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Abstract: The modern world is changing rapidly. A new knadge-based economy pushes companies and countries to
pay attention not only to the products but alsthintellectual capital. This paper uses a bibétric study to map the
conceptual approach of the Relationship betweefiéctual capital and Industry 4.0 for 1980 — 2022 this study, we
used the Web of Science as a main database focaligation. During the period 1980 — 2022, weefittd 24 671 records

for our final sample. Collected data were analys@h descriptive statistics, co-occurrence analysisauthorship and
citation analyses. VOSviewer was used for furthsmalisation of results. As these linkages aren@t understood yet,

this paper has added value to developing thesiomedaips from a bibliographic point of view.

1 Introduction to empirical results where we describe co-word yaes,
Industry 4.0 is gaining more and more attention iand Citation and co-authorship analyses to answerebearch
often compared to a disruptive increase in progiatsh duestions set in the beginning. The last part is th

as the Industrial Revolution [1]. Like previous oastions, ~conclusion of the paper.

Industry 4.0 is not initiated by a single techngldayt by

the interaction of several technological advancéess 2 Theoretical background

impact will lead to production and management m#ggsho  Technological innovation is important in transfongi

[2]. consumers’ lives in todays economy. New serviced a
The world is changing rapidly, and businesses musapabilities launched in various fields drive thelsanges.

adapt to keep up with the shifting landscape. A8mong them are artificial intelligence, blockchain

globalisation and interconnectedness grow, socigchnology, further deployment and increased alvititia

responsibility and environmental concerns becomef digital channels. As a result, business openatio

increasingly important business considerations.tif& intellectual capital and efficiency have changel e

same time, the focus on intellectual capital (I@)da phenomenon of knowledge capital has become a tentra

intangible assets is opening up various questiams atheme due to the introduction of the new knowledgsed

debates about how we measure value and success ingconomy. This knowledge-based economy has generated

modern economy. To fully realise the potential oftbiC  interest in the intangible assets owned by orgénisaand

and Industry 4.0, we must evolve our existing fraioeks ~ economies [5].

and adopt a more expansive view of value domaihat T  Technological innovation, IC and economic growt ar

means integrating the economic and societal imuddte closely related and can be formulated as a generglept

fourth industrial revolution into our thinking adécision- of cycle or wave. Each wave represents a diffusesgln

making processes. Doing so can create a morealskai a series of technological innovations that creagev n

and equitable future for individuals, organizatiomsd economic sectors and opportunities for investment a

nations [2,3]. growth. Since the start of the Industrial Revolntat the
This paper is structured as follows. The first pdithe end of the 18th century, six waves have been ifiet{6]:
paper is dedicated to the theoretical backgrouheyrawe e Itwave (1785 — 1845). It relied on innovations
explain the terms “Intellectual capital” and “Indiys4.0” such as hydro power, textiles, and iron. The
and how they are related. The second part desctiiiges beginnings of the Industrial Revolution focused
data collection process and the methodology usealiin primarily on simple goods such as clothing and
bibliographic research. Here, we have also destribe tools that could benefit many people. Existing
research questions of this study. The third padbisated maritime technology using sailboats supported
~1~
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and improved large colonial and trading empiregrganizational change have been explored, andhtbeest
especially in England, France, the Netherlands this type of research has recently increasedO]9,
and Spain. An important inland waterindustry 4.0 drives organizational change in many
transportation system was also established. To@tonomic, social, technological, political and leagpects.
production and transportation costs have bedntellectual capital, a key resource and driving&behind
greatly reduced. value creation in organizations, is no exceptitairdle in

+ 2™ wave (1845 — 1900). It was assumed that thenplementing Industry 4.0 is very important [2,11].
massive use of coal as an energy source was only The phenomenon of intellectual capital has no
due to steam engines. That developed the ratandardised definition. Intellectual capital candefined
transport system, opened up new markets armd the accumulation of individual knowledge, skills
gave access to a wider range of resources at tbeperience and knowledge embodied in the humam brai
international and national levels. Steamships hd8]. For W. J. Martin [12], intellectual capitaliistellectual
a similar impact on maritime transport andmaterial formulated, captured, and used to cresgeta of
expanded commercial opportunities in worldchigher value. RudeZ and Mih&lj13] defined intellectual
trade. Mass production of cotton also greatlgapital as a knowledge-based asset developed throug
expanded the possibilities of the textile industryflows between different categories. On one hand,
making clothing more affordable. intellectual capital can be defined as a portfolib

