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Abstract

The purpose was to investigate the impact of the Industry 5.0 paradigm on the supply
chain research field. Our study contributes to the conceptualization of supply chain
5.0, a term that has been receiving increased attention as supply chains adapt to the
fifth industrial revolution. We conducted a systematic literature network analysis
(SLNA) to examine the research landscape of Industry 5.0 supply chains. We used
VOSViewer software and Bibliometrix R-package for multiple bibliometric analyses
using 682 documents published between 2016 and 2022. We present a comprehensive
framework of supply chain 5.0, including its key concepts, technologies, and trends.
Additionally, this research offers a future research agenda to inspire and support fur-
ther development in this field. We utilized three academic databases for bibliometric
analyses: Dimension, Scopus and Lens. Additional databases could provide a wider
research landscape and better field representation. We demonstrate how Industry 5.0
enables supply chain evaluation and optimization to assist companies in navigating
disruptions without compromising competitiveness and profitability and provide a
unique contribution to the field of supply chain 5.0 by exploring promising research
areas and guiding the transition to this new paradigm for practitioners and scholars.

Keywords Industry 5.0 - Supply Chain 5.0 - Intelligent manufacturing -
Collaborative manufacturing - Supply chain resilience (SCR) - Supply chain
sustainability (SCS) - Human-centric supply chain (HCSC)

1 Introduction
The COVID-19 outbreak has led to an unprecedented disruption of commerce in

most industry sectors, which created challenges in health and safety, supply chains,
workforce, cash flow, consumer behavior, sales, and marketing [1]. Supply chain
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disruptions (SCDs) worldwide shed light on the fragility and vulnerability of sup-
ply chains in different aspects, including finance, lead time, demand changes, and
production performance [2]. Amid unprecedented stress on global supply chains,
the severity of the business disruption challenged the previous understanding of
what constitutes a sustainable-resilient supply chain, encouraging research on SCD
management strategies related to supply chain performance. As Moosavi et al. [2]
revealed, resilience and sustainability have become primary research topics in the
supply chain context.

This paper builds upon insights from Akundi et al. [3] in the bibliometric research
paper “State of Industry 5.0—Analysis and Identification of Current Research
Trends.” The authors conducted a topic analysis to understand the major themes in
the published literature on the fifth industrial revolution, also known as Industry 5.0.
They verified that the terms artificial intelligence (Al), big data, supply chain (SC),
digital transformation, machine learning (ML), and Internet of Things (IoT) are the
most often used and among several Industry 5.0 drivers identified by researchers.
The term with the third highest count was “Supply Chain,” which suggests that
Industry 5.0 will influence supply chains to an unprecedented level [3]. Drawing
on the work of Akundi et al. the aim of our research is to investigate the impact of
Industry 5.0 on modeling future supply chains.

To accomplish this goal, we performed a systematic literature network analy-
sis (SLNA), which combines a bibliographic analysis with a systematic literature
review (SLR). Through this mixed approach, which incorporates both qualitative
and quantitative methods, we verified that, although the topic of supply chains in the
context of Industry 5.0 is being widely explored, the term supply chain 5.0 is rarely
used. We investigate the connectivity between Industry 5.0, Society 5.0, and supply
chains to explore Industry 5.0 supply chains, herein referred to as supply chain 5.0.

For the bibliometric analysis, following PRISMA framework, we used 682 peer-
reviewed documents (published from 2016 to 2022) from Lens, Scopus, and Dimen-
sions databases. We applied Bibliometrix and VOSviewer software tools to visu-
alize bibliometric network mappings and analyze the research landscape of supply
chain 5.0. For our systematic literature review (SLR), we primarily used the 41 most
globally cited documents (Table 4) and proposed a novel conceptual framework for
supply chains 5.0. Our framework articulates the constructs of Industry 5.0 (human
centricity, resilience, and sustainability) as they apply to future supply chains.

As a guiding framework for our study, we answer the following research questions

(RQs):

e RQI-what does the fifth industrial revolution mean in the context of supply
chains?

e RQ2-what are the major topics and associated literature of supply chain 5.0?
RQ3-what would a supply chain 5.0 conceptual framework look like?
RQ4—-what is the future research agenda related to supply chain 5.0?

Our paper is divided into six sections. Section 1 introduces and contextualizes the

theme, presenting our motivation and the research gap the paper aims to fill. Sec-
tion 2 details our methodology, which includes a combination of qualitative analysis

@ Springer



Operations Research Forum (2023) 4:60 Page3of46 60

and a bibliometric study. Section 3 presents the first part of our bibliometric research,
focusing on the literature landscape and knowledge structure of supply chain 5.0. We
use the Bibliometrix R-package to analyze annual production, locally and globally
cited sources, wordclouds, word frequency over time, trend topics, and thematic evo-
lution. Section 4 is the second part of our bibliometric research. Using the VOSviewer
tool, we constructed keywords co-occurrence networks (KCNs) for supply chain 5.0
and its three major pillars: resilience, sustainability, and human centricity. Section 5
completes our systematic literature review, providing a theoretical background, ana-
lyzing the journey from supply chain 4.0 to supply chain 5.0, and creating a concep-
tual framework of supply chain 5.0. Section 6 presents a conceptual framework of
supply chain 5.0. Section 7 is the discussion about bringing Maslow’s Hierarchy to
Life in the supply chain context, which highlights the importance of human centricity
in achieving sustainable supply chains. Section 8 offers a future research agenda to
support further development in the field. Finally, Sect. 9 is the conclusion, summariz-
ing the theoretical and practical implications of our findings.

2 Methodologies—Systematic Literature Network Analysis (SLNA)

The present research employs systematic literature network analysis (SLNA), a lit-
erature review method that combines qualitative and quantitative methods to provide
a comprehensive understanding of a particular topic.

Conventional literature reviews usually rely on subjective content analysis, omit-
ting the dynamic evolution of the research topic over time. On the other hand, the
SLNA relies on objective tools (e.g, Bibliometrix and VOSviewer) and algorithms
(e.g, citation network and keywords’ network) in assessing the bibliometric data
generated from academic databases (e.g, Scopus, Lens, and Dimensions). Thus,
SLNA provides the reader with a dynamic depiction of the research topic over a
certain period, uncovering how academics have addressed a topic from its initial
appearance [4, 5]. This allows for a more in-depth understanding of the field, iden-
tifying trending topics as well as areas of research that are under-explored. SLNA is
a powerful research methodology that can help to improve the quality and rigor of
research in a particular field.

Through this mixed approach, we examine the research landscape of supply chain
5.0 through a bibliometric analysis of 682 documents published from 2016 to 2022.
Using SLNA, were able to develop an SLR on the supply chain 5.0 research land-
scape, including a dynamic depiction of the research topic’s progress over time, as
well as identifying the key issues and main paths that have shaped its growth.

For the bibliometric research, we employed VOSviewer software and Bibliome-
trix R-package to construct and visualize networks using publications taken from
three databases: Dimensions, Scopus, and Lens. For the systematic literature review,
we applied PRISMA (Preferred Reporting Items for Systematic Review and Meta-
Analyses), an evidence-based minimum set of items aimed at ensuring a transparent,
accurate, replicable, and scientifically adequate systematic review [6].

Figure 1 illustrates the two stages of our systematic literature network analy-
sis (SLNA), which ultimately culminate in the development of the conceptual
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Systematic Literature Network Analysis - SLNA

First stage of the SLNA
methodology

Second stage of the
SLNA methodology

Bibliometric Research Systematic Literature Review (SLR)
1- Assessment Criteria PRISMA flow diagram

2 - Search Strategy Methodology summarizing the SLR

3 - Data Gathering and Preprocessing and its results

Conceptual framework & future research agenda for Supply Chain 5.0

Fig. 1 Systematic literature network analysis (SLNA)

framework (presented in Sect. 6) and the future research agenda for supply chain 5.0
(presented in Sect. 8).

2.1 First Phase of SLNA Methodology: Bibliometric Research
Our bibliometric research methodology follows three phases:

e Phase 1 (Table 1)—assessment criteria
e Phase 2 (Table 2)—search strategy methodology
e Phase 3 (Table 3)—data gathering and preprocessing

The first phase is the assessment, presenting the criteria for inclusion. The sec-
ond phase contains the search strategy methodology, in which we constructed four
separate queries to search through the titles and abstracts in our scholarly databases.
Search 1 aimed to find papers that refer to supply chain 5.0 directly or through
joined concepts that together also refer to supply chain 5.0. The other three searches
further subdivided the results based on the inclusion of the three specific pillars of

Table 1 Phase 1—assessment criteria

Eligibility criteria Reasoning

Period: Published papers from January 1, 2016 This study included publications from 2016 onwards because the term Industry 5.0 was introduced on
to November 3, 2022. December 1st, 2015, in an article published on the LinkedIn social network by Michael Rada.
Document Type: article (380), book (8), book chapter (71), Only reliable sources of scientific information were considered.

conference paper (26), conference proceeding article (20),
conference review (7), editorial (1), journal article (156),
letter (1), review (8).

Language: English The search strategy was restricted to the English language because all published material provide
abstracts in English as well as their original languages.

Chosen search locations within the text: titles and abstracts. A topical search retrieves records that match the query in the titles and abstracts.

Database Sources: Lens, Scopus, Dimensions. These were chosen from among the largest databases because they contain a large number of scientific
peer-reviewed papers.
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Table 2 Phase 2—search strategy methodology

Code  Topic Search Query Reasoning

s1 Supply Chain5.0  ("Management 5.0" OR "Supply Chain 5.0" OR (("Smart Supply Chain" OR "Supply chain”  This search is designed to find papers that
OR "Production” OR "Logistic" OR "Sourcing" OR "Manufacture" OR "Manufacturing”) AND  refer to Supply Chain 5.0 directly or through
("Industry 5.0" OR "Fifth Industrial Revolution" OR "Society 5.0")) joined concepts that together also refer to

Supply Chain 5.0.
s2 Supply Chain 5.0  (*Management 5.0" OR "Supply Chain 5.0" OR (("Smart Supply Chain" OR This search is designed to find papers that
Resilience "Supply chain" OR "Production" OR "Logistic" OR "Sourcing" OR “Manufacture” meet the criteria for Search 1and contain a

OR "Manufacturing") AND (“Industry 5.0" OR "Fifth Industrial Revolution" form of the word resilience.

