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ABSTRACT

This thesis investigates the current state of Industry 5.0 adoption within the South African mining
sector, focusing on the integration of advanced technologies with human-centric, sustainable, and
resilient principles. Driven by the global shift toward Industry 5.0, which emphasises collaboration
between humans and machines, the mining sector faces unique challenges, especially given the
complex socio-technical landscape of South Africa. This study was motivated by the need to
understand the opportunities and challenges associated with adopting Industry 5.0 principles

within this critical sector of the South African economy.

The research follows a structured, phased qualitative approach that integrates a scoping review
with an empirical investigation. The scoping review synthesised key Industry 5.0 components and
maturity assessment practices to inform the development of an Industry 5.0 maturity framework.
This framework guided the empirical phase, which involved semi-structured interviews with
industry stakeholders. Interview responses were thematically coded using a priori categories,
quantitised via a four-level maturity scale, and analysed through descriptive and visual methods.
The study is grounded in Sociotechnical Systems (STS) Theory, emphasising the interaction

between technological systems and human-centred factors in shaping transformation outcomes.

Key findings reveal a varied adoption landscape, with higher maturity levels in areas like
sustainability but challenges in human-machine collaboration and resiliency. It also identifies a
critical gap in digital fluency and change management, which impacts the readiness of the industry
to embrace more advanced Industry 5.0 applications. The study’s insights indicate that the
industry is still largely rooted in an Industry 4.0 mindset. Recommendations highlight the
importance of prioritising workforce training, flexible investment strategies, and stronger

collaboration between operators and technology partners.

The study contributes a tailored Industry 5.0 framework emphasising the integration of human
and machine collaboration, resilience-building, sustainable practices and worker, system and
customer perspectives. It provides actionable recommendations for policymakers and industry
leaders, focusing on workforce upskilling, investment in foundational infrastructure, and fostering
a culture of innovation. By addressing these areas, the South African mining industry can position
itself as a global leader in sustainable and human-centric mining practices. This research not only
bridges the existing knowledge gap but also offers a roadmap for future studies and strategic
planning, ensuring the mining sector’s alignment with the evolving principles of Industry 5.0. It
underscores the critical need for a balanced approach that harmonises technological progress

with social and environmental priorities to achieve transformative growth.

Keywords: Industry 5.0, human-centric, resilience, sustainability, maturity, framework
VI



OPSOMMING

Hierdie tesis ondersoek die integrasie van Industry 5.0 in die Suid-Afrikaanse mynbousektor, met
spesifieke fokus op die integrasie van gevorderde tegnologieé met mens-gesentreerde,
volhoubare en veerkragtige beginsels. Gedryf deur die globale skuif na Industry 5.0, wat
samewerking tussen mense en masjiene beklemtoon, staar die sektor unieke uitdagings in die
gesig, veral binne Suid-Afrika se komplekse sosio-tegniese landskap. Die studie beoog om die

geleenthede en uitdagings van hierdie oorgang te verstaan.

Die navorsing volg 'n gestruktureerde, gefaseerde kwalitatiewe benadering, insluitend 'n
omvangbepalingsstudie van bestaande Industry 5.0-raamwerke en 'n empiriese ondersoek na
die mynbousektor. Semi-gestruktureerde onderhoude met belanghebbendes evalueer die sektor
se volwassenheid, geleenthede en hindernisse. Antwoorde op onderhoudsvrae is tematies
gekodeer met behulp van voorafbepaalde kategorieé, gekwantifiseer volgens ’'n vierviak-
volwassenheidskaal, en ontleed deur middel van beskrywende en visuele metodes Sosio-
tegniese Stelselteorie (STS) vorm die studie se grondslag, en beklemtoon die wisselwerking

tussen tegnologie en menslike elemente vir suksesvolle integrasie en transformasie.

Die bevindings toon 'n uiteenlopende integrasie landskap, met hoér volwassenheidsvlakke in
volhoubaarheid, maar uitdagings in mens-masjien samewerking en veerkragtigheid. Daar is ook
'n gaping in digitale geletterdheid en veranderingbestuur wat die sektor se gereedheid vir Industry
5.0-toepassings beinvloed. Die insigte dui daarop dat die sektor steeds grootliks in 'n Industry

4.0-mentaliteit gewortel is.

Die studie stel 'n Industry 5.0-raamwerk voor wat die integrasie van mens-masjien samewerking,
veerkragtigheid en volhoubare praktyke beklemtoon. Dit bied praktiese aanbevelings vir
beleidsmakers en nywerheidsleiers, insluitend werksmag-opskoling, beleggings in basiese
infrastruktuur en die bevordering van 'n kultuur van innovasie en samewerking. Deur hierdie
uitdagings aan te spreek, kan die mynbousektor homself as 'n wéreldleier in volhoubare en mens-

gesentreerde mynboupraktyke posisioneer.

Hierdie navorsing oorbrug nie net 'n bestaande kennisgaping nie, maar bied ook 'n padkaart vir
toekomstige studies en strategiese beplanning. Dit beklemtoon die behoefte aan 'n
gebalanseerde benadering wat tegnologiese vooruitgang met sosiale en omgewingsprioriteite

harmoniseer om transformerende groei te bewerkstellig.

Sleutelwoorde: Industry 5.0, mens-gesentreerd, veerkragtigheid, volhoubaarheid, raamwerk
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CHAPTER 1 INTRODUCTION

1.1 Introduction

The first chapter of this thesis provides a foundational understanding of Industry 5.0. It delves into
the historical progression of industries, from Industry 1.0 to Industry 4.0, highlighting key
technological advancements, societal changes, and the accompanying challenges that have
shaped the industrial landscape. Industry 5.0, coined by the European Commission, emerges as
a response to the limitations of Industry 4.0, emphasising human-machine collaboration and

sustainable, socially beneficial practices.

Against this backdrop, the chapter presents the South African mining industry as a unique case
for exploring Industry 5.0, due to its historical significance, economic importance, and ongoing
challenges. Although the sector has begun integrating aspects of Industry 4.0, it remains
constrained by issues such as high operational costs, outdated infrastructure, and limited
workforce preparedness. Consequently, this research aims to assess the current state and
maturity of Industry 5.0 adoption within the South African mining industry, identifying both
opportunities and challenges. The research objectives and questions are detailed, with the aim
of providing recommendations and guidance for the industry’s transition to this next industrial
phase. Finally, the chapter acknowledges the limitations of this study, particularly regarding the

emerging nature of Industry 5.0 literature and its relevance within the South African mining sector.
1.2 Background

Significant technological advancements and corresponding societal changes have marked the
evolution of the industry from its inception to the present day. Industry 1.0, which began in the
late 18th century, was characterised by the use of steam and water power to mechanise
production processes in industries such as mining, agriculture, and iron manufacturing (Mathur et
al., 2022). This era brought about significant industrial growth, but also posed challenges like

pollution, long working hours, and poor working conditions (Apriliyanti, 2022).

In the late 19th century, Industry 2.0 emerged with the start of mass production powered by
electricity. This period saw the rise of iron and steel production, railways, and turbines, utilising
innovations such as conveyor belts and assembly lines (Mathur et al., 2022). While this era
significantly boosted production efficiency, it also led to job displacement as machines replaced
human labour and brought about high operational costs (Apriliyanti, 2022). The 20th century

introduced Industry 3.0, marked by the beginning of automated production and the integration of

1



computers and IT systems (Luca & Dolga, 2021). This era focused on renewable energy,
telecommunications, and wireless communication. Despite these advancements, challenges
such as electronic waste and high power consumption have become prominentissues (Apriliyanti,
2022).