« 39 wave (1900 — 1950). Electrification was arintangible resources and their flows. On the ottend,
important economic change because it enabled thellectual capital can be defined as obtaininguri
use of a wide range of machines and devices. Benefits without monetary or material form. Despte
also allowed the development of urbamabsence of a single definition of intellectual d¢alpi
transportation systems such as subways amesearchers recognize the existence of three main
trams. Another major improvement was theategories: the so-called triad of intellectual idp
internal combustion engine, which created arepresented by human capital, structural capital an
entire automobile industry and expandedelation capital [13-18].
passenger and freight mobility. The Industry 4.0 phenomenon emerged in Germany in

« 4" wave (1950 — 1990). The post-World War 112011 as a proposal for economic policy developrhased
period was marked by major industrial changesn the High-Tech Strategy [19], as well as the iapfibn
involving new materials such as plasticof the Internet of Things (loT) and Internet of Bees
(petrochemicals) and new electronics (televisionoS) to industrial processes. Using digital tedbgies
sectors. The jet engine expanded the aerospabat unite the physical and virtual worlds, mantfang
industry to the mass market and enabled globabmpanies are moving from mass production to custom
mobility. production, which is happening rapidly [2].

+ 5" wave (1990 — 2020). The development of Industry 4.0 applies to people as well as machimes.
information systems has greatly improved th&nowledge-based economy, intellectual capital fothes
trading environment with new communicationbasis for the successful development of busineareds
methods and more efficient management afountries. Industry 4.0 requires a paradigm shiftards
production and distribution systems (logistics)organizational structures, human roles and aasitNew
That has spawned new industries primarily relatetypes of employee competencies and skills are begpm
to personal computing devices, such as computenportant. There are issues related to employegeaaotion
manufacturing, software programming, and, morand organizational communication [20,21]. Changes i
recently, e-commerce platforms. organizational structure lead to changes in overall

+ 6" wave (2020 — ?). The key technologies likelstructural capital. Innovation affects corporateatsgy,
to drive the sixth wave are already in placework organization, workforce development, inforroati
primarily including robotics, automation, and knowledge management, cultural aspects and othe
digitization and sustainability. Digitization aspects of structural capital [22]. According tdtigeet al.
implies a high level of information technology in[20], managing these transformations becomes pamino
management, operation, and goods and servicémfortunately, this is where traditional management
The sixth wave is called the fourth industrialmethodologies reach their limits. Many different
revolution, called Industry 4.0. transformations are taking place in Industry 4.0the

context of relation capital. Platformization incsea

The Relationship between Industry 4.0 andomplexity, while digitalization brings more dynarsiand

organizational intellectual capital is poorly urstend. intensity to relationships. The boundaries betwésn
Since the early 1990s, IC research has reachecd® y organization and its environment become even more
[7,8]. Meanwhile, the concept of Industry 4.0 osiyerged blurred while the possibilities to assess the tatdlie of
and gained recognition in 2011. Since then, varaapects organizational relationship capital get even more
of the Relationship between Industry 4.0 andomplicated [23]. Remote working and process
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management opportunities and the contribution ofaso productivity and efficiency. However, this also lieases
networks speed up internal and external commupigati management uncertainty and additional risks thattrbe
accelerate the establishment of new contacts,amilitdte managed [22].
the outsourcing external resources [24]. By automgat
communication and relationship management, ne® Data collection
possibilities for developing personalized solutiengerge. When conducting high-quality research, using thtri
In some situations, digital technologies such askuhain  database is crucial. We used Web of Science (WgS) b
increase transparency and efficiency by removing tfC|arivate for our study. WoS is a trusted and hbia
human factor. At the same time, however, digitajatabase that university researchers widely useit$or
technology brings challenges such as dependence @mprehensive coverage of scholarly literature sro
technology uptime and cybersecurity concerns [25].  various disciplines. We used WoS filters to narrour
Industry 4.0 fundamentally changes an organizadionsearch results to ensure that our sample was epative
intellectual capital by transforming its key compats and  and relevant to our research question. By applfilteys
characteristics, which poses management challefifes. sych as publication date, subject area, and so wa,
challenges are preserving existing knowledge igreated a focused and diverse sample, including onl
organizations while maximizing the value createchbWw  impactful research in our field. Using WoS andfiiters
technologies. The impact of Industry 4.0 on différe ajlowed us to conduct a rigorous and thoroughditee
Components of IC varies. However, the most difﬁCUlana|ysiS’ ensuring our findings were based on thetm
transformations regarding human capital responditiie reliable and relevant sources. Table 1 illustraties

