.351

. Nahavandi S. Industry 5.0 — A Human-Centric Solution. Sustainability. 2019;11(16):4371. https://doi.org/10.3390/su11164371
. Orea-Giner A., Fuentes-Moraleda L., Villacé-Molinero T., et al. Does the Implementation of Robots in Hotels Influence the

Overall TripAdvisor Rating? A Text Mining Analysis from the Industry 5.0 Approach. Tour. Manag. 2022;93(2):104586.
https://doi.org/10.1016/j.tourman.2022.104586

. Kaasinen E., Anttila A .H., Heikkild P., et al. Smooth and Resilient Human—Machine Teamwork as an Industry 5.0 Design

Challenge. Sustainability. 2022;14(5):2773. https://doi.org/10.3390/su14052773

. Coronado E., Kiyokawa T., Ricardez G.A.G., et al. Evaluating quality in human-robot interaction: A systematic search and

classification of performance and human-centered factors, measures and metrics towards an industry 5.0. J. Manufactur. Syst.
2022;63:392-410. https://doi.org/10.1016/j.jmsy.2022.04.007

Carayannis E.G., Christodoulou K., Christodoulou P., et al. Known Unknowns in an Era of Technological and Viral
Disruptions — Implications for Theory, Policy, and Practice. J. Knowl. Econ. 2022;13(1):587-610. https://doi.org/10.1007/
s13132-020-00719-0

Fatima Z., Tanveer M.H., Waseemullah, et al. Production Plant and Warehouse Automation with IoT and Industry 5.0.
Appl. Sci. 2022;12(4):2053. https://doi.org/10.3390/app12042053

Paul G., Abele N.D., Kluth K. A Review and Qualitative Meta-Analysis of Digital Human Modeling and Cyber-Physical-
Systems in Ergonomics 4.0. /ISE Trans. Occup. Ergon. Hum. Factors. 2021;9(3—4):111-123. https://doi.org/10.1080/24725
838.2021.1966130

Broo D.G., Kaynak O., Sait S.M. Rethinking engineering education at the age of industry 5.0. J. Industr. Inform. Integrat.
2021;25(8):100311. https://doi.org/10.1016/;.j11.2021.100311

Alvarez-Aros E.L., Bernal-Torres C.A. Technological competitiveness and emerging technologies in industry 4.0 and
industry 5.0. Anais da Academia Brasileira de Ciéncias. 2021;93(1). https://doi.org/10.1590/0001-3765202120191290
Gasanov E.A. New form of human-machine connection in the Industry 5.0 production model. Ekonomika i upravienie
innovatsiyami = Economy and Innovation Management. 2022;3(22):39-49 (in Russ.). https://doi.org/10.26730/2587-5574-
2022-3-39-49

Trofimova N.N. Industry 5.0 as a new direction of industrial development. Ekonomika i Upravlenie: Problemy, Resheniya.
2023;5(133):24-28 (in Russ.). https://doi.org/10.36871/ek.up.p.r.2023.01.05.003

Evgenev G.B. Industry 5.0 as an integration of the Internet of Knowledge and the Internet of Things. Ontologiya
proektirovaniya = Ontology of Designing. 2019;9(1-31):7-23 (in Russ.).

Azieva R.Kh., Taimaskhanov H.E. Modernization of the oil and gas industry in the style of Industry 5.0. Finansovyi biznes.
2021;2(212):82—-86 (in Russ.).

Russian Technological Journal. 2025;13(4):123-134
131


http://A.Yu
https://doi.org/10.26794/2220-6469-2018-12-3-6-23
https://doi.org/10.1016/j.procs.2023.01.351
https://doi.org/10.1016/j.procs.2023.01.351
https://doi.org/10.3390/su11164371
https://doi.org/10.1016/j.tourman.2022.104586
https://doi.org/10.3390/su14052773
https://doi.org/10.1016/j.jmsy.2022.04.007
https://doi.org/10.1007/s13132-020-00719-0
https://doi.org/10.1007/s13132-020-00719-0
https://doi.org/10.3390/app12042053
https://doi.org/10.1080/24725838.2021.1966130
https://doi.org/10.1080/24725838.2021.1966130
https://doi.org/10.1016/j.jii.2021.100311
https://doi.org/10.1590/0001-3765202120191290
https://doi.org/10.26730/2587-5574-2022-3-39-49
https://doi.org/10.26730/2587-5574-2022-3-39-49
https://doi.org/10.36871/ek.up.p.r.2023.01.05.003

Industrial revolutions: From Industry 3.0 to Industry 5.0 Natalia N. Karpukhina,

int

he context of the Russian economy Evgeny S. Mityakov, Aleksey Yu. Pronin

19.