OR "Society 5.0"))) AND ("Resilience" OR “Resiliency” OR “Resilient")

s3 Supply Chain5.0  ("Management 5.0" OR "Supply Chain 5.0" OR (("Smart Supply Chain" OR “Supply chain"  This search is designed to find papers that
Sustainability OR “Production” OR "Logistic” OR "Sourcing" OR "Manufacture” OR "Manufacturing”) AND  meet the criteria for Search 1and contain a
("Industry 5.0" OR "Fifth Industrial Revolution" OR "Society 5.0"))) AND ("Sustainability” OR ~ word that relates to sustainability.
“Sustainable" OR “environmental" OR "environment" OR "bioeconomy")

sS4 Supply Chain5.0  ("Management 5.0" OR "Supply Chain 5.0" OR (("Smart Supply Chain" OR "Supply chain" This search is designed to find papers that
Human-Centricity ~OR "Production” OR "Logistic" OR “Sourcing” OR “Manufacture” OR "Manufacturing”) AND  meet the criteria for Search 1and contain a
(“Industry 5.0" OR "Fifth Industrial Revolution" OR "Society 5.0"))) AND (*Human-centric* word that relates to human-centricity.
OR"hi tered" OR i OR i OR i OR

"Personalized" OR "Per { OR "P lisati OR "Personalised" OR
"hyper-Personalised" OR "customer-driven”)

Industry 5.0 (resilience, sustainability, and human centricity). The third phase is the
data gathering and preprocessing, in which we executed our search strategy method-
ology from phase 2 to extract articles from three scholarly databases on November
3, 2021. A total of 1103 papers were identified. Table 3 shows the number of arti-
cles retrieved from each database in each separate search. Using Bibliometrix, we
identified and removed 421 duplicate papers, leaving 682 unique documents for the
bibliometric analysis.

2.2 Second Phase of SLNA Methodology: SLR
For our systematic literature review (SLR), we used the PRISMA methodology
(Fig. 2). PRISMA (Preferred Reporting Items for Systematic Review and Meta-

Analysis) consists of four major phases to critically investigate the subject matter: 1)
identification, 2) screening, 3) eligibility, and 4) inclusion.

Table 3 Phase 3—data gathering and preprocessing

Academic Databases (AD's) Search n. Articles
Dimensions Search 1 351
Search 2 41
Search 3 166
Search 4 102
Scopus Search 1 274
Search 2 30
Search 3 132
Search 4 8
Lens Search 1 478
Search 2 34
Search 3 241
Search 4 124

@ Springer



60 Page6o0f46

Operations Research Forum (2023) 4:60

]
C . . . . . .
i) Records identified Records identified Records identified
E through Scopus through Dimensions through Lens
= database database database
‘8' (n=247) (n=351) (n=478)
o]
[ S
S v 4 v
Records after duplicates removed
o)) (n=682)
£
=
()
g_J A
A Records screened - Records excluded (n=0)
(n=682) » - Not pertinent (n =0)
e - Article not available (n =6)
2
o) v
m .
= Full-text articles assessed . .
for eligibility (n = 225) » - Criteria: at least one citation
o)
(]
o} A
=
£ Studies included in the final » - Criteria: at least 15 citations
analysis (n = 41)

Fig.2 PRISMA flow diagram summarizing the SLR and its results

In the first stage, known as “identification,” we conducted a thorough search
of three databases: Dimensions, Lens, and Scopus. From these databases, we col-
lected a total of 1076 documents. As shown in our PRISMA diagram, the break-
down of documents collected from each individual database is as follows: Dimen-
sions—351 documents, Lens—478 documents, and Scopus—247 documents. By
utilizing multiple databases, we ensured a comprehensive search and increased
the likelihood of finding all relevant studies.

The second stage of the PRISMA methodology is known as “screening.” During
this stage, we reviewed the documents collected in the previous stage to determine
which studies were relevant to our analysis. This process involved evaluating each
study based on predefined inclusion and exclusion criteria. The goal was to identify
studies that were both relevant for the final analysis and of high quality, ensuring
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the rigor and credibility of the systematic review. By systematically reviewing
and selecting relevant articles, the screening process helps to minimize bias and
increase the overall validity of the study’s findings.

In our screening phase, our full database of 682 documents was found to be
eligible for inclusion. The reason for the high number of acceptable documents is
that, during the search phase, we utilized appropriate Boolean logic in the queries
to narrow the result field. The use of proper Boolean logic for database search-
ing is crucial for a successful search, as it allows for more accurate and efficient
retrieval of relevant research. The documents were also filtered by year, ensuring
relevance to the study.

The third phase of the PRISMA methodology is called “eligibility criteria.”
During this phase, we analyzed the documents that passed the previous “screen-
ing” stage to determine which studies were eligible for inclusion in the final
analysis. In this phase, we identified no document as impertinent or unavailable,
which means all articles passed this phase and were considered relevant to the
systematic review.

In the fourth stage, known as the “inclusion” stage, we ended up with a total of
41 papers. To reach this result, we utilized a document co-citation analysis technique
known as global citation analysis (GCA) to generate a ranked list of documents
based on the number of citations received by each document globally. From this list,
we first selected all papers that had received at least one citation, resulting in a total
of 225 documents. We further narrowed this list by only including papers that had
received at least 15 citations, resulting in a total of 41 documents for our SLR.

It is imperative to clarify that we chose a threshold of 15 citations to narrow down
the list of highly cited documents while still encompassing a significant body of rel-
evant literature. Initially, we experimented with a lower threshold of 10 citations,
but this led to a substantially larger list of papers, making it challenging to maintain
coherence and focus within the review. Opting for a threshold of 15 citations struck
a reasonable balance and ensured a robust selection of influential works.

Furthermore, it is important to highlight that the final selection of 41 docu-
ments did not solely form the basis of our research findings. To augment the lit-
erature review, we conducted additional qualitative research, resulting in the inclu-
sion of approximately 120 peer-reviewed documents. This involved a comprehensive
approach, leveraging our complete database of 682 documents and conducting tar-
geted searches on Google Scholar using search queries similar to those presented in
Table 2. This meticulous approach enabled us to capture a broader range of perspec-
tives and incorporate a diverse set of scholarly contributions.

By combining quantitative and qualitative approaches, we utilized the insights
from the 41 most cited articles while incorporating a broader range of relevant stud-
ies. This integrated approach significantly enhanced the robustness and richness of
our findings, contributing to a more thorough analysis of the subject matter.
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3 Bibliometric Research Part 1: Overview of the Literature Landscape
and Knowledge Structure of Supply Chain 5.0

In Sect. 3, we present a total of seven bibliometric graphs and maps generated from
the full database of 682 documents using the Bibliometrix R-package.

3.1 Annual Evolution of Scientific Production and Main Information About Data

Figure 3 presents the annual evolution of scientific production in the field of supply
chain 5.0. The graph is based on a sample of 678 documents from our full database,
which contains 682 documents. The sample was selected by applying a time span of
2016-2022, so the graph does not include four documents published in 2023. This is
to ensure that the output of 2023 is not misrepresented.

As shown in Fig. 3, the year 2016 marks the beginning of publications in the field
of supply chain 5.0. Since then, there has been a steady increase in the number of
publications in the field, but this growth became particularly intense following the
COVID-19 outbreak in 2020. The sudden and widespread disruption caused by the
pandemic highlighted the need for increased visibility, resilience, and digitization
within supply chain management. This led to an increase in the number of publica-
tions, as more and more researchers and professionals focused on making supply
chains more resilient, collaborative, and networked [7].

Our bibliometric analysis yielded some valuable insights. The average age of
documents in our study was 1.19 years, with an average of 4.049 citations per docu-
ment. Additionally, we observed an annual growth rate of scientific production of
87.77% from 2016 to 2022, indicating a growing interest in the theme and suggest-
ing that this trend is likely to continue in the near future. As an emerging field, we
expect that the scientific contributions to supply chain 5.0 will continue to grow in
the coming years.

200

Articles

100

2016
2018
2020
2022

Year

Fig. 3 Annual evolution of scientific production (documents published in 2023 omitted due to lack of
significant sample)
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3.2 Most Local Cited Sources (from Reference List)

To find the most local cited sources (from Reference List), Bibliometrix counts the
citations that a document has received within other documents included in our col-
lection. Our database collection of 682 documents contained 268 sources (e.g, jour-
nals, books, conference proceedings, and others). In order to identify the leading
outlets in advancing supply chain 5.0 research, we employed a parameter of sources
with at least 100 citations. This resulted in a ranking of the 14 most locally cited
sources, as shown in Fig. 4.

3.3 Most Globally Cited Documents

A bibliometric analysis of the most globally cited documents, also known as global
citation analysis (GCA), is a method used to evaluate the impact of scientific pub-
lications by analyzing the number of citations they have received from documents
indexed in any bibliographic database (e.g, WoS and Scopus). It is worth noting
that the GCA considers the total number of citations a document has received,
even if those citing papers were not included in our database collection. This means
that the GCA analysis is not limited to papers included in a specific database, but
it takes into consideration all the citations that a paper has received in the world

SUSTAINABILITY e

INTERNATIONAL JOURNAL OF PRODUCTION RESEARCH @

1EEE ACCESS @
JOURNAL OF CLEANER PRODUCTION —@
PROCEDIA CIRP 4®
INTERNATIONAL JOURNAL OF PRODUCTION ECONOMICS — ———————(B)
COMPUTERS & INDUSTRIAL ENGINEERING ~ ——————(ED)
PROCEDIA MANUFACTURING —@

JOURNAL OF INDUSTRIAL INFORMATION INTEGRATION ~ ——————(&)
JOURNAL OF MANUFACTURING SYsTers — ————(&5)

Cited Sources

sensors ———8D
ROBOTICS AND COMPUTER-INTEGRATED MANUFACTURING —@
IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS —'@
APPLIED SCIENCES ~ ——(0}
[ 100 200 300

N. of Local Citations

Fig.4 Most locally cited sources (from reference lists)
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JAVAID M, 2020
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Fig.5 Most globally cited documents
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[8]. This makes GCA a powerful tool to evaluate the impact of scientific publica-
tions and identify the most influential papers in a field of study.