developing the Relationship. and structural capited framework of the data collection process.
perhaps observed. Industry 4.0 delivers process

Table 1 Framework of the data collection process
Results of filtering

Intellectual (All Fields) AND Capital (All Field9PR Intellectual Capital (All Fields) O
Manufacturing (All Fields) OR Industry 4.0 (All Fés) OR Industry 5.0 (All Fields) O
SELECTED KEYWORDS | Intangibles (All Fields) OR Intelligent manufactugi (All Fields) OR Innovation (All
Fields) OR Innovative techniques (All Fields) OR @&mfactory (All Fields) OR
Manufacturing systems (All Field

A0

WoS Databas Total Documents3 464 65.

Web of Science Categories: “Management”, “Multighéioary Sciences”, “Economics],
“Business”, “Business Finance”, “Social Sciencedeidisciplinary”, “Research
1% Inclusion Criteria: Management Science”, “Social Science Mathematicakthilds”, “Mathematic
interdisciplinary Applications” AND exclude all aths.
Total Documents262 940

oy

Years: 1980 - 2022

nd - - - .
2% Inclusion Criteria | 0, '5ociment: 258 833

Language: “English”

rd i taria:
3" Inclusion Criteria: Total Documents249 425

Document types: “Article”, “Open access”.

th - - - .
4 Inclusion Criteria: Total Documents117 588

Citation topics: “Management”, “Economics”, “Econ@nTheory”.

th - - - .
5" Inclusion Criteria: Total document<24 671

FINAL SAMPLE 24 671 RECORDS

The keywords above in a bibliographic analysis We need to consider that intellectual capital
identify relevant literature on intellectual capita development started in the late 1980s. The conoépt
manufacturing, industry 4.0 and 5.0, intangibletelligent  Industry 4.0 did not emerge until much later, acba011,
manufacturing, innovation, innovative techniquesag with the publication of a report by the German goweent
factories, and manufacturing systems. By includimese on the future of manufacturing. This report outtinte
keywords, we can explore various aspects of thmotential for integrating advanced technologiestlie
manufacturing industry and how it is evolving bymanufacturing industry, such as the Internet ofnghj
integrating new technologies and concepts. Additign artificial intelligence, and robotics. As a resulig divide
using these keywords helps identify research gaggs aour sample into two periods: 1980 — 2010 and 202022.
potential areas for further study. This approach can help ensure the study produdestro
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and reliable findings grounded in a comprehensivepresenting moderate publication rates, and leende

understanding of the available data. blue representing lower publication rates. Unfcatety,
we have no information regarding the light greyaare
Table 2 Selected samples Authors from the United Kingdom have the highest
Total number of articles number of articles related to intellectual capitaid
1980- 202z 24 67: manufacturing areas. So, the United Kingdom has
1980- 2010 3 25¢ published 6,534 papers from 24,671. The seconbeis
2011- 2022 21 41¢ USA, with 4,807 published articles. The next isr@hiwith

2,099 articles. Countries like Germany, the Ne#retk,

Figure 1 demonstrates the countries with the higheSpain, France, Australia, Sweden and Italy haveighesl

publication records, with more intense blue colourground 1 thousand papers. Our study includes leofat&2
representing higher publication rates, middle blugountries for further analysis.

.