Entering the 21st century, Industry 4.0 revolutionised production by integrating artificial
intelligence (Al), the Internet of Things (IoT), and smart factories. These intelligent systems
spanned all production industries, enhancing efficiency and productivity across the board.
However, new challenges arose, including the risks of cyber-attacks, extended working hours,
and a significant skills gap in the workforce (Raja Santhi & Muthuswamy, 2023). Each industrial
revolution has built upon the technological advancements of its predecessors, leading to
increased productivity and innovation while also presenting new challenges that society must
address. Due to the lack of Industry 4.0’s focus on a strong emphasis on human interaction and
collaboration, sustainable and ethical practices, and a beneficial drive for business and social

success (Adel, 2022), these shortcomings have paved the way for the emergence of Industry 5.0.

The term "Industry 5.0" was coined by the European Commission to represent a new phase of
industrialisation (European Commission, 2021). It builds on the technological advancements of
Industry 4.0, with a stronger focus on human-machine collaboration, customisation, innovation,
resilience, and sustainability, shifting the focus from economic value to social value and well-
being (Xu et al., 2021). It places the well-being of the industry worker at the centre of focus and
emphasises the collaboration of human skills such as creativity, decision-making, and complex

problem-solving with advanced technologies (Raja Santhi & Muthuswamy, 2023).

Various sectors are transitioning towards Industry 5.0, which emphasises personalisation and
efficiency. In manufacturing, collaborative robots (cobots) and advanced analytics aim to create
more personalised products while maintaining cost-effectiveness and enhancing production
flexibility (Adel, 2022). Many other industries, such as healthcare, electronics, and automotive,
could also benefit from customisation and personalisation. Despite challenges, the benefits of
increased adaptability and resilience outweigh the difficulties (Adel, 2022). Early adoption of
Industry 5.0 innovations should enable organisations to stay competitive and contribute to a more

sustainable future.
1.3 Context & significance

As this concept is still emerging, there is a unique opportunity to explore its key concepts and

components, particularly in the South African mining industry. Due to several critical factors, the

South African mining industry provides a unique context for investigating the transition towards
2



Industry 5.0. Historically, the mining sector has played a vital role in South Africa's economic
development. In 1980, mining was the second most influential industry in South Africa, accounting
for 21% of the country's GDP (Statistics South Africa, 2017). By 2023, the industry's contribution
had decreased to around 6,2% of GDP, making it an ideal candidate for modernisation and

technological advancement (Anon, 2024; Lumadi & Nyasha, 2024).

The industry also faces significant challenges, including high operating and labour costs and the
need for modernisation and digitalisation to maintain competitiveness (Zulu et al., 2021). These
challenges present an opportunity to explore how Industry 5.0 can offer solutions for growth and
sustainability. Although the industry has begun adopting Fourth Industrial Revolution (4IR)

technologies, gaps remain in their successful implementation (Masuku, 2023).

While efforts have been made to modernise the South African mining industry, there is a notable
gap in the literature regarding its overall progress towards Industry 5.0. Specifically, there is
limited information on the extent of technological adoption, the industry's readiness, and the
workforce's preparedness. This gap highlights the need for a comprehensive assessment of the

industry's current state and future prospects.

In summary, the South African mining industry is well-suited for investigating the transition
towards Industry 5.0 due to its historical significance, current challenges and technological
adoption. This research will provide valuable insights into the South African mining industry's
current status and future direction in the context of Industry 5.0. By identifying key challenges and
opportunities, the findings will inform strategic planning and policymaking, helping to ensure the

industry's sustainable growth and competitiveness in the global market.
1.4 Research problem

The global emergence of Industry 5.0 presents significant opportunities and challenges for
industries worldwide. Industry 5.0 emphasises the integration of advanced technologies such as
artificial intelligence, robotics, and the Internet of Things with a strong focus on human-centric,
sustainable, and intelligent production systems. There is increasing recognition among mining
professionals and stakeholders that Industry 5.0 technologies, such as artificial intelligence (Al),
robotics, and the Internet of Things (loT), can improve operational efficiency, reduce
environmental impact, and address workforce skills gaps (Muzvondiwa, 2024). However, the
mining industry has been slow to adopt this new approach, and this transition is crucial for the

South African mining industry to remain relevant and competitive (PwC et al., 2023).



However, the current status and maturity in the progress of the South African mining industry in
adopting these Industry 5.0 principles remain unclear. Research highlights the importance of
structured frameworks, such as maturity models, to assess current capabilities, identify gaps, and
guide incremental progress toward Industry 5.0 adoption (Mistry, 2022). The mining sector is a
vital component of South Africa's economy, and its successful transition to Industry 5.0 is essential
for maintaining its competitive edge, ensuring economic growth, and achieving sustainability
goals. Without a comprehensive understanding of where the industry stands in this transition, it
is challenging to develop effective strategies, allocate resources appropriately, and prepare the
workforce for the future demands of Industry 5.0. A maturity assessment provides a structured,
measurable framework for organisations to assess their current state, identify gaps, and plan for
progressive improvement, making it highly relevant for addressing the transition to Industry 5.0 in

the South African mining industry (Gafner et al., 2025).
1.5 Research aim, purpose and objectives

The primary aim and purpose of this research is to evaluate the progress of the South African
mining industry in its transition towards Industry 5.0. This study aims to assess the current state
of technological adoption, identify the challenges and opportunities the industry faces, and enable
policymakers and industry leaders to provide strategic recommendations to facilitate this

transition.

Overarching research question:
What are the factors influencing the state of technological adoption of the South African Mining

Industry towards Industry 5.0?

Table 1.1 outlines how the chapters of this thesis are structured in alignment with the study’s
research objectives and questions. Each objective supports the overall purpose and aim of the
research, while the sub-research questions collectively contribute to answering the overarching
research question. Each chapter contributes to addressing a specific research aim, beginning
with the conceptual and theoretical foundations in the literature study, followed by the
development of the Industry 5.0 framework, and concluding with the empirical assessment and
practical recommendations. This structure ensures a coherent progression from theory to
application, providing a clear path for evaluating the South African mining industry's transition

towards Industry 5.0.



Table 1.1: Chapter division according to the research questions and objectives
Chapter Research objectives Research questions
Chapter 2: To explore current Industry 5.0 What is Industry 5.0?

Literature review

Chapter 2:
Literature review

Chapter 4:
Scoping review
&

Chapter 5:

Industry 5.0
framework

Chapter 6: Results
and discussion

Chapter 6: Results
& Discussion

Chapter 6: Results
& Discussion

research in the mining industry.

To explore existing Industry 5.0
frameworks and theoretical models

To develop a conceptual Industry 5.0
framework

To assess the current level of
Industry 5.0 adoption in the South
African mining industry.

To identify the challenges and
barriers hindering the transition
towards Industry 5.0 within the sector.

To generate strategic
recommendations for industry leaders
and policymakers to support and
accelerate the transition to Industry
5.0.

What current research exists on the
transition of the mining industry
towards Industry 5.0?

What Industry 5.0 maturity
assessments exist?

What is the theory underlying the
study?

What are the key concepts of the
Industry 5.0 framework?

What are the key components of the
Industry 5.0 framework?

What is the Industry 5.0 framework?

What is the current state of the
Industry 5.0 application in the South
African mining industry?

Which concepts have been adopted?

What components (enabling
technologies) have been adopted?

What are the main challenges in
adopting Industry 5.0 concepts and
components?

What recommendations can be
made to support the South African
mining industry in the transition?