Figure 5 presents the ranked list of the 41 most globally cited documents, which
we then use for our systematic literature review (SLR). Table 4 provides additional
details for each document in the ranked list, including the full title, the total number
of citations per year (TC per year), and the normalized citation impact scores (nor-
malized TC). These metrics allow for a more comprehensive understanding of the

relevance of each document in the field.
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Table 4 List of the 41 most cited articles

Paper Title Total Citations TC per Year Normalized TC

1 NAHAVANDI, S (2019) Industry 5.0—A Human-Centric Solution 237 59,25 19,54

2 OZDEMIR, V (2018) Birth of Industry 5.0: Making Sense of Big Data with Artificial Intelligence, 187 374 14,56
“The Internet of Things” and Next-Generation Technology Policy

3 ZAMBON, | (2019) 4.0: Industry vs. i in a Future D for SMEs 160 40 13,19

4 MADDIKUNTA, P (2022)  Industry 5.0: A survey on enabling ies and potential 149 149 87,28

5 DEMIR, K (2019) Industry 5.0 and Human-Robot Co-working 143 35,75 1,79

6 LONGO, F (2020) Value-Oriented and Ethical Technology Engineering in Industry 5.0: A 92 30,67 18,22
Human-Centric Perspective for the Design of the Factory of the Future

7 SERPANOS D (2018) The Cyber-Physical Systems Revolution 84 16,8 6,54

8 BEDNAR, P (2019) Socio-Technical Perspectives on Smart Working: Creating Meaningful and 7% 19 6,27
Sustainable Systems

9 JAVAID, M (2020) Industry 5.0: Potential applications in COVID-19 64 21,33 12,67

10 ACIOLI, C (2021) Applying Industry 4.0 jies in the COVID-19 i chains 54 27 17,94

11 FORESTI, R (2020) Smart Society and Artificial Intelligence: Big Data Scheduling and the Global 53 17,67 10,49
Standard Method Applied to Smart Maintenance

12 JAVAID, M (2020) Critical components of Industry 5.0 toward a successful adoption in the field 49 16,33 97
of manufacturing

13 AQUILANI, B (2020) The Role of Open ion and Value Cs i the C 40 13,33 7,92
Transition from Industry 4.0 to Society 5.0: Toward a Theoretical Framework

14 ELFAR, O (2021) Prospects of Industry 5.0 in algae: Customization of production and new 38 19 12,63

15 HE, S (2019) BoSMoS: A Blockchain-based Status Monitoring System for Defending against 35 8,75 2,89
Unauthorized Software Updating in Industrial Internet of Things

16 WELFARE, K (2019) Consider the Human Work Experience when Integrating Robotics in the 35 8,75 8,75
Workplace

17 SARFRAZ, Z (2021) Is COVID-19 pushing us to the Fifth Industrial Revolution (Society 5.0)? 30 15 9,97

18 PEREIRA, A (2020) Industry 4.0 and Society 5.0: Opportunities and Threats 30 10 5,94

19 DOYLE-KENT, M (2019) Proceedings of the International Symposium for Production Research 2019 29 725 2,39

20 PAPCUN, P (2018) Human Machine Interface in Concept of Industry 4.0 28 5,6 2,18

21 SIGOV, A (2022) Emerging Enabling Technologies for Industry 4.0 and Beyond 28 28 16,4

22 MASSARO, A (2020) Re-engineering process in a food factory: an overview of technologies and 27 9 5,35
approaches for the design of pasta production processes

23 TABAA, M (2020) Green Industrial Internet of Things from a smart industry perspectives 27 9 5,35

24 SANTOS, G (2021) New Needed Quality Skills for Quality 4.0 25 12,5 8,31

25 IVANOV, D (2022) Cloud supply chain: Integrating Industry 4.0 and digital platforms in the 22 22 12,89
“Supply Chain-as-a-Service”

26 HALEEM, A (2019) Industry 5.0 and its applications in orthopaedics 22 55 1,81

27 FRAGA-LAMAS, P (2021) Green loT and edge Al as key technological enablers for a sustainable digital 21 10,5 6,98
transition towards a smart circular economy: An industry 5.0 use case

28 ROMERO, D (2021) Towards the resilient operator 5.0: the future of work in smart resilient 21 10,5 6,98
manufacturing systems

29 CARAYANNIS, E (2021) Democracy of Climate and Climate for Democracy: the Evolution of Quadruple 21 10,5 6,98
and Quintuple Helix Innovation Systems

30 CARAYANNIS, E (2021) Known Unknowns in an Era of ical and Viral Disruptis 20 10 6,64
for Theory, Policy, and Practice

31 BHAT, S (2021) Agriculture-Food Supply Chain Management Based on Blockchain and loT: 20 10 6,64
A Narrative on Enterprise Blockchain Interoperability

32 NAIR, M (2021) The Future with Industry 4.0 at the Core of Society 5.0: Open Issues, Future 19 9,5 6,31
Opportunities and Challenges

33 FREDERICO, G (2021) From Supply Chain 4.0 to Supply Chain 5.0: Findings from a Systematic 18 9 5,98
Literature Review and Research Directions

34 CARAYANNIS, E (2021) Hellx Trilogy: the Triple, Quadruple, and Quintuple Innovation Helices from a 18 9 5,98

Theory, Policy, and Practice Set of Perspectives
35 JAGATHEESAPERUMAL, The Duo of Artificial Intelligence and Big Data for Industry 4.0: Applications, 7 85 5,65
S (2021) Techniques, Challenges, and Future Research Directions

36 PACANA, A (2020) Method of Choice: A Fluorescent Penetrant Taking into Account Sustainability 17 5,67 3,37
Criteria

37 KAKLAUSKAS, A (2021)  COVID-19 and Green Housing: A Review of Relevant Literature 7 85 5,65

38 HASSOUN, A (2022) The fourth industrial revolution in the food industry—Part I: Industry 4.0 15 15 8,79
technologies

39 DOYLE KENT, M (2020) Do We Need Synchronization of the Human and Robotics to Make Industry 5.0 15 5 2,97
aSuccess Story?

40 LU, Y (2022) Do We Need Synchronization of the Human and Robotics to Make Industry 5.0 15 15 8,79
a Success Story?

41 MOURTZIS, D (2021) Smart Manufacturing and Tactile Internet Based on 5G in Industry 4.0: % 75 4,98

Challenges, Applications and New Trends
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Fig.6 Wordcloud

3.4 Wordcloud

The wordcloud presented in Fig. 6 provides a visual representation of the most used
bigrams associated with the ongoing digital transformation of supply chains within
Industry 4.0 and the transition to Industry 5.0 supply chains. We selected 15 bigrams
based on their frequency within the abstracts of our full database of 682 documents
(2016 to 2023). The size of each bigram varies according to the number of times it
appears in the text. Although the placement of words is somewhat random, the pre-
dominant words appear largest and in the middle of the cloud, while the less promi-
nent bigrams are smaller, but still indicate potential directions for future research.

The wordcloud highlights the shift toward the Fifth Industrial Revolution builds
on the foundation of Industry 4.0 and adds a focus on sustainable development goals
(SDG) and human-centric manufacturing [9]. It emphasizes the importance of the
terms “artificial intelligence (Al),” “sustainability,” “digital technologies,” “digital
transformation,” “digital twins” (DT), “smart manufacturing,” “information tech-
nology (IT),” “machine learning (ML),” “production management,” and “cyber-
physical system” (CPS) in this transition. The wordcloud also includes the “covid
pandemic” crisis, which has significantly accelerated the adoption of digital tech-
nologies in supply chains [10-12].

EEINT3

3.5 Word Frequency

Figure 7 presents word frequency over time, showcasing the five words most fre-
quently used in supply chain 5.0 research from 2016 to 2022. We selected five
bigrams based on their cumulative occurrences within the abstracts of our database
of 679 documents (2016 to 2022). We excluded the year 2023 as it only had three
papers, which is not a representative sample.

As depicted in the graph, the majority of these keywords experienced a significant
increase in research interest in 2020, coinciding with the outbreak of COVID-19 as
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a global pandemic. As the effects of COVID-19 continue to affect the global sup-
ply chain, there has been a significant amount of research conducted into how Indus-
try 5.0 resilience can optimize supply chains to help companies navigate disruptions
without compromising competitiveness and profitability.

Figure 7 shows an exponential increase in the occurrences of the terms “supply
chain,” “industrial revolution,” “artificial intelligence (AI),” “digital twins (DT),”
and “sustainable development” in 2020, after COVID-19. This trend suggests a
growing interest in how emerging technologies such as Al and digital twins can rev-
olutionize manufacturing supply chains and contribute to sustainable development
within the framework of Industry 5.0.

3.6 Trending Topics

The identification of trending topics is a valuable tool for researchers as it allows
them to focus their attention on areas of study that are gaining prominence. By
knowing these trends, researchers can stay up-to-date with the latest developments
in their field and prioritize their research efforts to align with the most current and
relevant topics.

To generate the trending topics graph, we configured the following parameters:
bigrams based on abstracts, word minimum frequency of 20, and a maximum
of 15 words per year. The timespan of our trending topics graph focuses only on
2020-2022 because, as shown in the word frequency graph (Fig. 7), interest in the
topic of I50-SCs has increased notably since the COVID-19 outbreak. By limiting
our analysis to this time period, we are able to capture and highlight trending topics
that have experienced a significant increase in interest.

Figure 8 presents a hierarchical arrangement of the emerging trends in I50-SCs
as discussed in academic publications. The graph showcases the relative prominence
of different topics in each year. The length of the lines in the graph represents the
strength or intensity of a particular topic’s trend over time.

Longer lines indicate stronger, more significant trends for specific topics. They
suggest that these topics have been receiving more attention and generating a higher
volume of publications or citations during that period. On the other hand, shorter
lines represent weaker trends or lower levels of activity for a particular topic, mean-
ing that it has received relatively less attention in terms of publications or citations.

Comparing the lengths of lines over time allows us to identify shifts in research
interest. If a line becomes longer or shorter in subsequent periods, it suggests a
change in the topic’s significance or attention within the research community.

Figure 8 reveals that digital twins (DT) was the most discussed topic in 2022,
followed in order by sustainable development, cyber-physical systems (CPS), col-
laborative robots (cobots), enabling technologies, deep learning, digital transforma-
tion, smart manufacturing, the COVID-19 pandemic, industry technologies (Indus-
try 4.0 and 5.0), industrial internet, and sustainable manufacturing. Additionally,
Fig. 11 shows that the industrial revolution, digital technologies, machine learning
(ML), and artificial intelligence (AI) have remained trending topics since 2020. It
is important to note that Bibliometrix R-package does not include numbers when
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Fig.8 Trending topics between 2020 and 2022

it selects bigrams. For this reason, the graph in Fig. 8 does not separate the expres-
sions “industry 4.0 technology” and “industry 5.0 technology,” but instead groups
them under the single term “industry technologies.”

3.7 Thematic Evolution

The thematic evolution graph depicted in Fig. 9 provides a visual representation
of the knowledge structure and the progressive evolution of themes within the
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context of Industry 5.0 supply chains. By analyzing this graph, it is possible to
identify the most prevalent concepts and their connections throughout the years.

In particular, the graph utilizes different visual elements, including nodes and
edges, to represent the evolving themes and their relationships. The nodes repre-
sent distinct themes or concepts, while the edges, indicated by gray connectors,
signify the connections between these themes.

The gray connectors in the thematic evolution graph represent co-citation rela-
tionships, indicating that the connected themes share common references or are
frequently cited together in scholarly literature. These co-citation relationships
suggest thematic similarity or relatedness between the interconnected concepts.

By analyzing the gray connectors, it is possible to gain deeper insights into the
interrelationships and co-occurrence of themes throughout the years. These connec-
tions provide valuable information about the flow of knowledge and the evolution of
ideas within the domain of Industry 5.0 supply chains.

To generate this graph, we used the following parameters: bigrams were gen-
erated based on abstracts, the Louvain clustering algorithm was employed, and a
timespan of 2016 to 2023 was used, utilizing our full database of 682 documents.

The first column of Fig. 9 (2016-2017) represents the earliest publications on the
fifth industrial revolution. The term Industry 5.0 was introduced on December 1,
2015, in an article published by Michael Rada on the social network LinkedIn.