Pouziva Bing
Australian Bureau of Statistics, GeoNames, Microsoft, Navinfo, OpenStreetMap, TomTom, Wikipedia, Zenrin

Number of articles .
1 6534

Figure 1 Wold map of the number of articles

4  Methodology Citations play an important role in bibliograph&search
Bibliographic research is an important aspect d¥ecause they track the impact and influence ofareke
research in various scientific fields. That inclsdihe OVver time. It enables researchers to identify ketaars and
systematic study of published material such as ookpublications in a particular field and to track gpeead and
articles, and other relevant sources of informationa adoption of new ideas and concepts. Citation dateatso
particular topic. A bibliographic study aims to iiidy and ~ be used to analyse the structure and dynamicsseéreh
analyse the existing literature on a particularidognd hetworks and collaborations and to assess the ingfac
provide a comprehensive overview of research caeduc individual researchers and institutions [26], [28].

in this field [26]. One of the major benefits obtibgraphic This study aims to provide answers to the research
research is that it can help researchers identipsdn the duestion that was set: _ _
literature and potential areas for future resedtafan also  RQ1: What are the main themes framing the
provide a deeper understanding of the history of %elatlonShlp between |nte”eCtua.| Ca.pltall and |m07
particular field of study and the evolution of cepts, RQ2: Does the trend of topics is similar during the
theories and methodologies. Bibliographic studasaiso researched period?

help researchers determine the validity and reiigphnf RQ3:Which journals are the most cited?

existing research by identifying the source andanst of RQ4:Which authors are the most cited?

the research and assessing the quality of theik y&].
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RQ5: Which countries lead the research of intellectud Empirical analysis
capital and Industry 4.0 (the most cited)? 51 Keywordsanalysis

VOSviewer was used as the main software for reaisi

Co-occurrence analysis includes keywords with the

the mentioned analysis. Visualization of Sciencgame subject. That indicates the presence, freyumt
Landscapes (VOSviewer) is free downloadable sotwapoximity of similar keywords in articles. It isugial to set

for building and visualizing reference networkgaarnals, up the threshold of the minimum number of occuresnaf
researchers, or individual publications. It carbbsed on keywords [30,31]. As research is divided into thpeets,
citations, bibliographic links, or co-authors. Tsmtware {41 each of them, we set a threshold separatefyeshold
provides text-mining capabilities that can be used 50 was set for the period 1980 — 2022; a thrielshio20
visualize consensus networks of important inforovatn  \y55 set for the period 1980 — 2010; a threshol0ovas
scientific literature. The software associates ka8 ot for the period 2011 — 2022. The top 50 frequent

using the association function (default). Assoorati

keywords for each sample are shown in Table 3.

strength is used to normalize the strength of llnddsveen

elements [29].