1.6 Methodology

This study follows a structured, sequential five-phase methodological approach to evaluate the

transition of the South African mining industry towards Industry 5.0. The first phase entails a

literature review to identify existing Industry 5.0 maturity assessments and frameworks,

establishing the foundational concepts for the study. The second phase involves a scoping review

to identify and map key concepts and components, facilitating the development of a general

Industry 5.0 framework.

In the third phase, these findings from the existing frameworks and the developed framework in

the scoping review are combined with maturity assessment practices to construct a
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comprehensive Industry 5.0 framework tailored for practical application. The fourth phase focuses
on the empirical investigation, applying this framework within the South African mining industry to

assess the transition and challenges.

Finally, the fifth phase involves the verification and validation of the findings to ensure their
credibility and relevance. This sequential phased approach provides a clear roadmap for the
study, with the detailed methodology and execution of each phase captured comprehensively in
Chapter 3: Methodology. Presented here in Chapter 1, this overview serves to orient the reader

to the structure and flow of the thesis.

1. 3. 4, 5.
LITERATURE INDUSTRY 5.0 EMPERICAL VERIFICATION
REVIEW FRAMEWORK INVESTIGATION & VALIDATION
Combine
T i D I i i
. 9 review evelopa sc.opl.ng revllew e Vi
existing Industry general Industry findings with .
. , developed validate the
5.0 maturity 5.0 framework maturity -
framework to the findings from the
assessments based on key assessments to . .
South African empirical
and concepts and developa s . _—
. mining industry. investigation.
frameworks. components. comprehensive
Industry 5.0
framewaork.

Figure 1.1: High-level process and structure of the thesis — A five-phase approach
1.7 Limitations
1.7.1 Limitations

Given the emerging nature of Industry 5.0, there may be limited literature available that addresses
this concept. The development of a general Industry 5.0 assessment framework introduces a risk,
as the lack of a universally accepted definition of Industry 5.0 requires further refinement and
validation of the framework beyond the scope of this study. Furthermore, the study may not fully
capture the perspectives and readiness of the entire workforce, as there may be variations in

awareness and understanding of Industry 5.0 concepts across different levels within the industry.

Time constraints also pose a limitation, as the rapid pace of technological advancements may
render the findings quickly outdated, highlighting the need for ongoing research to maintain

relevance. Finally, the scoping review conducted as part of this study may miss relevant studies

6



due to the emerging nature of Industry 5.0, potentially introducing bias in developing the Industry
5.0 framework and its application to the mining sector. These limitations should be considered
when interpreting the results and recommendations of this study, and further research is
encouraged to address these constraints and expand the understanding of Industry 5.0 in various

industrial contexts.
1.7.2 Delimitations

This study is confined to the South African mining industry and does not analyse the adoption of
Industry 5.0 principles in other countries or regions. The research focuses solely on the mining
sector and does not extend to other industries in South Africa that may also be transitioning to
Industry 5.0. The study applies a specific Industry 5.0 framework, developed in Chapter 5, to
evaluate progress. Other frameworks or approaches to Industry 5.0 are not considered. The
findings and analysis reflect the state of the mining industry's transition toward Industry 5.0 as of
the study's data collection period. It does not account for advancements made after this period.
These delimitations ensure the research is focused, manageable, and aligned with the objectives.
This sets the boundaries of the study and avoids overgeneralising findings beyond the defined

scope.
1.8 Chapter outline

The following Table 1.2 outlines the provisional chapter division and the corresponding content

description.



Table 1.2:

Chapter division and description

Five Chapter Sub-Headings (Level 2) Content description
Phase
Abstract Title, Authors, Background, Purpose, The abstract highlights the significance of the topic, emphasising the importance of the
Method, Findings and Conclusion research in the context of Industry 5.0. It identifies the knowledge gap that this study
aims to fill, outlining its primary aim and significance. A brief introduction to the
methodology is provided, summarising the key results and contributions of the
research.
Chapter 1: 1.1 Introduction This chapter introduces the background of Industry 5.0, discussing its growing
Introduction 1 2. Background importance and how it addresses the challenges and gaps left by Industry 4.0. It
1.3. Context & significance presejnts. the rationale pehmd the resgarch, emphasmlng .the stu.dys potential impact
on bridging the theoretical and practical gaps in the new industrial era. The chapter
1.4. Research problem also outlines the research problem, purpose, objectives, methodology and limitations.
1.5. Research purpose and objectives
1.6. Methodology
1.7. Limitations
1.8. Chapter outline
1.9. Conclusion
Phase 1 | Chapter 2: 2.1. Introduction Chapter 2 reviews Industry 5.0 and its corresponding definitions. It examines the
Literature 2.2. Industry 5.0 available literature regarding the global applications of Industry 5.0 and the transition
Review 2.3. The South African Mining Industry within the South African mining industry towards Industry 50 It reweyvs ?ny existing
. Industry 5.0 frameworks and assessments. Lastly, theoretical underpinnings
transition towards Industry 5.0 . . . . . .
) supporting this transformation, such as sociotechnical systems, are discussed,
2.4. Maturity level assessment providing a foundation for understanding the integration of advanced technologies with
2.5. Theoretical underpinning human-centric approaches.
2.6. Conclusion
Chapter 3: 3.1. Introduction This chapter presents the research design and methods used in the study. Section 3.1
Methodology 3.2, Research strategy introduces the chapter and its context. Section 3.2 outlines the research strategy, while

3.3.

Five-Phase approach

Section 3.3 explains the five-phase approach used to develop and apply the Industry
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3.4. Research quality 5.0 framework. Section 3.4 addresses research quality, including validity, reliability,
3.5. Conclusion and ethics.
Phase 2 | Chapter 4: 4.1. Introduction This chapter explores the key concepts and components of Industry 5.0, providing a
Scoping 4.2. Method detailed analysis based on the scoping review.
Review 4.3. Results
4.4. Industry 5.0 framework
4.5. Conclusion
Phase 3 | Chapter 5: 5.1. Introduction This chapter synthesises the findings from the literature and scoping review to develop
Industry 5.0 5.2. Overview a comprehensive Industry 5.0 framework.
framework 5.3. Interview and Analysis Guide
5.4. Conclusion
Phase 4 | Chapter 6: 6.1. Introduction This chapter presents significant and non-significant results, interprets the findings,
Resultsand g2 Method and provides a summary. It includes an overview of the results, identifies patterns,
discussion 6.3. Results categorises them, and concludes with a summary of the key findings as well as
e challenges and recommendations.
6.4. Discussion
6.5. Conclusion
Phase 5 | Chapter 7: 7.1. Introduction This chapter focuses on verifying and validating the empirical investigation, ensuring
Verification & 7 2 \erification process the robustness and reliability of the findings and method.
validation 7.3. Validation process
7.4. Conclusion
Chapter 8: 8.1. Introduction The final chapter summarises the study's key results, highlighting its contributions,
Conclusion 8.2. Research objectives and questions limitations, and implications. It discusses potential applications and suggests directions

8.3.
8.4.
8.5.

Implications of the study
Limitations of the study
Recommendations for future research

for future research.