20.

21.

22.

23.

24.

25.

26.

10.

11.

12.

13.

14.

15.

16.

Galimulina F.F., Shinkevich M.V. Diagnostics of mesoeconomic systems in Russia under condition of transition to
Industry 5.0. Ekonomicheskie i sotsial 'no-gumanitarnye issledovaniya = Economic and Social Research. 2023;4(40):23-32
(in Russ.).

Tingting Hu. Review of national strategies for transition to Industry 5.0. Ekonomika i upravlenie innovatsiyami = Economics
and Innovation Management. 2022;3(22):28-38 (in Russ.). https://dx.doi.org/10.26730/2587-5574-2022-3-28-38
Makovetskii S.A. Continued evolution: comparison of Industry 4.0 and Industry 5.0 in the context of modern requirements.
In: Business. Education. Economy: Proceedings of the International Scientific and Practical conference. Minsk; 2023.
P. 81-85 (in Russ.).

Pronin A.Yu. Tendencies in digital transformation of high-tech enterprises in the transition from Industry 4.0 to Industry 5.0.
Cifra. Ekonomika = Cifra. Economy. 2024;3(6) (in Russ.). https://doi.org/10.60797/ECNMS.2024.6.1

Cherepanov N.V. Principles and approaches of using Industry 5.0 at the enterprise. Inmovatsii i investitsii =
Innovation & Investment. 2019;9:144—147 (in Russ.).

Lapaev D.N., Mityakova O.I., Murashova N.A., Mityakov E.S. Organizatsiya NIOKR (Organization R&D). N. Novgorod:
Nizhny Novgorod State Technical University; 2017. 100 p. (in Russ.).

Kanametova D.A. Analysis of Models of Dynamic Economic Systems. Izvestiva Kabardino-Balkarskogo nauchnogo
tsentra RAN = News of the Kabardino-Balkarian Scientific Center of the Russian Academy of Sciences. 2023;4(114):88-97
(in Russ.). https://doi.org/10.35330/1991-6639-2023-4-114-88-97

Memon M., Ting H., Hwa C., Ramayah T., Chuah F., Cham T.H. Sample Size for Survey Research: Review and
Recommendations. Journal of Applied Structural Equation Modeling (JASEM). 2020;4(2):i-xx. http://doi.org/10.47263/
JASEM.4(2)01

CMUCOK JIUTEPATYPbI

. CutnuxoBa C.E. [Tudpoas popma komMMepIHaai3aiui HHHOBAIUI B By3aX U IyTH MOBBINICHUS e¢ 3)(YEKTHBHOCTH: MEXK-

JIyHapOJHBII ONBIT U MepcreKTuBbl 11 Poccun. Hunosayuonnoe pazsumue sxonomuxu. 2020;6(60):61-70.

. Crapoxyk M.H., Komuccapos B./I. Iludporoii aBoiiHMK Kak MexaHu3M mepexoaa ot Uuaycrpun 4.0 k Unaycrpun 5.0.

B ¢0.: HQugposas mpancpopmayus sxonomuueckux cucmem. npoonemut u nepcnekmuevt (IKOIIPOM-2022): Céoprux mpy-
006 VI Bcepoccuiickoii Hayuno-npakmuueckou kongepenyuu ¢ 3apyoesxcuvim yuacmuem. CI16.: TIOJIUTEX-ITPECC; 2022.
C. 151-154.

. AreeB A.M. Vupasnenue 1mudpoBbiM OyayimM. Mup nosoti sxonomuku. 2018;12(3):6-23. https://doi.org/10.26794/2220-

6469-2018-12-3-6-23

. Pozanosa H.M. Unayctpust 5.0: 30510TO# BeK WM MPBDKOK B TeMHOTY? Becmuux Hncmumyma skonomuxu Poccutickoii axa-

Oemuu Hayk. 2023;6:61-77.