Table 3 The top 50 more occurred keywords of thesearched samples

Keywords Keywords Keywords
(1980 — 2022) | Occurrence (1980 — 2010) Occurrence (2011 — 2022) | Occurrence
Innovatior 6 857 Innovatior 79C Innovation 6 062
Performanct 3 95¢ Performanc 32¢ Performanc 3 62¢
Impact 2 52¢ Model 257 Impac 2 38¢
Model 194 Growth 247 Managemel 1 80¢
Managemel 193¢ Productivity 204 Model 168t
Growth 1 75¢ Firms 177 Knowledge 1 53(
Knowledge 1 68 Research and developm 17¢ Growth 1 50
Research and 1648 Technology 165 Research and 1478
developmer developmer
Firms 1 37¢ Industn 15¢ Technolog 1 202
Technolog 1 367 Knowledge 157 Firms 119
Productivity 123i Competitior 154 Entrepreneursh 110
Entrepreneurshi 118t Impac 13t Productivity 103
Determinant: 1 05¢ Investmer 12¢ Firm performanc 96€
Strategy 103¢ Managemet 127 Determinant 951
Firm performanci 1 01( Entry 12C Strateg' 93¢
Competition 87¢ Trade 11¢€ Capabilities 77¢
Capabilities 867 Dynamic: 111 Competition 724
Investmen 85( Market 10¢ Investmen 722
Industn 814 Determinant 104 Information 682
Informatior 774 Strateg 10z Industry 65E
Market 75C Evolution 95 Networks 652
Networks 73€ Informatior 92 Perspective 64
Perspective 70% Capabilitie: 88 Market 641
Behaviout 69% Network 93 Absorptive capaci 63C
Absorptive capacit 694 Diffusion 83 Behaviout 63C
Dynamics 68( Spillover: 81 Dynamic capabilitie 60¢
Trade 641 Entrepreneursh 78 Business 60C
Dynamic capabilitie: 63¢ Competitive advanta 73 SMEs 57¢
Business 628 Policy 67 Dynamic: 56¢
SME:s 59t Organization 66 Trade 52E
Competitive 548 Behaviour 65 Antecedents 510
advantagt
Evolution 54 Absorptive capaci 64 Framework 50C
Organization: 54C Product developme 64 Strategie: 492
Antecedent: 53t Patent 64 System: 471
Strategie 53¢ Integratior 62 Governanct 47¢
~5~
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Framework 534 Perspective 62 Competitive 475
advantag
System: 532 Employmen 56 Risk 47¢
Risk 52¢ System 55 Evolution 44¢
Policy 51F Costt 55 Policy 44¢
Governanct 502 Uncertaint 55 Quality 424
Quality 463 Demant 54 Integration 397
Integration 45¢ Size 53 Sustainability 387
Product developmel 43( Economic 53 Collaboratior 384
Collaboratior 417 Risk 53 Exploration 37¢
Exploration 407 Resourc-based vie 52 Market orientatio 367
Cooperatior 407 Economic growt 51 Design 367
Uncertaint 407 Return: 49 Product developme 36¢€
Market orientatior 401 Panel dat 45 Open innovatio 364
Efficiency 40C Firm performanc 44 Trust 36<
Resourc-based viev 394 Efficiency 42 Adoption 361

The period of 1980 — 2022 is the final sample fieum Period of 2011-2022. This sample includes 21,418
filtering which was step-by-step described in thevipus articles with total keywords of 43,253. As we mené&d,
part. The sample includes 24 671 articles and 46 Ofhe threshold for this sample was set at 50. Fiwedred
keywords. Almost 620 keywords met the threshol&@f sixty-five keywords that met the threshold wereidina
These keywords are divided into 4 clusters, illts in  into 5 clusters with 64528 links, illustrated irg&re 4.

Figure 2.

exploratior®
dynamic capabilities” %
e

compelilive ativantage =
“ as

fi, vosviewer

, , Figure 4 Analysis of keywords during 2011 — 2022
Figure 2 Analysis of keywords during 2011 — 2022

Period of 1980 — 2010. This sample includes 3,25%2 _Cltat|on analyss. . .

. L . With the help of co-citation analysis, we analyties

articles, which include 7,573 keywords. As we mamid, . . ) X
most cited journals, authors, and countries. Fas th

a threshold was set at 20. One hundred seventy-SiX

- ; nalysis, we used the third sample for 2011 — 2022,
keywords_that met the _threshold \were divided into season is that we want to represent the currentl tod
clusters with 6 481 links, illustrated in Figure 3.

citations or in other words, we would like to iltrete the
By results for the period when both researching cascare
e Y already developed in research fields.

' For this citation analysis, we set the minimum namb
of source documents to 5 and the minimum number of
source citations to 100. The sample contained 1 109
sources, of which 379 reached the threshold. Addeect
factor, quartile and publisher according to Jou@itdtion
Record (WoS product). We used the most recent data
available for 2021.