1.9 Conclusion

Chapter 1 sets the stage for this study by establishing the historical and contextual basis for
examining Industry 5.0 within South Africa's mining sector. It highlights the vital role of Industry
5.0 in addressing both the technological and social needs of the industry. The chapter’s outline
of the research problem, objectives, and methodology offers a clear roadmap to explore the
South African mining industry's transition to Industry 5.0. This comprehensive approach
ensures a thorough understanding of the complex integration between technology and social
factors in the industry’s evolution. Furthermore, the discussion of study limitations underscores
the challenges inherent in assessing an emergent and rapidly evolving field while

simultaneously supporting the importance of this research in addressing knowledge gaps.
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CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

This chapter explores existing Industry 5.0 literature, focusing on its core components: human-
centricity, sustainability and resiliency. It examines the existing global and South African
Industry 5.0 adoption trends and frameworks, identifying gaps in current literature regarding
their application in mining. It also investigates existing maturity level assessment frameworks
and existing underlying theories. Table 2.1 outlines the structure of the chapter according to
the research questions. This alignment ensures transparency in how the literature is organised
to systematically address the overarching aim of evaluating the South African mining industry's
transition toward Industry 5.0. Each section in the chapter addresses a distinct area of the

study. The structure ensures conceptual clarity and coherence throughout the review.

Table 2.1: Chapter 2 outline according to research questions & objectives

Research Section Research question
objective
1. To explore 2.2 Industry 5.0 What is Industry 5.0?

current Industry

5.0 research in 2.3 The South African Mining Industry ~ What current research exists on

the mining transition towards Industry 5.0 the transition of the mining industry
industry towards Industry 5.0?

2. To explore 2.4 Maturity level assessment What Industry 5.0 maturity

existing Industry assessments exist?

5.0 frameworks
and theoretical

models

2.5 Theoretical underpinning What is the theory underlying the
study?

Figure 2.1 provides a stepwise overview of the study’s methodological structure. It situates
the current research in Phase 1: Literature Review, which focuses on understanding existing
Industry 5.0 maturity assessments and theoretical foundations. This phase is essential for

identifying knowledge gaps and shaping the conceptual framework for the rest of the study.
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The subsequent phases—scoping review, framework development, empirical application, and
verification and validation—build sequentially on the literature insights to ensure that the
proposed Industry 5.0 framework is evidence-based, contextually relevant, and practically

applicable in the South African mining industry.

1.
LITERATURE

REVIEW

To review
existing Industry
5.0 maturity
assessments
and
frameworks.

Figure 2.1:  Overview of the study's progress: Phase 1/5
2.2 Industry 5.0
2.21 Definition

As Industry 5.0 is still evolving, specialists and researchers from various fields have offered
multiple definitions to describe this new industrial revolution. Kovari (2024) provided a list of
twelve definitions; however, on further investigation, four of the sources are no longer
accessible. To ensure a comprehensive list, four additional definitions are added.
Furthermore, the expanded list, as described in Table 2.2, is analysed to determine the key
concepts and themes described in each definition and arranged chronologically from the
oldest to the most recent. Each definition is categorised by its year, author, and key conceptual
terms. This list showcases the diversity and evolving nature of Industry 5.0, highlighting the
field's emphasis on cooperation between humans and machines, cognitive automation, and
societal value creation. The definitions collectively frame the conceptual boundaries of the

term and inform the word cloud visualisation that follows in Figure 2.2.
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Table 2.2:

Industry 5.0 definitions (Kovari, 2024)

Nr Definition Year Author Keywords Source

1 “The 5th Industrial Revolution, which is n.d. (Momenta, Cooperation, Kovari
still emerging, is bent on fostering n.d.) humans, (2024)
cooperation between humans, machines,
machines, and technology to ensure the technology,
stability of the workforce and an workforce
understanding of worker empowerment.” stability,

empowerme
nt

2 | “INDUSTRY 5.0 is future, but already 2018 (Rada, 2020) Cooperation, Kovari
penetrating trend, of change processes man, (2024)
directing towards closer cooperation machine,
between man and machine, and waste
systematic prevention of waste and prevention,
wasting including INDUSTRIAL upcycling,
UPCYCLING. INDUSTRY 5.0 priority is efficiency
to efficiently utilize a workforce of
machines and people in a synergy
environment. It goes back from virtual
environment to real one.”

3 | “Bringing back human workers to the 2019 (Nahavandi, Human, Kovari
factory floors, the Fifth Industrial 2019) machine, (2024)
Revolution will pair human and machine creativity,
to further utilise human brainpower and intelligent
creativity to increase process efficiency systems,
by combining workflows with intelligent synergy,
systems. While the main concern in efficiency
Industry 4.0 is about automation,

Industry 5.0 will be a synergy between
humans and autonomous machines.”

4 | “The Age of Augmentation (Industry 2020 (Longoetal., Cooperation, Kovari
5.0)—will be focused on the cooperation 2020) cognitive (2024)
between human intelligence and computing,
cognitive computing and on treating human
automation as a further enhancement of intelligence,
the human’s physical, sensorial, and value -add,
cognitive capabilities. By putting humans upskilling,

back into the loop, Industry 5.0
profoundly restructures human tasks in
the realm of manufacturing in ways that
benefit the workers. They will be
upskilled to shift from manual to
cognitive labour, to provide value-added
tasks in production and to work—with
peace of mind—alongside an
autonomous workforce, i.e.,
collaborative robots that will be
perceptive and informed about human
intention and desire”

collaborative
robots
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5 | “IR 5.0 is going to be distinguished by 2020 (George & Collaboration  Author
the collaboration between machines and George, , machine,
human beings, with the ultimate 2020) human,
objective to provide additional value to customised
production, by creating customised products,
products able to satisfy consumers' value
requirements.”

6 | “This concept involves returning the 2020 (Longo et Human Author
human factor to industry, i.e., increasing al., 2020) factor,
cooperation between people and cooperation,
intelligent production systems and intelligent
combining the best of two worlds—the systems,
speed and accuracy guaranteed by automation,
automation with humans’ cognitive skills cognitive
and critical thinking.” skills, critical

thinking

7 | “Industry 5.0 recognises the power of 2020 (European Societal Author
industry to achieve societal goals Commission, goals,
beyond jobs and growth to become a 2020) prosperity,
provider of prosperity, by making wellbeing,
production respect the boundaries of our environment
planet and placing the wellbeing of the al respect
industry worker at the centre of the
production process.”

8 | “The revolution of Industry 5.0 means 2022 (Adel, 2022) Humans, Kovari
that humans and machines are working machines, (2024)
together, improving the efficiency of efficiency,
industrial production. Human workers productivity
and universal robots are boosting the
productivity of the manufacturing
industry.”

9 | “Industry 5.0 can be considered the era 2022 (Leng et al., Social Kovari
of the socially intelligent factory, in which 2022) intelligence, (2024)
cobots converse with people. Enterprise cobots, Al,
social networks will be used by Social human
Smart Factory for enabling seamless touch,
communication between human and personalised
CPPS components. The overall current
understanding of Industry 5.0 brings the
human touch back to the industry. It also
entails the incorporation of Al into
human operations to enhance man's
capacity. The core of Industry 5.0 is the
harmony of machines, humans, values,
tasks, and finally, knowledge and skills
which results in
personalized/individualized products as
well as services.”

10 | “In other words, at its heart, Industry 5.0 2022 (Kraaijenbrin  Societal Kovari
reflects a shift from a focus on economic k, 2022:5) value, (2024)
value to a focus on societal value, and a wellbeing

shift in focus from welfare to wellbeing.”
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11 | “The previous tier, Industry 4.0, 2022 (Nexus Collaboration Kovari

emerged with the arrival of automation Integra, , creative (2024)
technologies, IoT and the smart factory. 2020) potential,

Industry 5.0 takes the next step, which machinery,

involves leveraging the collaboration human

between increasingly powerful and
accurate machinery and the unique
creative potential of the human being.”

12 | “Since Industry 5.0 is a new concept 2022  (Akundi et Human-robot Author
there is little agreement on how it is al., 2022) co-working,
defined. However, it is observed that the smart society

primary trend of Industry 5.0 is the
introduction of human-robot co-working
environment and the creation of smart
society.”