. Barata J., Kayser 1. Industry 5.0 — Past, Present, and Near Future. Procedia Comput. Sci. 2023;219(1):778-788. https://doi.

org/10.1016/j.procs.2023.01.351

. Nahavandi S. Industry 5.0 — A Human-Centric Solution. Sustainability. 2019;11(16):4371. https://doi.org/10.3390/

sull164371

. Orea-Giner A., Fuentes-Moraleda L., Villacé-Molinero T., et al. Does the Implementation of Robots in Hotels Influence the

Overall TripAdvisor Rating? A Text Mining Analysis from the Industry 5.0 Approach. Tour. Manag. 2022;93(2):104586.
https://doi.org/10.1016/j.tourman.2022.104586

. Kaasinen E., Anttila A.H., Heikkild P., et al. Smooth and Resilient Human—Machine Teamwork as an Industry 5.0 Design

Challenge. Sustainability. 2022;14(5):2773. https://doi.org/10.3390/su14052773

. Coronado E., Kiyokawa T., Ricardez G.A.G., et al. Evaluating quality in human-robot interaction: A systematic search and

classification of performance and human-centered factors, measures and metrics towards an industry 5.0. J. Manufactur. Syst.
2022;63:392—410. https://doi.org/10.1016/j.jmsy.2022.04.007

Carayannis E.G., Christodoulou K., Christodoulou P., et al. Known Unknowns in an Era of Technological and Viral
Disruptions — Implications for Theory, Policy, and Practice. J. Knowl. Econ. 2022;13(1):587-610. https://doi.org/10.1007/
s13132-020-00719-0

Fatima Z., Tanveer M.H., Waseemullah, et al. Production Plant and Warehouse Automation with IoT and Industry 5.0.
Appl. Sci. 2022;12(4):2053. https://doi.org/10.3390/app12042053

Paul G., Abele N.D., Kluth K. A Review and Qualitative Meta-Analysis of Digital Human Modeling and Cyber-Physical-
Systems in Ergonomics 4.0. /ISE Trans. Occup. Ergon. Hum. Factors. 2021;9(3—4):111-123. https://doi.org/10.1080/24725
838.2021.1966130

Broo D.G., Kaynak O., Sait S.M. Rethinking engineering education at the age of industry 5.0. J. Industr. Inform. Integrat.
2021;25(8):100311. https://doi.org/10.1016/j.jii.2021.100311

Alvarez-Aros E.L., Bernal-Torres C.A. Technological competitiveness and emerging technologies in industry 4.0 and
industry 5.0. Anais da Academia Brasileira de Ciéncias. 2021;93(1). https://doi.org/10.1590/0001-3765202120191290
T'acanoB D.A. HoBas (opma coeTUHECHHUS YeOBEKa W MAIIWHBI B MOJeIu npousBojacTBa Mugyctpuu 5.0. Dxonomuxa u
ynpasnenue unnosayuamu. 2022;3(22):39-49. https://doi.org/10.26730/2587-5574-2022-3-39-49

Tpodumona H.H. Munyctpus 5.0 kak HOBOE HANpPaBICHUE MPOMBIIIUICHHOTO Pa3BUTHS. DKOHOMUKA U ynpasienue: npooje-
mbl, pewienus. 2023;5(133):24-28. https://doi.org/10.36871/ek.up.p.r.2023.01.05.003

132

Russian Technological Journal. 2025;13(4):123-134


https://dx.doi.org/10.26730/2587-5574-2022-3-28-38
https://doi.org/10.60797/ECNMS.2024.6.1
https://doi.org/10.35330/1991-6639-2023-4-114-88-97
http://doi.org/10.47263/JASEM.4(2)01
http://doi.org/10.47263/JASEM.4(2)01
https://doi.org/10.26794/2220-6469-2018-12-3-6-23
https://doi.org/10.26794/2220-6469-2018-12-3-6-23
https://doi.org/10.1016/j.procs.2023.01.351
https://doi.org/10.1016/j.procs.2023.01.351
https://doi.org/10.3390/su11164371
https://doi.org/10.3390/su11164371
https://doi.org/10.1016/j.tourman.2022.104586
https://doi.org/10.3390/su14052773
https://doi.org/10.1016/j.jmsy.2022.04.007
https://doi.org/10.1007/s13132-020-00719-0
https://doi.org/10.1007/s13132-020-00719-0
https://doi.org/10.3390/app12042053
https://doi.org/10.1080/24725838.2021.1966130
https://doi.org/10.1080/24725838.2021.1966130
https://doi.org/10.1016/j.jii.2021.100311
https://doi.org/10.1590/0001-3765202120191290
https://doi.org/10.26730/2587-5574-2022-3-39-49
https://doi.org/10.36871/ek.up.p.r.2023.01.05.003