The second column (2018-2019) shows that the terms “artificial intelligence,”
“sustainable development,” and “digital era” were key drivers of 150-SCs research
at that time.

The third column (2020-2021) highlights the terms “supply chain” and “emerg-
ing technologies,” which indicates a growing focus on [50-SCs development and
implementation of innovative technologies in response to the challenges posed by
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the COVID-19 outbreak. The pandemic has fundamentally reshaped the way in
which manufacturing and supply chain management are approached, greatly accel-
erating the adoption of digital technologies [10, 13]. The thematic evolution graph
reflects the increasing emphasis on these technologies.

The fourth column (2022-23) shows the emerging technologies highlighted in the
third column, emphasizing a continued focus on digital supply chain transformation
and the shift toward value-driven supply chains. A value-driven supply chain prior-
itizes sustainable development, which includes not only economic performance but
also social and environmental sustainability. This reflects a growing emphasis on
building smarter and more resilient supply chains, in alignment with the visions of
Industry 5.0 and Society 5.0 [14].

4 Bibliometric Research Part Il: Keywords Co-occurrence
Networks (KCNs)

In order to understand the impacts of Industry 5.0 on supply chains, we conducted
a bibliometric KCN analysis using VOSviewer software to identify clusters associ-
ated with supply chain 5.0 (Search 1) and its three major pillars: resilience (Search
2), sustainability (Search 3), and human centricity (Search 4). By analyzing the lit-
erature in these areas, we were better able to understand the key themes and trends
shaping the future of supply chain management and operations, as well as identify
opportunities for further research and development.

To construct the four bibliometric maps, we applied similar settings in the
VOSviewer: a) term co-occurrence maps based on text data, extracting terms from
the title and abstract fields of our full database of 682 documents; b) binary count-
ing; and c) select the most relevant keywords in the network, using the default choice
of 60%.

To control the number of terms in each map and to make them more readable,
we set a minimum number of occurrences of a term for each cluster; the following
values were chosen to limit the number of terms to 200. For Search 1, the mini-
mum number of occurrences of a term was 32 (194 met the threshold, and 116 terms
were selected). For Search 2, the minimum number of occurrences of a term was 6
(174 met the threshold, and 104 terms were selected). For Search 3, the minimum
number of occurrences of a term was 18 (195 meet the threshold, and 117 terms
were selected). For Search 4, the minimum number of occurrences of a term was 9
(185 meet the threshold, and 111 terms were selected). After applying the default
choice to select the 60% most relevant terms and elimination repetition, 145 total
terms were selected across all four clusters. This approach allowed us to identify key
terms and connections within the literature, providing insights into the current state
of research and potential areas for future study.

In order to ensure the relevance and accuracy of our analysis, keywords not rel-
evant to our study were excluded manually. This included words typically found in
abstracts, such as ‘scenario,’” ‘evaluation,’” ‘overview, ‘article,” ‘case study, ‘litera-
ture, ‘literature review,” and expressions to describe context, such as ‘set,” ‘place’,
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‘factor,” ‘prospect,’ ‘identification,” ‘basis,” and ‘issue.” These words were removed
to focus on the concepts that more closely relate to this study.

Next, we present an analysis of the four bibliometric maps. They allow us to visu-
alize the connections between different terms within the literature, providing a clear
and comprehensive understanding of the key themes and trends shaping the future
of supply chains.

e Search 1: supply chain 5.0

Figure 10 illustrates the cluster analysis results in the context of supply chain
5.0. As shown in the figure, three major clusters can be identified, which are
colored green, red, and blue.

The green cluster shows the digital transformation of manufacturing, which
offers great opportunities for sustainable manufacturing in the transition to Indus-
try 5.0 and Society 5.0. The main terms the green cluster uses are as follows:
fourth industrial revolution, fifth industrial revolution, society, transition, manu-
facturing sector, flexible, technological innovation, digitalization, government,
sustainable development, goal, economy, education, skill, knowledge, and covid.

The red cluster focuses on human—machine interaction (HMI), a key tech-
nology for the implementation of smart manufacturing to achieve efficient
human-robot collaboration. The main keywords shown are: smart manufacturing,
manufacturing industry, collaboration, collaborative robot, operator, digital twin,
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Fig. 10 Cluster analysis results for the supply chain 5.0 search
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efficiency, human, robot, interaction, optimization, performance, productivity,
resilience, and safety.

The blue cluster illustrates the integration of smart manufacturing technologies
under Industry 5.0. The main keywords associated with this cluster are big data,
architecture, blockchain, communication, customer, cyber-physical system, digi-
tal technology, Ilot, IoT, machine learning, sensor, and security.

e Search 2: supply chain 5.0 and resilience

Figure 11 illustrates the cluster analysis results in the context of resilience within
supply chain 5.0. There are three major clusters, which once again are colored green,
red, and blue. Each cluster represents a distinct group of factors that contribute to
resilience in supply chain 5.0.

The green cluster contains words related to Industry 5.0 core values (human cen-
tricity, sustainability, and resilience) in smart manufacturing. The most relevant
keywords are: smart manufacturing, sustainable development, sustainable manufac-
turing, resilient, human-centric, European Commission, production process, innova-
tion, and pandemic.

The red cluster addresses the challenges and opportunities of smart manufac-
turing resilience strategies through the integration of advanced technologies in the
wake of the COVID-19 pandemic. The main keywords in this cluster are blockchain,
digital twin, scheduling, future challenge, platform, quality, production system,
intelligent system, mass customization, smart manufacturing, and sustainable devel-
opment supply chain management.
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Fig. 12 Cluster analysis results for sustainability in supply chain 5.0

The blue cluster addresses one of the key emerging themes for Industry 5.0,
human-robot collaboration, and the core idea behind Industry 5.0, which is to place
the human factor at the center of the production process. This cluster highlights
terms such as: human centricity, human operator, collaborative robot, business col-
laboration, future factory, and resilient capability.

e Search 3: 5IR supply chains and sustainability

Figure 12 illustrates the cluster analysis results for supply chain sustainability
within the context of Industry 5.0. We can identify four major clusters, which are
colored red, green, blue, and yellow. Each cluster represents a distinct group of
factors that contribute to supply chain sustainability in Industry 5.0.

The red cluster contains keywords related to sustainable development chal-
lenges, especially after the supply chain disruptions caused by the COVID-19
pandemic. The most relevant terms in this cluster are: sustainable development,
sustainable development goal, technological innovation, digitalization, pandemic,
manufacturing industry, production process, education, economy, customer, com-
pany, organization, opportunity, and business model.

The green cluster illustrates the ongoing digital transformation towards smart
manufacturing within post-COVID Industry 5.0. The most relevant terms in this
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cluster are blockchain, covid, digital twin, simulation, mass customization, opti-
mization, paradigm, resilience, robot, and smart manufacturing.

The blue cluster focuses on machine learning methodologies for human—robot
interaction in the manufacturing sector. The most relevant terms in this cluster
are: collaboration, cyber-physical systems, digital technology, human factor,
interaction, machine learning, and production process.

The yellow cluster addresses recent research on circular economy (CE) and
big data/IoT. The most important terms in this cluster are: architecture, big data,
circular economy, Internet of things (IoT), and security.

e Search 4: SIR supply chains and human centricity

Figure 13 illustrates the clustering results for human-centricity within the con-
text of supply chain 5.0. We can identify two major clusters, which are colored
green and red.

The red cluster explores the role of digital transformation during the transition
from Industry 4.0 to 5.0, highlighting the shift from a technology-focused approach
to a human-centric approach. This cluster delves into the concept of human-centric
manufacturing, which emphasizes empathic collaboration between humans and
machines. Worker well-being is placed at the center of the manufacturing process,
with continuous learning of skills and knowledge. The most relevant terms in this
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Fig. 13 Cluster analysis results for human centricity within the context of supply chain 5.0
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cluster are big data, collaboration, collaborative robot, communication technology,
consumer, customization, cyber-physical system, decision making, digital technol-
ogy, education, fifth industrial revolution, fourth industrial revolution, flexibility,
government, human-centric, human operator, interaction, machine learning, person-
alization, and sensor.

The green cluster focuses on the future of manufacturing based on lessons
learned from the pandemic. It addresses key strategies and technologies necessary
for achieving human-centric smart manufacturing. The most relevant terms in this
cluster are additive manufacturing, blockchain, covid, digital transformation, digital
twin, energy, factory, future, learning, mass customization, operator, performance,
platform, quality, resilience, simulation, smart manufacturing, sustainability, and
sustainable manufacturing.

5 Second Phase of SLNA Methodology—Systematic Literature
Review of Supply Chain 5.0

Section 5 builds on the knowledge gathered from the bibliometric research con-
ducted in the first phase, providing a detailed examination of the evolution of supply
chains and the novel concept of supply chain 5.0. The section is divided into four
subsections. In Sect. 5.1, we trace the historical development of industrial revolu-
tions from 1.0 to 6.0 through a literature review. Then, Sect. 5.2 examines the tran-
sition from supply chain 4.0 to supply chain 5.0, highlighting the key changes and
advancements that have led to this new paradigm. In Sect. 5.3, we delve into the
concept of supply chain 5.0 itself, analyzing its three major pillars: resilience, sus-
tainability, and human centricity. Our analysis is based on the four clusters generated
through keywords co-occurrence networks (KCNs). Finally, in Sect. 6, we present a
comprehensive conceptual framework which encapsulates the key pillars that char-
acterize supply chain 5.0.
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Fig. 14 History of innovation cycles, adapted from Hargroves and Smith [16, 17]
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5.1 Industry 1.0 to Industry 6.0: A Brief Overview

Since the Industrial Revolution, which began in the eighteenth century, six waves of
technological innovation can be identified (See Fig. 14). The first wave, known as
the Age of Steam, marked the transition from hand-made methods to mechanized
manufacturing using water and steam. The second wave, the Age of Electricity,
brought significant industrialization and innovation into steel production, petroleum,
and electricity. The third wave, the Age of Automation, launched the Information
Age and marked a shift to an economy based primarily on information and tech-
nology systems. The fourth wave, the Digital Age, has been progressing since the
mid-1900s and represents a paradigm shift in organizing and managing industrial
business. It is characterized by the incorporation of smart technology in traditional
manufacturing and industrial practices, leading to a digital transformation of pro-
duction systems, business models, environments, operators, machines, products, and
services [15],

The fourth wave, known as Industry 4.0 (I40), initially focused on manufactur-
ing, supply chain management, and production. The vision of 140 is to integrate
advanced technologies such as the Internet of Things (IoT), artificial intelligence
(AI), and cyber-physical systems (CPS) to make the manufacturing industry “smart”
and increase productivity through mass production [18]. However, there are still sig-
nificant challenges to overcome, such as a shortage of skilled labor, limited knowl-
edge on the implementation of 140 technologies, and potential technology-related
job displacement [19].