To synthesise the definitions in Table 2.2, Table 2.3 quantifies the frequency of key themes
and concepts, highlighting the most common ideas across all definitions. The top recurring

themes include human/man, cooperation, machine, and efficiency.

Table 2.3: Key concepts and theme analysis

No Key concepts and themes Frequency of occurrence
1 Human/Man 11

2 Cooperation/ Collaboration/Co-Working/Synergy 9

3 Machine/Machinery 7

4 Efficiency/Productivity 5

5 Societal value/societal goals/Social intelligence/Smart society 4

6 Value/Value-add 3
7 Wellbeing/prosperity 3
8 Upcycling/Environmental respect/Waste prevention 3
9 Empowerment/Upskilling 2
10 | Cobots/collaborative robots 2
11 | Creativity/Creative 2
12 | Intelligent systems 2
13 | Cognitive computing/Al 2
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14 | Cognitive skills/Critical thinking 2
15 | Personalised/Customised 2
16 | Technology 1
17 | Workforce 1
18 | Automation 1

Figure 2.2 visualises the frequency of key terms identified in the 12 definitions of Industry 5.0.
The size of each word corresponds to its relative occurrence, emphasising the importance of
terms such as human, cooperation, synergy, co-working, and machine. This word cloud
provides a visual representation of the conceptual priorities in current Industry 5.0 definitions,
reinforcing the literature’s focus on human-machine collaboration, wellbeing, and sustainable
productivity. It supports the study’s argument that Industry 5.0 represents not only a

technological transition but a socio-technical approach.

.., critical customised
skills

machine upgk||||ng Smart goa|S systems

intelligent

- COOperation B
productivity machinery mar|1 |
technology SOCletal CO”aboratlon VAalUeEe collaborative

ai intelligence

society CO-Working hu M an cognitive

creativity . :
efficiency social er|
Synergy y creative thinking
cobots
automation

Figure 2.2: Word cloud visualisation - Highlighting key terms by frequency of

occurrence to illustrate topic importance

Based on the definitions provided in Table 2.2 and the frequency and analysis of the keywords
in Table 2.3 and Figure 2.2, the following definition for Industry 5.0 is used for purposes of this
study. It represents a new phase of the industrial revolution, where human workers and
advanced machines, such as collaborative robots (cobots) and intelligent systems, work

together harmoniously to improve productivity, efficiency, and social value. This era
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emphasises the synergy between human creativity, cognitive skills, and the precision of
automation, aiming to shift from purely automated processes to more human-centric
environments whilst empowering and upskilling workers. Industry 5.0 focuses on a
personalised and customised environment within environmental boundaries and placing the
well-being of workers at the centre of industrial processes. Integrating human intelligence with
cognitive computing improves human capabilities and ensures that the industry contributes to

broader societal goals, such as sustainability and social progress.
2.2.2 Global applications of Industry 5.0

The global trend in Industry 5.0 signals a deliberate shift from efficiency-driven automation
toward more human-centric, resilient, and sustainable industrial systems (Breque et al., 2021).
As this concept takes shape across sectors, academic literature has begun to document its
varied applications in manufacturing, healthcare, and logistics. However, a critical reading of
this body of work reveals that while technical progress is evident, the socio-institutional
complexity of implementation often remains underexamined, particularly in sectors like mining

that face entrenched operational and cultural constraints (Nahavandi, 2019; Xu et al., 2021).

In advanced manufacturing, much of the literature highlights the successful integration of
collaborative robots (cobots) that improve worker-machine interaction and allow for greater
product customisation. For instance, Nahavandi (2019) describes cobots in Japanese
assembly lines as enablers of flexible, human-supported automation (Nahavandi, 2019).
Likewise, Demir et al. (2019) underscore the emerging role of human—Al collaboration in
improving cognitive ergonomics (Demir et al., 2019). However, these studies often assume
preconditions such as digital readiness, skilled labour, and flexible organisational structures;
conditions that are frequently absent in heavy industries. This limits the direct transferability of
such models to mining, where legacy infrastructure and hierarchical command structures may

impede adaptive implementation.

In the healthcare sector, the use of Al to support rather than replace clinicians has been framed
as an example of Industry 5.0’'s human-centric application (Javaid et al., 2020). Clinical
decision-support systems now leverage machine learning to improve diagnosis, prognosis,
and treatment planning while maintaining clinician oversight (Javaid et al., 2020). However,
this literature tends to overlook long-term implications, such as algorithmic dependence and
ethical trade-offs in decision-making. While the mining sector is unlikely to mirror healthcare's
service orientation, the emphasis on technology augmenting, not displacing, human expertise
is highly relevant for safety-critical tasks in mines, such as ventilation management or

equipment inspection.
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In logistics and supply chain management, Industry 5.0 is reflected in the adoption of digital
twins, blockchain, and predictive analytics, enabling responsive and decentralised operations
(Nazarian & Khan, 2024). It improves productivity and product quality while simultaneously
reducing production costs and optimising resource utilisation. This is achieved through the
integration of automation, Artificial Intelligence (Al), and Big Data Analytics (BDA), which helps
minimise waste (Lv, 2023). 15.0 can promote decentralised manufacturing with shorter supply
chains, leading to decreased transportation expenses and more eco-friendly practices. The
adoption of Collaborative Robots (Cobots) further reduces the overall cost of ownership
(Nazarian & Khan, 2024). Blockchain-based solutions enhance dependability, quality, speed,
cost, and flexibility of supply chains (Zhen & Yao, 2025). Digital twins contribute by optimising
production processes, enabling predictive maintenance, and reducing operational costs in
smart factories (Lv, 2023; Nazarian & Khan, 2024)

A cross-sector synthesis reveals shared patterns and tensions. First, the shift from automation
for efficiency to collaboration for resilience is evident across contexts. Second, human-
centered design is increasingly tied to issues of safety and ethical responsibility. Third, the
emphasis on data-driven decision-making raises concerns about algorithmic governance and
workforce displacement, particularly in industries with low digital (Tay et al., 2019). These
trends point to the need for balanced approaches that consider both technological

improvements and socio-organisational dynamics.

For mining, the implications of Industry application and adoption are clear: frameworks must
not only address enabling technologies (Al, 10T, digital twins) but also integrate organisational
change, workforce capability, and ethical deployment. In this regard, global applications of
Industry 5.0 offer valuable lessons, but also highlight the limitations of overgeneralised
models. A tailored, context-sensitive framework, such as the one developed in this study, is

thus necessary to guide mining’s transition toward Industry 5.0.
2.3 The South African Mining Industry transition towards Industry 5.0

The transition of the South African mining industry towards Industry 5.0 is currently at a pivotal
stage, characterised by both advancements and challenges (Lumadi & Nyasha, 2024). The
mining sector is increasingly adopting digital technologies, which are critical for improving
operational efficiency and addressing environmental, social, and governance (ESG) concerns
(Z2ulu et al., 2021).

PWC released a report (Mandela Mining Precinct, 2023) in 2023 where Roger Baxter, MCSA

CEO, says: “Digital transformation is imperative for mining - a non-negotiable if you like - as it
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serves as the seamless thread through all the mining value chain processes, and enhances
safety and health, security, production, and workforce and leadership capability. The

implementation of these processes needs to be executed with care and responsibility.”