" research-and-development

cunershin

Bt
meapotet firtid g ™ P JoKEC entation
Lods Siaiics di@on ¢ 4
mem{jm S, L7 /s S
& evallijon
o

Figure 3 Analysis of keywords during 1980 — 2010
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Table 4 The top 10 most cited journals sorted kynithmber
of citations

Table 5 The top 10 of the most cited authors

Number of | Number of

citation: document
Nicholas Bloon 5 96¢ 21
John Van Reent 4 10: 35
Mike Wright 3 75¢ 42
Christian Kowalkowsl} 2 77¢ 29
David Dorr 2 43 9
Annabelle Gawe 2 32¢ 8
Gerard Georc 2 20: 24
Hashem M. Peras 1 81¢ 7
Qiang J 181t 18
Gordon H. Hansc 179 5

Number| Number of| Impact| Quartile
of documenty factor | (2021)
citation:s (2021
Research Polic| 21 73« 40( 9,47: Q1
Journal of 14 389 398 10,960 Q1
Business
Researc
American 10 986 115 11,490 Q1
Economic
Review
Small Businesg 8 849 287 7,096 Q2
Economic
Strategic 8 250 130 7,814 Q1
Management
Journa
Quarterly 7 524 47 19,018 Q1
Journal of
Economic
Management| 5 225 112 6,174 Q2
Scienci
Organization | 5141 101 5,154 Q2
Scienci
International | 5 003 160 9,36( Q1
Journal of
Operations &
Production
Managemet
Journal of 4971 55 8,238 Q1
Financial
Economic

To analyse the most cited authors, we used the co-
authorship analysis. The minimum number of source
documents was set to 5, and the minimum number of

source citations to 200. Four hundred forty-eighthars
met the threshold out of 39164. These authors dierded
into 25 clusters with 205 links (see Figure 5).

hashi, iraj
kianto, aino ~

" Vénp, chengqi

We have already mentioned (and illustrated) some

countries with the most published articles (seeféd). In
this part, we paid attention to the number of mts. For
this analysing, we have used co-authorship analysis
minimum number of source documents was set to &, an
the minimum number of source citations to 100. Bigh
eight countries met this special threshold setimigpf 151.
Figure 6 illustrates this co-authorship analysiseSe 88
countries were divided into 7 clusters with 1,6089.

southikorea

singapore

ndomest S a ireland
cagas

ehile colombia

brazil

rgentina

‘ VOSviewer

Figure 6 Co-authorship analysis by countries

The citation analysis gives similar results to mpe
descriptive statistics analysis (Figure 1). Resudte
demonstrated in Table 6.

kraus, sascha kha)n,s@;rtcpr
moteaaraine L. e jomes areli " Table 6 The top 10 most cited countries
codplen, LR 0 Number of |  Number of
coipan, i bromwynn . G ) bustingaescor ! citations document
g @ *'\-55 elle. Poa.
bloom, nicholas ™  §¥ e edd ¢ & g Englanc 151 37: 5 50z
blundell, richard TEeorge g !\g‘ Gha 1eg, heiko , -
e 3 Kawalkowski christi USA 125 49: 337
. German 36 04 1 55¢
#% VOSviewer Spall’ 33 93( 1 74E
Figure 5 Co-authorship analysis by authors Netherland 30 94, 1 04f
Italy 30 88! 1 56
Table 5 illustrates the top 10 most cited authortes Chine 28 93¢ 1 86(
by the number of citations. Franc 24 08’ 1 10¢
Swedel 21 25! 854
Finlanc 18 78! 734
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6 Conclusion Science database and may not include emerging or

This study provides an overview of published papefg§novative ideas that have yet to be published. Ve of
about intellectual capital and Industry 4.0 from8a9- Science database is comprehensive but does not abve

2022. The final sample of documents dealt with Z4 6 existing intellectual capital articles. Therefooey results

articles. We used descriptive statistics, co-oenoe are accurate for Web of Science articles but méigrdor

ana|ysisi and citation and Co-authorship ana|)(saﬂ$wer other databases. We should also note that redusukidbe

the research questions. We noted that the numbeticies ~ careful when summarizing our results. This methoesd

is increasing yearly and that researchers aredsimgly Not analyse entire articles because reference sisaly

interested in the field under study. analyses published studies' titles, keywords, &stracts.
The first research question concerns the main taemidowever, the bibliographic analysis also has pasiti

framing the Relationship between intellectual ilpiind aspects. It provides readers with a comprehensive

Industry 4.0. The second research question is Iglosé@Vverview of areas of interest.

related to the first one and deals with the trehtbpics

during the research period. The time window of zese Acknowledgement
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