Although Industry 4.0 has been successful in lowering manufacturing costs
and optimizing production processes, it has prioritized these goals at the expense
of human needs. The highly automated production environment in 140 has raised
concerns that humans may no longer play a valuable role in the manufacturing pro-
cess. This concern led the European Economic and Social Committee to hold a con-
ference in November 2018 to address the social challenges and potential negative
impacts of Industry 4.0, such as job displacement and the need for new skills, and to
develop a more holistic vision for the future of manufacturing that takes into account
both technological and social considerations [20].

These ideals distinguish the Fifth Industrial Revolution (I50), also known as the
Age of Augmentation, from the fourth. I50 builds upon the technological advance-
ments of Industry 4.0. However, while 140 is focused on the concept of “Smart
Manufacturing for the Future” [21], I50 envisions sustainable smart manufacturing
solutions that not only enhance productivity and efficiency but also consider the
environmental and social impacts of manufacturing processes [18]. The fifth indus-
trial revolution is more concerned with symbiotic and smooth relationships between
humans and machines, with special attention to ethical considerations [22].

In January 2021, the European Commission [23] released its Industry 5.0 agenda
for resilient, sustainable, and human-centric European Industry. The commission’s
report shows that geopolitical changes and natural crises such as the COVID-19
pandemic exposed the fragility of industries, highlighting the need for rapid adapt-
ability and resiliency. According to this agenda, 15.0 promotes a sustainable lifestyle
through the 6Rs of sustainability (recognize, reconsider, realize, reduce, reuse and
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recycle), which recommends the implementation of circular processes to reduce the
impact of technology on people and the environment. As a human-centric solution,
I5.0 must ensure that technological advancements address the challenges of sustain-
able development and positively impact society, protecting human rights and driving
employee well-being [14, 18, 24, 25].

Finally, the Sixth Industrial Revolution, or Industry 6.0 (I60), is an ideological
and futuristic concept defined as ubiquitous, customer-driven, virtualized, antifrag-
ile manufacturing. It will encompass a customer-focused ethos and hyper-connected
industries with dynamic supply chains where data flows across domains [26-28].

Figure 14 presents a historical overview of innovation cycles, ranging from
Industry 1.0 to Industry 6.0. The data suggests a notable trend of shorter periods
between wave cycles of innovation. This pattern leads us to contemplate the possi-
bility of the sixth industrial revolution commencing within the next two decades. In
line with this, Chourasia et al. [26] assert that the realization of Industry 5.0’s inte-
gration of sustainability and anti-fragile goals is estimated to require approximately
10 to 15 years for full implementation. By considering these insights, we gain valu-
able perspectives on the potential timeline and transformative nature of future indus-
trial advancements.

5.2 From Supply Chain 4.0 to Supply Chain 5.0

The transition from supply chain 4.0 to supply chain 5.0 is a major milestone in the
world of supply chain management. Supply chain 4.0 brought significant advance-
ments in terms of technology and efficiency, while supply chain 5.0 incorporates
new technologies and practices that allow for human-centric, sustainable, and resil-
ient supply chains.

The term supply chain 4.0 refers to the integration of Industry 4.0 technologies
into the entire supply chain, from design planning to production, distribution, con-
sumption, and reverse logistics. This integration optimizes and automates the supply
chain, making it more connected and responsive to changing market conditions and
consumer demands. Unlike traditional supply chains, which were characterized by
linear links between suppliers and customers, in supply chain 4.0, information flow
in all directions, allowing for more flexibility and adaptability [29].

Supply chain 4.0 represents a major restructuring of traditional supply chains
through the integration of key Industry 4.0 technologies, including artificial intelli-
gence (Al), cloud manufacturing, blockchain, cyber-physical systems (CPS) [30], big
data analytics, IoT and IIoT, sensor technology, additive manufacturing, and other
industrial automation technologies [13, 31-33] .Additionally, new connectivity tech-
nologies such as 5G and Wi-Fi 6, Digital Twins, Virtual Reality (VR), and augmented
reality (AR) [34], Maddikunta et al. [18] also play an important role, allowing for
more accurate and efficient tracking and control of inventory, production processes,
and logistics. These technologies work together to create a more connected and auto-
mated supply chain, allowing organizations to respond quickly to changes in market
conditions and consumer demands.
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The integration of Industry 4.0 technologies into the supply chain has revolu-
tionized the way organizations approach their operations. The implementation of a
data-driven, decentralized system with resources that are geographically distributed
and interconnected has allowed for improved adaptability and the capability of fully
flexible production at the highest speed possible [35, 36]. For example, by harness-
ing the power of Industry 4.0 technologies, the agricultural industry has been able
to make informed decisions, improve efficiency and productivity, and ultimately
achieve better outcomes. The concept of Agriculture 4.0, also known as smart agri-
culture, represents this new way of organizing the agricultural sector into an intel-
ligent, data-driven decision-making system [37].

The service-oriented architecture (SOA) is a fundamental building block of smart
manufacturing in supply chain 4.0. It offers services that support virtual reality (VR)
and augmented reality (AR), providing an interface to interact with the digital world
in the smart factory. The use of VR and AR in smart manufacturing has revolu-
tionized product development and production processes, enabling more efficient
and effective design and production. This ability to dynamically adapt and evolve
is critical to the success of a smart manufacturing environment, allowing for rapid
response to customer needs and market changes [38].

As highlighted in various studies, supply chain 4.0 leverages smart manufactur-
ing to optimize production processes [18, 39], improve operational efficiency [39,
40], create greater flexibility and real-time information sharing [39, 41], facilitate
operational transparency [18, 42], raise quality and reduce cost [31], enhance cus-
tomer experience through customization of products and services [43], and improve
communication, coordination, and collaboration [44]. However, despite these
advancements, supply chain 4.0 still faced challenges in terms of sustainability
and resilience, particularly in the face of disruptions such as natural disasters or
pandemics.

The COVID-19 pandemic has exposed the vulnerabilities and limitations of sup-
ply chains, despite the potential benefits of Industry 4.0 technologies in optimizing
supply chain operations and improving agility. The pandemic has underscored the
need for more resilient and robust systems that can withstand unexpected disrup-
tions on a global scale. The response to the pandemic may promote the development
of new innovative technologies and contribute to the evolution of the fifth industrial
revolution, which aims to create more sustainable, flexible, and adaptable supply
chains [45].

This is where Industry 5.0 comes in. It aims to go beyond Industry 4.0 by creat-
ing a combination of organizational principles and technologies to design and man-
age operations and supply chains as resilient, sustainable, and human-centric sys-
tems [46].

Supply chain 5.0 builds upon the achievements of supply chain 4.0 while prior-
itizing social and ethical factors such as workplace safety, health, and environmental
sustainability. This human-centric supply chain management model has the potential
to deliver substantial benefits to both customers and businesses, creating more resil-
ient and efficient supply chains. Supply chain 5.0 emphasizes the shift from mass
production to mass customization, with skilled workers collaborating with robots
to offer personalized products and services, which enhances customer experience
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while improving productivity, efficiency, and waste reduction. This new approach to
supply chain management is expected to play a critical role in creating more sustain-
able and socially responsible businesses in the future [43, 40, 47, 48].

5.3 Supply Chain 5.0 Constructs

In this section, we will examine three key constructs of supply chain 5.0 in order
to gain a deeper understanding of how these factors are shaping the future of sup-
ply chain management. The literature review will provide valuable insights into the
challenges and opportunities presented by supply chain 5.0, and how organizations
can best prepare for, and adapt to, these changes.

5.3.1 Human-Centric Supply Chains (HCSCs)

The principle of human centricity emphasizes that machines and automation should
be subservient to humans, not the other way around [49]. The human-centric supply
chain (HCSC) takes this approach to supply chain management by placing people at
the center of the process. Through the use of technology, the HCSC aims to create a
sustainable society that prioritizes corporate social and environmental responsibil-
ity in supply chain development [50, 51].

The HCSC approach is becoming increasingly important as supply chains
evolve towards the Society 5.0 paradigm. The concept of Society 5.0 is a Japanese
initiative that envisions a “super-smart society” that focuses on human-centered
and sustainable solutions to meet customer needs and social problems through
technological innovation [52]. The Japanese government defines 17 actions to be
implemented within Society 5.0 to achieve the Sustainable Development Goals
(SDGs) in the year 2030. The Sustainable Development Goals (SDGs), also
known as the Global Goals, were adopted by the United Nations by all United
Nations Member States in 2015 and provide a shared blueprint for peace and
prosperity for people and the planet, now and into the future [53, 54]

Big data, IoT, and Al are the critical Industry 4.0 (I40) technologies for the
transition to Society 5.0. Together, these technologies provide all the initiating
and sharing information processes required to design Society 5.0 solutions [55]
The integration of Industry 4.0 technologies in the development of Society 5.0
solutions requires the implementation of new business models, services, and
products by managers [56, 57].

In the context of the evolution towards Industry 5.0, a human-centric approach
to supply chain management becomes crucial as it prioritizes the well-being of
workers, consumers, and individuals. This approach aligns technological progress
with socio-environmental needs, promoting sustainability and social responsibil-
ity in the manufacturing industry [18]. By placing the human factor at the center
of the manufacturing process, job satisfaction, working conditions, and produc-
tivity can all be improved [58].
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The concept of “Operator 4.0” represents a human perspective that addresses the
social-sustainability and human centricity requirements of Industry 5.0. The Opera-
tor 4.0 paradigm redefines traditional manufacturing work by making it more safe,
enjoyable, and with greater autonomy and opportunities for self-development. This
is accomplished through the integration of cognitive technologies with Industry 4.0
technologies. As a result, the traditional manufacturing worker is transformed into a
smart and skilled operator [59].

As a result, Industry 5.0 is paving the way toward a more efficient and sustain-
able future for manufacturing by restructuring the supply chain to prioritize the
needs and well-being of workers and customers. This shift is driven by the psy-
chological and cultural paradigm of mass personalization, promoting a human-
centered approach that adds value to manufacturing as it personalizes products
and services like never before [60, 61].