The South African mining industry is facing significant challenges, including declining
production and profitability, high operational costs, and outdated methods that are
unsustainable at increasing depths (Minerals Council South Africa, 2018; Mishra, 2025).
Harsh and deep mining conditions, such as extreme temperatures, pose particular difficulties
(Minerals Council South Africa, 2018). The sector also contends with safety and health
challenges, a workforce skills gap, and environmental and social concerns (Benzane, 2019).
In this context, modernisation is viewed as essential to address these issues, ensure health
and safety, retain and create jobs, prevent premature mine closures, and ensure the economic

viability of commodity extraction (Minerals Council South Africa, 2018).

The industry is increasingly recognising the need to adapt to new technological advancements
to improve operational efficiency, reduce environmental impact, and address the skills gap
(Muzvondiwa, 2024). This involves undergoing a significant transformation driven by digital
advancements and the concepts of Industry 5.0, which emphasises human-centricity,
sustainability, and resilience (Muzvondiwa, 2024). While the sector's digital maturity still trails
behind other global industries, significant progress is being made (BDO LLP, 2025). South
African mining needs Industry 5.0 to improve global competitiveness on costs and

environmental, social, and governance (ESG) issues (Mandela Mining Precinct, 2023).

Mining companies in South Africa are increasingly making use of innovative and cutting-edge
technologies (Mandela Mining Precinct, 2023). They have begun integrating aspects of
Industry 4.0, with a growing focus on digital transformation (Ndlovu et al., 2022). About 40%
of global mining projects now incorporate digital technology, with nearly 15% of these based
in Africa (BDO LLP, 2025). Companies are making significant investments in digital
technologies, although many activities remain in the planning phase (Ndlovu et al., 2022). The
COVID-19 pandemic further accelerated the digitisation of work processes and the adoption
of automation and other innovative tools (Mandela Mining Precinct, 2023). Some companies,
like Exxaro, are seen as pioneers in digitisation within the South African mining industry
(Benzane, 2019).

Specific advanced technologies being adopted or explored include Atrtificial Intelligence (Al),
automation, robotics, the Internet of Things (loT), and data analytics/big data. Digital twins,
which are virtual models of operations, are also being implemented (Benzane, 2019; Mishra,

2025). There is also a move towards remote operations, wearable technologies, and the
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adoption of renewable energy solutions such as solar, wind, battery storage, and potentially
hydrogen. Augmented and virtual reality (AR/VR) are also being explored and process

digitisation is a key area of focus (Benzane, 2019).

This uptake of technology and the push for modernisation are aimed at improving efficiency
and productivity, improving health and safety standards, reducing operational costs, and
developing new insights (Mandela Mining Precinct, 2023). Furthermore, these advancements
contribute to sustainable development, help address the skills gap, enable the industry to
remain competitive, and are seen as crucial for reducing environmental impact (Muzvondiwa,
2024). Modernisation, particularly through mechanisation and 24/7 operations, has the
potential to extend the life of mines and preserve or create jobs (Minerals Council South Africa,
2018).

Despite the recognised need and the ongoing efforts, the pace of technology adoption in South
African mining has generally been slower compared to other industries or global counterparts
(Ndlovu et al.,, 2022). This reluctance, along with the challenges hindering adoption, is
significant. These include high capital and upfront costs, resistance to change and a lack of
adequate training or skilled personnel (Muzvondiwa, 2024; Pelders & Schutte, 2021).
Inadequate or outdated infrastructure, such as IT systems and connectivity in remote areas,
also poses a barrier (Mishra, 2025). Difficulties in quantifying the return on investment, cultural
reluctance towards innovation, and the complexities of legacy systems are also impediments
(Mandela Mining Precinct, 2023; Mishra, 2025). Furthermore, regulatory uncertainty and
complexity, and social concerns, particularly the fear of job displacement among workers and
union resistance, are significant challenges that affect the speed and extent of adoption
(Pelders & Schutte, 2021). The lack of leadership buy-in and support, as well as a risk-averse

mentality, further contribute to the challenges.

The need for modernisation is clear and driven by the need for survival and competitiveness.
The uptake of advanced technologies is occurring, albeit with significant challenges, as the
industry attempts to leverage digital solutions to improve efficiency, safety, and sustainability
in a unique and complex operating environment. A report released from the Mandela Mining
Precinct in 2023 (Mandela Mining Precinct, 2023) highlights that mining CEOs are now
prioritising innovation and digitalisation as integral to their strategies, moving beyond
traditional top-down approaches. The report also states, “the mining industry’s commitment to
using digitalisation and technology for the ultimate creation of business value in the mining

sector”. This highlights the gap in focus on creating societal value as well.

Key insights included in the report are as follows (Mandela Mining Precinct, 2023):
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e Mining CEOs prioritise innovation and digitalisation, viewing 4IR as essential to modern

mining, with all respondents integrating technology into their ESG programs.

e Technology is being used where it offers the most significant measurable benefits,
improving business visibility and decision-making. Data-driven platforms are expected to
mature by 2027.

e Labour unions recognise the value of digital technology in improving health, safety, and

worker support, highlighting its role in enabling daily tasks.

e South African mining CEOs acknowledge progress in digitalisation since 2019 but believe

more could have been achieved.

e Attracting and retaining talent is crucial. Success stories show that digital transformation

can occur internally without needing new external skills.

e ESG is increasingly critical for mining companies, requiring a rethink of risks and

opportunities, moving beyond mere compliance to creating long-term value.

Several of these insights also align with Industry 5.0. The shift in focus from a top-down
approach to one that prioritises innovation and digitalisation aligns with Industry 5.0's
emphasis on integrating advanced technologies with human-centric approaches (Innopharma
Education, 2024). This reflects the move towards more personalised, efficient, and sustainable
production processes that Industry 5.0 advocates (Leng et al., 2022). The application of
technology, which provides the most significant measurable benefits, ties into Industry 5.0's
goal of improving decision-making and efficiency through advanced digital tools (European
Commission, 2021). Developing data-driven decision-making platforms aligns with Industry
5.0’'s emphasis on cognitive computing and real-time data analytics to optimise operations
(Pujala et al., 2025).

The role of digital tools in improving health and safety and enabling workers to perform their
daily duties is closely linked to Industry 5.0's focus on human-machine collaboration. Industry
5.0 aims to develop human capabilities and well-being by integrating digital technologies that
support and supplement the workforce (European Commission, 2020). The emphasis on data
as central to business success and sustainability reflects Industry 5.0’s principle of using digital
technologies to achieve broader societal goals, such as sustainability. The shift towards
proactive management with real-time data is a key characteristic of Industry 5.0's innovative,

responsive systems (Rijwani et al., 2025).
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The focus on creating an environment that attracts young talent and digitally transforming the
existing workforce aligns with Industry 5.0's emphasis on upskilling and integrating human
creativity with advanced technologies. Industry 5.0 supports a culture of continuous learning
and adaptation, which is vital for navigating the digital era (Ambhore, 2024). Lastly,
recognising that digital tools are necessary for achieving ESG goals ties directly into Industry
5.0’s focus on sustainability and social value. Industry 5.0 promotes the use of technology to
meet environmental, social, and governance objectives, ensuring that industrial practices are

aligned with long-term sustainability goals (Asif et al., 2023).

These insights collectively demonstrate how the principles of Industry 5.0 are increasingly
being recognised and integrated within the mining industry, particularly in innovation, digital
transformation, sustainability, and workforce engagement. Current literature depicts that
despite the progress, the sector faces significant hurdles (Lumadi & Nyasha, 2024). However,
little to no literature is available on the adoption of Industry 5.0 in the South African mining
industry. The slow uptake of advanced technologies and the need for modernisation are critical
issues. While there is a drive towards adopting Industry 5.0 principles, the mining sector must
overcome barriers related to technology acceptance and integrating new practices into
existing operations (Lumadi & Nyasha, 2024). The transition is expected to mature over the
next few years, with significant advancements in data-driven decision-making and operational
transparency anticipated between 2025 and 2027 (Mandela Mining Precinct, 2023). The focus
on creating business value through digitalisation will likely continue, with a strong emphasis

on safety and efficiency improvements.