Industrial revolutions: From Industry 3.0 to Industry 5.0 Natalia N. Karpukhina,
in the context of the Russian economy Evgeny S. Mityakov, Aleksey Yu. Pronin

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

EsreneB I'b. Uunycrpus 5.0 xak uHTerpanus UHTEpHETa 3HAHUN M UHTepHeTa Bewieill. Oumonocus npoexmuposanusl.
2019;9(1-31):7-23.

Asuesa P.X., TaiimacxanoB X.D. MonepHu3zanus HedrerazoBoii orpacnu B cruiie Mupycrpuun 5.0. Qurancossiii OusHec.
2021;2(212):82-86.

Tl'anumynuna ©.0., Illuakesuu M.B. JlnarHoctuka Me309KOHOMUUYECKUX cucTeM B Poccuu B ycnoBusx nepexoaa k Muny-
ctpuu 5.0. Dxonomuueckue u coyuanvrho-eymanumaprule ucciedosanus. 2023;4(40):23-32.

Tuntna Xy. O030p HauMoHaNIBHBIX cTpareruil nepexopa kK Wumycrpuu 5.0. Dxkomomuka u ympasineHue uHHOBAYUAMU.
2022;3(22):28-38. https://doi.org/10.26730/2587-5574-2022-3-28-38

Makxogenkwuii C.A. IIponomkenue sBomtoruu: cpaBHenne Muaycrpun 4.0 u MuaycTpun 5.0 B KOHTEKCTE COBPEMEHHBIX Tpe-
6oBanuil. B ¢0.: busnec. Obpazosanue. dxonomuka: Mamepuanvt MedxcoyHapoOHOIl HAYUHO-NPAKMUYLECKOU KOHPEPEHYUU.
Munck; 2023. C. 81-85.

TTponun A.1O. TenneHuun nudporoii TpaHchopmainu BHICOKOTEXHOIOTHUHBIX MPEANPHUITHH B YCIOBUSX Tepexoa ot MH-
nycrpun 4.0 x Uanycrpuu 5.0. Cifra. Dxonomuxa. 2024;3(6). https://doi.org/10.60797/ECNMS.2024.6.1

UepenanoB H.B. Ilpunmumsr n mogxonst nmpumeneHus Wungycrpum 5.0 Ha mpemnpustuu. Munogayuu u uH8eCmMuyuu.
2019;9:144-147.

Jlamaes J[.H., Mutsxosa O.U., Mypamosa H.A., MurtsaxoB E.C. Opeanuzayus HUOKP. H. Hosropon: Huxeropoackuit
rocylapcTBEeHHbIH TexHuueckuil ynusepcuret uM. P.E. Anekceesa; 2017. 100 c.

Kanamerosa JI.A. AHanu3 Mojesel TMHAMAYeCKUX SKOHOMHUYECKUX CUCTeM. M36ecmus Kabapouno-Bankapckoeo HayuHo2o
yenmpa PAH. 2023;4(114):88-97. https://doi.org/10.35330/1991-6639-2023-4-114-88-97

Memon M., Ting H., Hwa C., Ramayah T., Chuah F., Cham T.H. Sample Size for Survey Research: Review and
Recommendations. Journal of Applied Structural Equation Modeling (JASEM). 2020;4(2):1-xx. http://doi.org/10.47263/
JASEM.4(2)01

About the Authors

Natalia N. Karpukhina, Dr. Sci. (Econ.), Associate Professor, Head of the Department of Innovation Management,

Institute of Management Technologies, MIREA — Russian Technological University (78, Vernadskogo pr., Moscow,
119454 Russia). E-mail: karpukhina@mirea.ru. Scopus Author ID 57190409353, RSCI SPIN-code 7442-9985, https://
orcid.org/0000-0003-3378-5230