Next, we present the key elements of HCSCs:

i. Human-centered technological innovation (HCTTI)

Human-centered technological innovation is an approach to technology develop-
ment that prioritizes people’s needs, while also considering the impact on the envi-
ronment and society as a whole [18]. This approach is based on human-centered
design principles that emphasize empathy, understanding, and collaboration with
end-users to create technology that is user-friendly and meets user needs.

ii. Human-in-the-loop technology (HITL)

HITL technology refers to the integration of human input into automated pro-
cesses for improved decision-making and quality control. It allows for human
oversight and final decisions on important aspects such as product quality, safety,
and compliance with regulations. The HITL approach promotes effective collabo-
ration between humans and machines, ensuring continued operations, even in the
case of equipment failure, and enables ethical decision-making [62].

iii. Human—machine interaction (HMI)

The field of HMI is a rapidly growing interdisciplinary area that aims to facili-
tate smooth and efficient collaboration between humans and robots. This field
brings together various disciplines such as psychology, computer science, engi-
neering, and human factors to create effective systems for human—robot collabo-
ration (HRC). Despite the challenges, the future of HMI holds great promise for
improving HRC, creating new jobs, and driving technological progress [24].

iv.  Supply chain skill development (SCSD)

Training programs for supply chain skill development have become a crucial
aspect of business operations. With the rapid advancements in technology, com-
panies must ensure their employees have the necessary skills to effectively oper-
ate new technologies and perform high-value tasks in production. This is essen-
tial for long-term success and competitiveness in the marketplace [15, 42,
63-65]. To provide appropriate training, virtual technologies such as AR/VR
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are increasingly being used, offering a safe and efficient solution for training a
skilled workforce without disrupting ongoing processes or exposing workers to
dangerous scenarios [24].

v. Human rights and well-being (HRWB)

A human-centric supply chain (HCSC) places workers at the center of its opera-
tions and prioritizes their well-being and rights. By incorporating social and ethi-
cal practices into its operations, a human-centric supply chain creates a safe and
inclusive work environment that respects the autonomy, dignity, and privacy of
workers, with a focus on their physical and mental health [9, 66, 67]. By promot-
ing fair labor practices, non-discrimination, and access to education and training,
a human-centric supply chain also supports the personal and professional develop-
ment of workers, contributing to their career growth and future prospects.

vi. Human-centered human—robot collaboration (HC-HRC)

A Human-centered human—robot collaboration (HC-HRC) is a human-centric
approach where robots are designed and deployed with a focus on human safety,
comfort, and needs. Recent studies have highlighted the importance of collaborative
robots (cobots) in reducing the risk of injuries and fatigue among workers, as well as
increasing efficiency and creating more specialized and personalized products and
experiences [14, 18, 68, 69], and [70].

vii. Customer-centric supply chains (CCSCs)

Customer-centric supply chains (CCSCs) prioritize the preferences and require-
ments of customers throughout the entire process of sourcing, production, and deliv-
ery of goods and services. This approach requires production lines to be adaptive,
intelligent, and flexible enough to meet updated requests, ensuring that the needs
of each customer are met [24]. To enhance the customer experience, virtual reality
(VR) and augmented reality (AR) technologies can be used in the purchasing phase,
while sensors and Al can provide real-time support in the post-sale phase. Data pri-
vacy and ethical issues must also be considered when offering customized services
[18, 64, 71].

The implementation of CCSCs involves a shift from mass production to person-
alized production, allowing for the creation of unique and customized products and
services for each individual customer. This approach results in increased compet-
itiveness and revenue for businesses, as well as better customer relationships and
long-term success [72].

viii. Human-centric manufacturing automation (HCMA)

Industry 5.0 is revolutionizing the manufacturing industry by incorporating
autonomous machines, cobots, and other digital technologies. This approach aims to
increase manufacturing system efficiency and reduce waste, ultimately leading to a
reduction in the final cost of products [24, 43]. However, a human-centric approach
to manufacturing automation, which integrates human creativity and automation,
can further enhance the benefits of Industry 5.0. This approach not only eliminates
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unpleasant and hazardous jobs but also creates more fulfilling and appealing roles
for workers, resulting in a positive work environment [9, 58]. As automation con-
tinues to transform the workforce, it is essential for companies and governments
to invest in education programs to equip workers with the necessary skills to suc-
ceed in these evolving roles [73]. With the right approach and investment, Industry
5.0 can offer workers new opportunities for skill development and more fulfilling
careers while driving the manufacturing industry forward.

5.3.2 Sustainable Supply Chains (SSCs)

Industry 5.0 represents a paradigm shift in the manufacturing industry, moving away
from a system-centric approach and towards a human-centric approach with a focus
on sustainability. The integration of advanced technologies into the manufacturing
sector aims to augment the capabilities of human workers while minimizing envi-
ronmental and social impacts. Supply chain 5.0 prioritizes sustainable manufac-
turing and the well-being of human operators, as well as productivity goals. This
holistic approach to industrial development sets the stage for a more sustainable and
equitable future [14].

Sustainable supply chain (SSC) refers to the integration of sustainable develop-
ment principles into the management and operation of supply chain activities. It
takes a triple-bottom-line approach, balancing economic, social, and environmental
sustainability. SSC focuses on ensuring economic growth while also being socially
responsible and environmentally conscious in the management and operation of sup-
ply chain activities.

On the same note, sustainable supply chain management (SSCM) involves the
strategic and transparent management of supply chain activities with a focus on
sustainability [74]. Implementing SSCM can lead to reduced operational costs,
improved company image, and better monitoring of environmental actions [75, 76].
The entire life cycle of a product or service is considered, from raw material sourc-
ing to end-of-life product disposal, to ensure that economic, social, and environmen-
tal impacts are taken into account.

In 2015, the United Nations Development Program (UNDP) proposed 17 Sus-
tainable Development Goals (SDGs) to drive action in critical areas for humanity
and the planet over the next 15 years. These goals promote sustainable practices
and are adapted to each nation’s financial and social circumstances [12, 77-79].
The 17 SDGs provide a framework for businesses to operate more sustainably and
responsibly, with supply chains playing a crucial role in contributing to these goals.
It is worth noting that some SDGs may overlap between multiple categories and
some SDGs may contribute to multiple sustainability categories.

The social goals include no poverty, zero hunger, good health and well-being,
quality education, gender equality, clean water and sanitation, and affordable and
clean energy. The environmental goals include responsible consumption and pro-
duction, climate action, life below water, and life on land. The economic goals
include decent work and economic growth, industry, innovation and infrastructure,
reduced inequalities, sustainable cities and communities, and partnerships for the
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goals. Achieving these goals will require the collective efforts of governments, civil
society, the private sector, and individuals worldwide.

Supply chains play a critical role in advancing the UNDP 17 SDGs. Supply
chains can make a significant impact on these goals by integrating sustainable prac-
tices into their operations. By considering the entire life cycle of a product, from raw
material sourcing to end-of-life product disposal, supply chains can play a key role
in promoting sustainable development and creating a more sustainable future for all.

In the following sections, we will explain each dimension of the triple bottom line
(TBL) framework of sustainability in the context of supply chains:

i. Economic perspective of sustainable supply chains (SSCs)

The economic perspective of sustainable supply chains (SSCs) aims to balance
economic growth with social well-being and environmental sustainability [9]. By
implementing sustainable practices and considering the triple bottom line of eco-
nomic, social, and environmental sustainability, SSCs strive to create value for
all stakeholders and contribute to sustainable economic growth. This approach
can help reduce costs, improve efficiency, and increase the competitiveness of
supply chains, while also promoting social justice and environmental protection.
This approach to economic growth prioritizes both economic progress and the
well-being of people and the planet, aligning with the goal of societal develop-
ment [80, 81].

ii. Social perspective of sustainable supply chains (SSCs)

In the era of Industry 5.0, social sustainability has taken center stage. It is
characterized by the focus on the physical and psychological well-being of human
operators, their skills and competencies, and the integration of digital technolo-
gies for this purpose. This includes fair wage policies, safe and ergonomic work
environments, and programs that promote worker well-being. Ethical business
practices, compliance with laws and regulations, and increased transparency
through sustainability reports are also crucial components of social sustainability.
By prioritizing social sustainability in supply chains, companies can build trust
with stakeholders, contribute to the well-being of workers and communities, and
work towards a more sustainable and equitable future [64, 82].

For example, by promoting sustainable agriculture practices, supply chains
can have a positive impact on the lives of workers and communities involved in
agriculture, as well as reduce food waste and improve food security. This can be
achieved through sustainable farming methods, reducing food loss and waste, and
improving the efficiency of food production and distribution. By implementing
these practices, supply chains can contribute to social sustainability by improving
the lives of workers and communities and ensuring a more sustainable and secure
food system [83, 84].

iii. Environmental perspective of sustainable supply chains (SSCs)

The environmental aspect of sustainable supply chains (SSCs) is a crucial
part of Industry 5.0’s mission to balance economic growth with environmental
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preservation. It focuses on reducing the negative impact of supply chains on the
environment, while also promoting sustainability and responsible resource use.

The implementation of circular economy (CE) principles is key to achieving
environmental sustainability in supply chains. A CE is a new business model that
prioritizes reducing waste and maximizing resource utilization, contrasting the tra-
ditional linear model of take-make-dispose [85, 86]. In a circular economy, waste is
minimized, resources are conserved, and product life cycles are extended through
closed-loop processes. This model plays a vital role in promoting sustainability
from both social and environmental perspectives [87, 88].

The circular supply chain (CSC) is a highly specific application of circular
economy principles, which is focused on transforming supply chains to mini-
mize waste and maximize resource utilization. By creating closed-loop processes,
CSCs aim to conserve resources and reduce waste, while promoting the use of
environmentally friendly materials and reducing greenhouse gas emissions.
Fraga-Lamas et al. [14] have shed light on the pivotal role of digital technologies
in facilitating data creation and processing, which are fundamental for manag-
ing circular supply chains. The authors have emphasized that in the current con-
text, IoT technologies and paradigms fall short of contributing to the sustainable
development of the sector. To address this issue, the authors have highlighted the
emergence of the Green IoT (G-IoT) paradigm, which is centered on the develop-
ment of energy-efficient and environmentally friendly IoT systems. Green IloT
(Industrial Internet of Things) is a subset of G-IoT, which focuses on using [oT
technology in industrial settings to enhance energy efficiency and reduce envi-
ronmental impact.

Big data analytics (BDA) has a significant potential application to circular sup-
ply chains (CSCs) to optimize supply chain processes and achieve sustainability. By
leveraging real-time information sharing, BDA can help to reduce delivery times
and save energy. This is accomplished by directly connecting millions of custom-
ers, which allows for real-time monitoring and adjustment of supply chain processes
[76]. In addition, BDA can help monitor the activities of supply chain partners,
identify unsustainable or unethical practices, and detect any environmental miscon-
duct. By monitoring relevant indicators, BDA can provide an accurate picture of the
impact of specific economic activities on the environment [75].

Green supply chain management (GSCM) is a new model that helps organiza-
tions to improve their competitiveness and performance by complying with new reg-
ulations and addressing public concerns related to environmental sustainability [89].
It involves incorporating environmental and social sustainability principles into
every stage of the supply chain, from the sourcing of raw materials to the disposal
of products at the end of their lifecycle. As a subset of the circular economy, GSCM
focuses on reducing waste, conserving resources, and minimizing the environmental
impact of supply chain activities. It aims to improve the environmental performance
of a company’s supply chain and make them more competitive and efficient, with
reduced delivery times and cost reduction [39, 90].