The South African mining industry plays a critical role in the nation's economy, and its
transition towards Industry 5.0 is essential for maintaining competitiveness. Current literature
highlights a growing awareness of Industry 5.0 concepts within the industry, with some
companies beginning to experiment with human-machine collaboration and smart
technologies. However, these efforts are still in their early stages, and significant challenges
remain, such as the high costs of implementation, the need for upskilling the workforce, and
infrastructural limitations. Nonetheless, the existing literature reveals a notable gap in
comprehensive studies on the transition, indicating a need for further research to provide more

detailed insights.
2.4 Maturity level assessment

Maturity levels are frequently used to evaluate the current state, identify and prioritise areas
for improvement, and monitor progress. (Péppelbu® & Roéglinger, 2011). Measuring the

maturity and transition of industries towards Industry 5.0 is essential for understanding
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progress and identifying areas for improvement. Various maturity assessments, such as the
Industry 4.0 maturity index, exist to measure Industry 4.0 maturity. These assessments
typically evaluate technological integration, workforce readiness, and innovation capacity. In
the context of the South African mining industry, the application of these assessments is still
limited, with most companies relying on traditional productivity and efficiency metrics.
However, as the industry seeks to embrace Industry 5.0, more sophisticated measurement

tools will be needed to assess the different pillars of Industry 5.0.

A review has been conducted to evaluate current maturity assessments in the context of
Industry 5.0. The study highlights the lack of human-centered maturity assessments and
proposes adaptions to existing frameworks to fit the Industry 5.0 paradigm better. The study
by Mikhael Chandra Arta et al. (2024) develops a maturity assessment specifically for
assessing the readiness of Indonesian companies for Industry 5.0. The methodology involves
a three-stage process: (1) understanding Industry 5.0 and reviewing existing maturity
assessments, (2) creating a new assessment tailored to Industry 5.0, and (3) applying this
assessment through online surveys and interviews. The assessment focuses on three core
pillars: Human-Centered Design, Resiliency, and Sustainability, and it has a total of 11
maturity elements. The responses are measured on a Likert scale, and the results are
visualised through radar charts and maturity reports. The study also employs the Kruskal-

Wallis Test to compare readiness levels across different sectors (Arta et al., 2024).

The assessment covers key aspects of Industry 5.0, including human-centered design,
resiliency, and sustainability, which are critical for assessing readiness. The study also uses
a straightforward, step-by-step approach to apply the assessment, making it accessible for
real-world use. However, the study is focused on Indonesian companies, which may limit the
generalisability of the findings to other regions or industries. As Industry 5.0 is still evolving,
the assessments may require future updates to remain relevant and comprehensive as the
concept develops. The authors of the evaluations also state that “The authors picked a
company that is already involved in Industry 4.0 and has the necessary fundamental
knowledge and comprehension of its core ideas of Industry 5.0 to assure the correctness of
the results” (Arta et al., 2024).

To evaluate existing Industry 5.0 maturity frameworks, five criteria were established based on
theoretical grounding, practical applicability, and alignment with the foundational principles of
Industry 5.0. These include: contextual relevance, comprehensiveness, scalability and
flexibility, stakeholder inclusivity, and methodological transparency. Contextual relevance
ensures that the framework is applicable across diverse industrial and regional settings,

particularly in sectors such as mining in developing economies. Comprehensiveness reflects
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the extent to which a model captures the three core pillars of Industry 5.0 - human-centricity,

sustainability, and resilience - as defined by the European Commission (2021). Scalability and

flexibility were adapted from maturity model design literature (Becker et al., 2009) to ensure

the framework accommodates organisations at varying levels of digital readiness. Stakeholder

inclusivity is grounded in sociotechnical systems theory, which highlights the role of diverse

human actors in systemic transformation. Finally, methodological transparency reflects the

need for clear, validated, and replicable assessment methods. Together, these criteria provide

a rigorous and context-sensitive basis for assessing the suitability of existing frameworks and

justifying the development of a new, generalised Industry 5.0 maturity model.

a. Criteria for evaluating Industry 5.0 maturity frameworks:

1.

Contextual Relevance: Applicability across various industries and geographies,

particularly resource-intensive sectors such as mining.

Comprehensiveness: Coverage of all Industry 5.0 pillars; human-centricity,
sustainability, and resilience, along with enabling technologies and organisational

alignment.

Scalability and Flexibility: Ability to assess different levels of organisational maturity,

from low-tech to high-tech environments.

Stakeholder Inclusivity: Incorporation of multiple perspectives (e.g., workers,

managers, system architects, customers).

Methodological Transparency: Clearly defined measurement mechanisms and

validation procedures.

Based on these criteria, a review of available Industry 5.0 maturity frameworks was conducted

and the results are shown in Table 2.4.

Table 2.4: Assessment of Indonesian Industry 5.0 Readiness Framework (Arta et al.,

2024)

Evaluation Criteria Assessment

Summary Developed through literature review, expert

input, and field testing with Indonesian firms.
Focuses on Human-Centred Design, Resiliency,
and Sustainability. Uses a Likert scale and radar
chart for visualisation.
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Contextual Relevance Limited — Framework was designed for
companies already engaged in Industry 4.0 and
is tailored to the Indonesian industrial
landscape.

Comprehensiveness Captures the three core pillars of Industry 5.0
but lacks depth in enabling technologies and
socio-technical system integration.

Scalability and Flexibility Limited — Assumes a high level of digital
maturity and prior Industry 4.0 exposure, making
it less suitable for early-stage sectors like
mining.

Stakeholder Inclusivity Partially inclusive — Focuses on organisational-
level inputs with limited attention to diverse
stakeholder groups such as workers or
communities.

Methodological Transparency High — The framework is well-documented,
featuring clear statistical methods and visual
representation tools.

The Industry 5.0 readiness framework developed by Arta et al. (2024) was constructed through
an extensive literature review, expert consultations, and empirical testing with Indonesian
firms. The model is structured around three core pillars - human-centred design, resiliency,
and sustainability - which are assessed using a Likert-scale-based instrument, with results
visualised through radar charts and maturity reports. While the framework successfully
captures the principal dimensions of Industry 5.0 and demonstrates a methodologically
transparent design supported by statistical analysis, it presents several limitations when
evaluated against the criteria defined in this study. In terms of contextual relevance, the
framework was developed for application within Indonesian industrial sectors, specifically
targeting firms that have already adopted Industry 4.0 technologies. As such, it lacks
generalisability to other contexts, particularly resource-based industries with low digital
maturity such as South African mining. Although the framework is comprehensive in
addressing the three pillars of Industry 5.0, it does not explicitly incorporate enabling
technologies or broader socio-technical system interactions. lts scalability and flexibility are
constrained by the assumption of a high baseline level of Industry 4.0 literacy, limiting its
applicability to organisations at earlier stages of digital transformation. From a stakeholder
inclusivity perspective, the framework primarily reflects organisational-level insights and does
not account for multi-level perspectives, such as those of frontline workers or local
communities. Despite its structured design and methodological rigour, these contextual and
conceptual limitations reduce the framework’s suitability for evaluating Industry 5.0 readiness

within the South African mining sector.
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Therefore, a general Industry 5.0 framework will be developed (in Chapter 4) and compared
to the existing Industry 5.0 maturity assessment to ensure that a comprehensive and relevant
framework is used to evaluate the South African Mining industry’s progress towards Industry

5.0. The existing Industry 5.0 maturity assessment is shown in Figure 2.3.
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Measurement

Human
centered
Design

Resiliency

Sustainability

Figure 2.3:

Categories

Main driver and innovative factor
for 15.0

Focus on employees

Holistic Adaptation of the
processes and system to
employees

Basic requirement for achieving
maturity levels for digitalisation
and Al

Stabilisation Policy

Creation of Competitiveness

Use of Modern Technologies and
Approaches

Implementation of environmental
solution

Business model with sustainable
aspecis

Involvement in strategy planning

Level 0

Mo collaboration between employees
and new technology.