Evgeny S. Mityakov, Dr. Sci. (Econ.), Professor, Head of the Department of Subject-Oriented Information

Systems, Institute for Cybersecurity and Digital Technologies, MIREA - Russian Technological University (78,
Vernadskogo pr., Moscow, 119454 Russia). E-mail: mityakov@mirea.ru. Scopus Author ID 55960540500,
RSCI SPIN-code 5691-8947, https://orcid.org/0000-0001-6579-0988

Aleksey Yu. Pronin, Cand. Sci. (Eng.), Associate Professor, Department of Innovation Management, Institute

of Management Technologies, MIREA — Russian Technological University (78, Vernadskogo pr., Moscow, 119454
Russia). E-mail: pronin@mirea.ru. Scopus Author ID 57190872536, RSCI SPIN-code 6833-7914, https://orcid.
org/0000-0001-8947-3047

Russian Technological Journal. 2025;13(4):123-134
133


https://doi.org/10.26730/2587-5574-2022-3-28-38
https://doi.org/10.60797/ECNMS.2024.6.1
https://doi.org/10.35330/1991-6639-2023-4-114-88-97
http://doi.org/10.47263/JASEM.4(2)01
http://doi.org/10.47263/JASEM.4(2)01
mailto:karpukhina@mirea.ru
https://orcid.org/0000-0003-3378-5230
https://orcid.org/0000-0003-3378-5230
mailto:mityakov@mirea.ru
https://orcid.org/0000-0001-6579-0988
mailto:pronin@mirea.ru
https://orcid.org/0000-0001-8947-3047
https://orcid.org/0000-0001-8947-3047

Industrial revolutions: From Industry 3.0 to Industry 5.0 Natalia N. Karpukhina,
in the context of the Russian economy Evgeny S. Mityakov, Aleksey Yu. Pronin

06 aBTOpPax

KapnyxuHa Hatanuna HukonaesHa, 4.9.H., AOUEHT, 3aBeayowmin kadenpon ynpasneHns nHHosaumsmm, NH-
CTUTYT TexHonoruin ynpasneHus, PreQy BO «MUPBA — Poccuincknini TEXHONOrMYeCcknin yHuBepcuteT» (119454,
Poccus, Mockea, np-T1 BepHaackoro, a. 78). E-mail: karpukhina@mirea.ru. Scopus Author ID 57190409353,
SPIN-kog PUHL], 7442-9985, https://orcid.org/0000-0003-3378-5230

MuTtakoe EBreHuii CepreeBuy, A.3.H., npodeccop, 3aBenywowmin kadpeppoin Kb-9 «MpegmeTHO-0pUEHTHU-
pOBaHHbIE MHMOPMALMOHHbIE CUCTEMbI», NHCTUTYT knbepbesonacHoCTn U umMdpoBbix TexHonoruin, Gre0y BO
«MUNP3A - Poccuiicknin TexHonorndyeckuin yHmsepcuteT» (119454, Poccusi, MockBa, np-T BepHaackoro, o. 78).
E-mail: mityakov@mirea.ru. Scopus Author ID 55960540500, SPIN-kon PUHL], 5691-8947, https://orcid.org/0000-
0001-6579-0988

MpoHuH Anekceit KOpbeBUY, K.T.H., OOUEHT, kadeapa ynpaBneHUs MHHOBaAUMSAMW, VIHCTUTYT TEeXHOMOrunmn
ynpasnexnus, ®re0y BO «MUP3A — Poccuiicknini TexHonorndeckuin yHmsepcuteT» (119454, Poccusi, Mockea,
np-T BepHagckoro, a. 78). E-mail: pronin@mirea.ru. Scopus Author ID 57190872536, SPIN-koa, PUHL], 6833-7914,
https://orcid.org/0000-0001-8947-3047

Translated from Russian into English by Lyudmila O. Bychkova
Edited for English language and spelling by Thomas A. Beavitt

Russian Technological Journal. 2025;13(4):123-134
134


mailto:karpukhina@mirea.ru
https://orcid.org/0000-0003-3378-5230
mailto:mityakov@mirea.ru
https://orcid.org/0000-0001-6579-0988
https://orcid.org/0000-0001-6579-0988
mailto:pronin@mirea.ru
https://orcid.org/0000-0001-8947-3047