Green housing is a prime example of green supply chain management (GSCM),
as it involves the use of sustainable and environmentally friendly materials, con-
struction practices, and energy-efficient systems throughout the supply chain. The

@ Springer



60 Page 320f46 Operations Research Forum (2023) 4:60

COVID-19 pandemic has led to a significant shift in housing preferences, with a
growing preference for green housing, which is designed, built, and operated in an
environmentally responsible and sustainable manner [91]. The role of supply chains
is essential in the green housing industry, as they are responsible for sourcing, pro-
ducing, and delivering the materials and products used in construction and build-
ing operations. By incorporating GSCM principles into the construction and main-
tenance of green homes, we can reduce the environmental impact of the housing
industry and create more sustainable and resilient communities.

5.3.3 Resilient Supply Chains (RSCs)

Resilience is a multi-faceted capability that is critical to the success of any system.
It encompasses a range of abilities, including the ability to anticipate disruptions,
withstand them, adapt to changes, and recover from expected and unexpected dis-
ruptions [92].

Resilient Operator 5.0 is a new approach to improving the adaptability and
responsiveness of the manufacturing workforce and systems, which will be essen-
tial for success in the rapidly evolving landscape of Industry 5.0. It aims to create
a new type of industrial operator who can adapt quickly to changes and disrup-
tions [93].

The Resilient Operator 5.0 vision has two main goals: to foster “self-resilience”
for the workforce and “system resilience” for human—machine systems in smart
manufacturing. Self-resilience is a personality trait associated with the ability to
adapt, withstand and quickly recover from difficult conditions, incorporating bio-
logical, physical, cognitive and psychological factors, such as meaningfulness,
safety, work engagement, self-esteem, optimism, and emotional stability. System
resilience, on the other hand, refers to the capacity of human—machine systems to
act as fully integrated and collaborative manufacturing systems, allowing for real-
time responses to changing demands and conditions in the factory, supply chain
and customer requirements [32, 94-96].

In the context of manufacturing, the term “Smart Resilient Manufacturing
System” refers to a flexible and agile system that can respond to operational
changes and disturbances, sustaining required operations under normal and
abnormal conditions. To achieve this, the system must be reconfigurable, allow-
ing it to adapt to changes and disruptions in real-time [93, 97]. With an increas-
ingly integrated and connected supply chain, end-to-end visibility has become
essential for improving decision-making quality in procurement, manufacturing,
logistics, and sales operations. This enhanced visibility plays a crucial role in
the efficiency, productivity, resilience, and sustainability of the supply chain
ecosystem. Recent research supports the importance of supply chain visibility in
achieving these objectives [33, 98].

In Industry 5.0, supply chain resilience (SCR) is seen as a means to achieve the
United Nations’ Sustainable Development Goals (SDGs). The integration of resil-
ience and sustainability in supply chains has led to a growing interest in sustaina-
ble-resilient supply chains, where supply chains must be adaptable to disruptions
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and changing market conditions while reducing their environmental impact and
promoting social responsibility. For example, Supply Chain Management (SCM)
in Industry 5.0 has the potential to drive new trends toward sustainable solutions
such as green supply chain management [89], circular economy [88], and corpo-
rate social responsibility (Panov and Moroff 2020). These approaches have been
proven to positively impact supply chain resilience and help organizations achieve
their sustainability and resilience goals.

By prioritizing sustainability and resilience, organizations can reduce their
environmental impact, improve their image, and become more competitive in the
long run. However, it is important to note that the integration of these approaches
is still in its early stages, and further research is needed to fully understand their
impact on supply chain management in Industry 5.0 [46, 99].

The use of digital technology in building supply chain sustainable-resilient
supply chains includes the following:

i. Data collection and processing:

e IoT sensors and devices: monitor and collect data on energy usage, emissions,
and other environmental factors in the supply chain [29].

e Industrial Internet of Things (IIoT) and Green IIoT: in industrial settings,
IIoT is used to connect, manage, and analyze data from multiple sources and
devices. It holds great potential for quality control, sustainable and green
practices. The Green IIoT refers to the use of IoT technology in industrial set-
tings to improve energy efficiency and reduce environmental impact [37].

e Cyber-physical systems (CPS): Industry 4.0 is characterized by the integration
of digital technologies into manufacturing systems, through IoT and IoS (Inter-
net of Services) integration, resulting in “smart factories” with greater visibility
and control over supply chains [18, 52, 100, 101]. By enabling real-time data
collection and analysis, CPS can help organizations to make data-driven deci-
sions to optimize their supply chain operations and improve resilience. Industry
5.0 introduces the concept of cyber-physical-social systems (CPSS), where the
integration of social networks into CPS creates a highly interconnected and more
responsive industrial system with higher adaptability. This integration offers the
potential to greatly enhance the efficiency and resilience of industrial systems by
enabling more effective management of resources and logistics and facilitating
communication and collaboration among supply chain partners [102, 103].

ii. Data management and analysis:

e Big data analytics (BDA): with big data analytics capability, organizations can
extract insights from data and make data-driven decisions, which provides a
game-changing advantage for monitoring performance, mitigating risks, pro-
moting agility, and enhancing supply chain resiliency. The use of Al-based
big data analytics can generate better decision-making support for research,
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policymaking, and business management, making it a top priority for organi-
zations seeking to improve their supply chain sustainability [29, 76, 104-107]

e Machine learning and artificial intelligence (ML-AI): these technologies can
be used to analyze data and identify patterns that can optimize supply chain
operations and improve forecasting of demand, which is critical for supply
chain planning and management [29, 32].

e Cloud computing (CC) and edge computing (EC): these technologies are used
to store and process large amounts of data and to enable real-time collabora-
tion and decision-making in the supply chain [18].

iii. Applications for supply chain optimization:

e Blockchain technology (BT): used for secure and transparent tracking of goods
and transactions in the supply chain, helping to reduce fraud, errors, and delays.
It can also enable faster and more accurate tracking of inventory and shipments,
reducing waste and improving efficiency in the supply chain [29, 39, 108, 109].

e Digital twins (DTs): digital simulations provide valuable insights into com-
plex production systems, allowing organizations to develop and test new oper-
ating policies before implementing them in the real world. By using virtual
experimentation and validation of manufacturing systems, significant benefits
in terms of reduction in development time and cost can be achieved. DTs ena-
ble organizations to proactively identify inefficiencies and make data-driven
decisions to optimize their supply chain operations and improve resilience.
With the ability to simulate and test potential scenarios, DTs allow organiza-
tions to better manage risks and ensure continuity in their supply chain opera-
tions, making them a powerful tool for enhancing supply chain sustainability
[37, 110, 111].

e Additive manufacturing technology (AMT): is revolutionizing the way products
are made and distributed in supply chains. It is a sustainable method of produc-
tion that minimizes waste and energy consumption while increasing supply chain
flexibility and speed. With its layered manufacturing capabilities, additive man-
ufacturing can quickly produce customized products on-demand, reducing lead
times, inventory costs, and transportation expenses. This makes it an attractive
option for industries looking to improve sustainability and reduce their carbon
footprint. Additionally, the ability to create personalized and human-centered
products has led to increased customer satisfaction, and additive manufactur-
ing is increasingly being leveraged to enhance customer experiences in various
industries [32, 34, 39, 112, 113].

e 5G technology: used to improve the speed and reliability of communications and
data transfer in the supply chain, enabling real-time monitoring and better coor-
dination among supply chain partners [32].

e Collaborative robots (cobots): cobots are revolutionizing the manufacturing
industry by leveraging the power of Al and ML to analyze big data collected by
embedded sensors of the Internet of Things (IoT) [22, 24]. This technology has
been shown to improve efficiency, safety, accuracy, and productivity in manufac-
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Fig. 15 Three-dimensional conceptual framework of supply chain 5.0

turing, as reported by Lu et al. [9] and Woo [114]. Cobots can dynamically allo-
cate tasks and roles, thereby helping to reduce waste and increase supply chain
resilience [96]. In human-robot collaborative manufacturing, cyber-physical
systems (CCPS) can enable robots to work alongside human operators in a fac-
tory setting, with the ability to sense and respond to their environment, adapt to
changing conditions, and make decisions based on real-time data [18].

e Augmented reality (AR) and virtual reality (VR): can enhance warehouse opera-
tions and logistics by providing workers with real-time information, training, and
visualization [42, 96].

e Supply chain as a service (SCaaS): can enhance supply chain sustainability and
resilience by allowing organizations to outsource certain aspects of their supply
chain management to third-party providers. This can reduce the organization’s
dependence on a single supplier or logistics provider, thus mitigating the risks
associated with supply chain disruptions caused by factors such as natural disas-
ters, supplier bankruptcies, or pandemics [115-117]. SCaaS business model can
also help organizations to implement resilience strategies such as multi-sourcing,
collaboration, visibility, and flexible re-routing [118, 119].

Requirements Strategic outcomes

Economic dimension - Balances economic growth with social well-being and environmental sustainability.
- Creates stakeholder value through sustainable practices.
- Enhances supply chain efficiency and competitiveness while reducing costs.
- Prioritizes social justice and environmental protection.
- Contributes to sustainable economic growth and societal development.

Social dimension - Ensuring safe, ergonomic work environments and fair wages.
- Compliance with laws, promoting ethical behavior.
- Disclosing sustainability reports to build trust.
- Supporting worker and community well-being, promoting sustainability.
- Promoting peace, justice, and community well-being.

Environmental dimension - Minimizing adverse environmental impact.
- Promoting eco-friendly practices.
- Conserving resources and minimizing waste.
- Reducing greenhouse gas emissions and promoting energy efficiency.
- Improving environmental performance to enhance competitiveness and efficiency.

Fig. 16 Sustainability pillar in supply chain 5.0 framework
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Requirements Strategic outcomes

Human-centered technological innovation -Prioritizing human needs and preferences in tech development.
-Improving user experience and satisfaction.
-Enhancing technology accessibility and inclusivity.
-Reducing the environmental impact of technology.
-Promoting social responsibility and sustainability in tech development.

Human-in-the-loop technology -Integrating human expertise into automated systems.
-Improving the accuracy and reliability of automated systems.
-Enabling ethical decision-making in automated systems.
-Enhancing safety and risk management in automated systems.
-Promoting effective collaboration between humans and machines.

Human-Machine Interaction - Improving human-machine interaction and communication.
- Enhancing the usability and user experience of technology.
- Increasing the efficiency and productivity of human-machine systems.
- Improving safety and risk management in human-machine systems.
- Improving decision-making and problem-solving through HRC.

Training programs -Developing specialized skills and knowledge in the supply chain field.
-promoting productivity, efficiency, and competitiveness.
-Adapting to changing market demands and trends.
-Fostering collaboration and communication among supply chain partners.
-Promoting a safety culture in the supply chain.

Human rights and well-being of workers -Ensuring safe and fair working conditions.
-Protecting worker rights and prohibiting discrimination.
-Promoting physical and mental health and well-being.
-Providing training and education opportunities.
-Ensuring compliance with labor laws and promoting ethical practices.

Human-centered human-robot colaboration -Safer working conditions and increased comfort for workers.
-Increased productivity and efficiency through robotic assistance.
-Improved task precision and consistency.
-Cost savings and increased profitability through robotic efficiency.
-Enhanced product customization for increased customer satisfaction and loyalty.

Customer-centric supply chains -Improved customer satisfaction and loyalty through personalized products/services.
-Increased supply chain efficiency and agility to meet changing demand.
-Enhanced product quality through customization.
-More effective use of technology and data for personalized customer experiences.
-Increased profitability and competitive advantage.

Human-centric manufacturing automation -Eliminate unpleasant and hazardous jobs and create appealing roles to enhance the work
environment.
-Integrate human creativity and automation for a flexible infrastructure and increase
flexibility.
-Offer new skill development and career opportunities for growth.
-Allow automation to handle repetitive and tedious tasks to improve productivity.
-Invest in education for necessary skills in evolving roles.

Fig. 17 Human centricity pillar in supply chain 5.0 framework

6 Three-Dimensional Conceptual Framework of Supply Chain 5.0

Section 6 introduces a three-dimensional conceptual framework of supply chain 5.0,
as depicted in Fig. 15. This framework is based on three key pillars—sustainability,
human centricity, and resilience—with each pillar shown separately in Figs. 16, 17,
and 18 respectively.

7 Discussion: Bringing Maslow’s Hierarchy to Life

Industry 5.0 represents a major shift in the way supply chains are managed and oper-
ated, and it is an opportunity to bring Maslow’s hierarchy of needs to life. The con-
cept of Maslow’s hierarchy is based on the idea that human needs are arranged in
a pyramid, with certain innate needs that must be met in a specific order. There
are five levels in Maslow’s pyramid. From the bottom of the hierarchy upwards, the
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Requirements Strategic outcomes

Network Agility - Cloud computing and edge computing for real-time collaboration and decision-making.
- loT sensors and devices for monitoring and collecting data on energy usage, emissions, and
other environmental factors.
- ML and Al for analyzing data and identifying patterns to optimize supply chain operations.
- Cobots for enhancing flexibility and efficiency.

Geographic Diversification - DT for simulating the supply chain network and forecasting future performance.
- 5G technology for high-speed connectivity and low-latency communication for real-time
monitoring and control of supply chain operations.
- lloT platforms for connecting, managing and analyzing data from multiple sources and devices.

Revenue Management - Big data and analytics for extracting insights from data and making data-driven decisions.
- ML and Al for forecasting demand and optimizing supply chain planning and management.

Training programs - Developing specialized skills and knowledge in the supply chain field.
- Promoting productivity, efficiency, and competitiveness.
- Adapting to changing market demands and trends.
- Fostering collaboration and communication among supply chain partners.
- Promoting a safety culture in the supply chain.

Supply Chain Risk Management - Risk management software for effective risk assessment and mitigation planning.
- CPS for real-time monitoring and control of supply chain operations.
- Blockchain technology for creating secure and transparent supply chain networks.

Performance Requirements - DT technology for proactively addressing issues and making data-driven decisions to optimize
supply chain operations.
- Cloud computing and edge computing for storing and processing large amounts of data and
enabling real-time collaboration and decision-making.

Multiple Sourcing - lloT platforms for managing and analyzing data from multiple sources and devices.
- DT technology for simulating the supply chain network and optimizing multiple sourcing
strategies.
- SCaas$ for outsourcing certain aspects of supply chain management to third-party providers.

Transparency - Blockchain technology for creating secure and transparent supply chain networks.
- SCaas for providing visibility and flexible re-routing strategies.

Mapping and Monitoring - loT sensors and devices for monitoring and collecting data on energy usage, emissions, and
other environmental factors.
- DT technology for simulating the supply chain network and forecasting future performance.
- 5G technology for providing high-speed connectivity and low-latency communication for
real-time monitoring and control of supply chain operations.

Fig. 18 Resilience pillar in supply chain 5.0 framework

needs are as follows: physiological (shelter and nutrition), safety (stability and shel-
ter), belonging needs (collaboration and friendship), esteem (dignity, achievement,
and competence), and self-actualization (self-fulfillment and personal growth). This
last need is the ultimate goal of Maslow’s theory. As Maslow [120] explained, “This
tendency might be phrased as the desire to become more and more what one is, to
become everything that one is capable of becoming.”

Maslow’s hierarchy is often used as a framework for understanding human moti-
vation and behavior, and it has the potential to be applied in the context of supply
chain management. With the emergence of Industry 5.0 and its focus on human cen-
tricity in supply chains, there is an opportunity to bring Maslow’s hierarchy to life
and create supply chains that not only meet basic needs but also support personal
growth and self-actualization for all stakeholders involved.

By integrating advanced technologies into the manufacturing sector, Industry 5.0
seeks to improve the standard of living for workers and enhance their capabilities.
Automating repetitive and low-skilled tasks allows workers to focus on higher-value
activities that require creativity, problem-solving, and decision-making skills. This
human-centric approach not only shapes the future of manufacturing but also trans-
forms the nature of work for future generations. The goal of Industry 5.0 is to ensure
that workers’ basic needs, as outlined in Maslow’s Hierarchy of Needs, are met,
allowing them to reach their full potential and lead fulfilling lives.
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//
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Fig. 19 Human-centric in alignment with Maslow’s hierarchy of needs

Along with Lu et al. [9], we believe that human-centric manufacturing should
ultimately address human needs defined in Maslow’s hierarchy of needs. As shown
in Fig. 19, research on human-centric HMI ought to be designed in alignment with
Maslow’s hierarchy of needs, as 5C journey (coexistence, cooperation, collabora-
tion, compassion, and coevolution). Research in the field of human—machine inter-
action (HMI) should be aligned with Maslow’s hierarchy of needs, as it seeks to
design systems that not only meet basic physiological and safety needs, but also
enhance human capabilities and support self-actualization.

The idea of the co-evolution of artificial intelligence and human intelligence is
that humans are in a position of control and sovereign decision-making [53, 121].
This approach emphasizes the importance of human oversight and control of Al and
also seeks to enhance the capabilities of human intelligence by leveraging the of Al
By allowing individuals to focus on creative and innovative tasks, humans can pur-
sue self-fulfillment and personal growth.

The European Economic and Social Committee (EESC) highlights the impor-
tance of combining human creativity and craftsmanship with robots’ speed, produc-
tivity, and consistency in Industry 5.0. The goal is to reduce or eliminate monot-
onous and repetitive tasks, freeing workers to focus on cognitively demanding
activities and improve personal development. This leads to improved psychological
well-being and work performance, ultimately benefiting the success of the organi-
zation [66, 122]. However, Industry 5.0 will require significant investment and
organizational and cultural changes to implement. Businesses, governments, and
educational institutions must support workers to create higher-value jobs and skilled
workers. Governance and ethics will also play a crucial role in developing the work-
force’s skills [123, 124].
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8 Future Research Agenda for Supply Chain 5.0

Based on the comprehensive qualitative and quantitative analyses provided in our
study, we have identified several areas that deserve further research attention and
have developed a future research agenda for the supply chain 5.0 framework in its
three key dimensions, as follows:

ii.

iii.

Supply chain resilience

What comprehensive models can be developed to assess supply chain resil-
ience while considering the interdependencies of various supply chain compo-
nents, including technology, infrastructure, and human factors?

How can emerging technologies, such as blockchain, Al, and IoT, be used to
enhance supply chain resilience, and what is the potential of integrating these
technologies to create more resilient supply chains?

What is the effectiveness of existing supply chain risk management strategies in
reducing the impact of disruptions, and what new strategies can be developed
that are more effective in dealing with uncertain and unpredictable events?

Supply chain sustainability

What is the impact of sustainable practices, such as green logistics and circu-
lar economy, on supply chain sustainability, and what is the potential of incor-
porating these practices into supply chain management?

How can emerging technologies, such as 3D printing and additive manufactur-
ing, be used to reduce the environmental impact of supply chains, and what is
their potential for improving supply chain sustainability?

What is the impact of corporate social responsibility (CSR) on supply chain sus-
tainability, and how can CSR be integrated into supply chain management to pro-
mote sustainable practices?

Human centricity in supply chains

What is the role of human factors in supply chain management, such as employee
training and communication, and how can these factors be integrated into supply
chain management to improve the resilience and sustainability of supply chains?
What is the impact of digital transformation on the workforce in supply chains,
including the potential for job displacement, and what ways can be explored to
mitigate the negative impact and enhance the human centricity of supply chains?
What is the role of diversity, equity, and inclusion in supply chain manage-
ment, and how can promoting diversity, equity, and inclusion in supply chains
improve the resilience and sustainability of supply chains?
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9 Conclusion

This research employed a systematic literature network analysis (SLNA) to explore
the impact of Industry 5.0 on the supply chain research field. The study provided
a comprehensive understanding of the key concepts, technologies, and trends that
define supply chain 5.0, demonstrating the potential benefits of this emerging para-
digm for organizations. By integrating sustainable practices, technological advance-
ments, and the human-centric approach aligned with Maslow’s Hierarchy of Needs,
supply chain 5.0 represents a significant advancement in supply chain management.
This paradigm shift not only enhances the adaptability, resiliency, and sustainability
of supply chains but also generates positive societal impacts.

The research has highlighted the incorporation of human-centric design and
sustainable-resilient practices into the supply chain, creating a more adaptable
and flexible system capable of withstanding global disruptions and meeting the
changing needs of customers and the market. The transition from supply chain
4.0 to supply chain 5.0 is a significant milestone that will improve the adaptabil-
ity and resiliency of supply chains, enabling organizations to meet the changing
needs of customers while promoting sustainability and social responsibility.

The supply chain 5.0 model is an advanced approach that focuses on collabo-
ration, integration, and innovation, aiming to create a more agile and responsive
supply chain that can quickly adapt to changes. The model builds on the previ-
ous generations of supply chain management, which focused on optimizing effi-
ciency and reducing costs. The new generation of supply chains is designed with
a human-centric approach that puts people at the center of production, using per-
sonalized products and eco-friendly processes that promote social responsibil-
ity and sustainability. The integration of advanced technologies such as artificial
intelligence (Al), digital twins, blockchain, collaborative robots, and the Internet
of Things (IoT) can provide real-time visibility and control, enhance collabora-
tion and coordination, and enable data-driven decision-making.

This research adds value to the field of supply chain management by shedding
light on the potential of supply chain 5.0 and emphasizing the significance of inte-
grating sustainable practices and human-centric design principles into the supply
chain. The three-dimensional conceptual framework of supply chain 5.0 (Sect. 7)
and future research agenda (Sect. 8) presented in the article provide a valuable con-
tribution to the emerging field of supply chain 5.0. By exploring potential areas
for future research and aiding in the transition to this new paradigm, these findings
offer insights and opportunities for further exploration in supply chain management.
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