Mo improvement in technology and
study the
needs of employees.

Mo study about relation between
employees and new technology

Mo supporting technology.

Mo policy.

The company is not aware of the
Industry 5.0.

Mo modern technologies or
approaches are used in
manufacturing processes.

Qrganisation has no awareness of
environmental and
society issue.

Mo sustainability goals.

Mo regulations are met

Level 1

The company is trying to make collaboration
between employees and new technology

The company has started to improve to
maximise technology and study the needs of
employees

Trying fo study the skill gap between each
employee to build a good adaptation betwesn
employees and new technology

The company has started

build some supporting technology, such as
big data, network coverage and specialist
skills for use new technology in the future

Policy is taken randomly and reacts to market
conditions.

The company start to aware of the definition
and concept of Industry 5.0.

The company start to study modern
technologies or approaches to be used in
manufacturing processes.

Qrganisation only give donation as a
philanthropy

Company has bad image to society
Employee does not know about the company
sustainability goals

Fulfilment of regulations is done by reactive
There are no top management commitment
to

achieve sustainability goals

Existing Industry 5.0 maturity assessment (Arta et al., 2024)
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Level 2

The employees
can collaborate with the new technology or robots

The company has developed technology
enhancements to understand the needs of employees

Have been able determine the skills gap between
employees and new technology, so the company able
to make forecast the skills needs

The company has developed build some supporting
technology, such as big data, network coverage

and specialist skills for use new technology in the
future

The stabilization policy has been well formulated and
structured but is still focused on reacting to market
conditions. There is no clear long-term strategy.

The company has developed a strategy to leverage
Industry 5.0 for competitiveness, but itis not yet fully
integrated into its operations.

Afew modern technologies and approaches are used,
and their integration into the manufacturing process
is improving. However, they are still used in isolation
from each other.

Qrganisation makes activity based on their
stakeholder demand {CSR)

Several programs are done to solve the sustainable
issue to society

The organisation feels it has tried to give the best
benefit to employees, but the employees do not feel
any benefit from conducting sustainability Some of
employee know the company sustainability goals

All of regulations are identified and fulfilled
Company has PIC to make a relation with govermmment
to update the regulations

The Organisation has the commitment to achieve
sustainability goals, but there is no review to the
achievement

Level 3

Collaboration between employees and new
technology is already running well

The company have been able to recognise what
technology can do for the people and focus on how
technology can adjust to the requirements of the
worker instead of

the other way

Provide training for every skill requirement to build
good collaboration between employees and new
technologies in the future

The company already have the supporing
technology, such as big data, network coverage and
specialist skills for use new technology in the future

The stabilisation policy has been well integrated into
overall economic policy and has been carried outin a
proactive and effective manner. There is a continuous
evaluation and improvement mechanism to increase
the effectiveness

of the stabilisation policy.

The company has fully integrated Industry 5.0 into
its strategy and operations, and it regularly measures
and manages its performance in this area.

Most modem technologies and approaches are used
in the manufacturing process, and their integration is
highly cohesive and optimised. However, there is still
room for improvement

and refinement.

Organisation integrates all of their activities and
culture to achieve business goals
and sustainability goals

Organisation has a good image in society
Organisation has made a work life balance working
style and the employees are loyal All of the employee
knows the company sustainability goals and

make it as a culture

The Organisation is an acfive member of association
to develop regulation

The Organisation goals has been synchronized with
government goals about sustainability

The Crganisation report its achievement of their
sustainability goals to all stakeholder

annually



2.5 Theoretical underpinning
2.5.1 Introduction

A theoretical underpinning is a critical element in research, providing a structured approach that
guides the design and execution of a study (PhD Assistance Editors, 2019). It shapes the
research by formulating questions, hypotheses, and methodologies, ensuring coherence and
relevance. By situating the study within the broader context of existing literature, the framework
allows researchers to build on or challenge established theories, thereby contributing to the
academic area (Pretorius, 2024). It also clarifies key concepts and variables, helping to focus the
research and guide data analysis. This improves the rigour and relevance of the study, making
the findings more applicable to real-world situations. Additionally, the theory addresses critical
"how" and "why" questions, offering insights into the underlying mechanisms of the phenomenon
under investigation (Sacred Heart University, 2020). Theoretical underpinnings provide essential
lenses through which the transition towards Industry 5.0 can be understood and analysed. The

following two relevant theories are discussed, and the most appropriate one is chosen.
2.5.2 Technology Organisation Environment (TOE) Theory

The TOE theory, developed by Tornatzky, Fleischer and Chakrabarti in 1990, emphasises three
contexts that influence technology adoption: technological context, organisational context and
environmental context (Baker, 2012). The technological context refers to the technology's
availability, suitability, and perceived benefits. The organisational context involves its internal
characteristics, such as its structure, resources, and culture, which can impact its capacity to
adopt new technologies. Finally, the environmental context includes external factors, including
market conditions, competition, regulatory frameworks, and other external pressures that
influence an organisation’s decision to adopt new technologies (Baker, 2012). The theory
primarily focuses on assessing an organisation's readiness and capability to implement new
technologies and predicting the organisation’s intentions during this transition (Jere & Ngidi,
2020).

2.5.3 Sociotechnical Systems (STS) Theory

Sociotechnical Systems (STS) theory, developed in the 1950s, emphasises the interaction
between people (social aspects) and technology within an organisational system (Gumede &
Tladi, 2023). This theory has been widely applied in studies examining the integration of new
technologies into existing industrial processes (Walker et al., 2008). The theory states that for

successful organisational change, both the social system and the technical system must be
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aligned and mutually supportive. The social system consists of human elements such as culture,
behaviour, work practices, and interactions, while the technical system includes the tools,
machines, and processes used to accomplish tasks (Walker et al., 2008). STS theory is applied
in contexts where understanding the integration of technology and human factors is crucial. It is
often used to design or analyse systems to improve both productivity and human well-being by

balancing technological and social considerations (Gumede & Tladi, 2023).
2.5.4 Summary

Sociotechnical Systems (STS) Theory is more appropriate for evaluating the mining industry's
transition towards Industry 5.0. This is because Industry 5.0 places a strong emphasis on human-
centricity, the integration of human skills with advanced technologies, and the optimisation of both
social and technical systems within industrial environments. STS theory's focus on the interaction
between social and technical elements aligns closely with the goals of Industry 5.0, which seeks
to harmonise human and machine collaboration, improve worker well-being, and foster

sustainable practices.

On the other hand, while TOE theory could provide insights into the factors influencing technology
adoption in the mining industry, it does not fully address the critical human-centric and
sociotechnical integration aspects that are central to Industry 5.0. Therefore, STS theory provides
a more comprehensive theory for evaluating the complexities involved in the mining industry's

transition towards Industry 5.0, making it a more suitable choice for this study.
2.6 Conclusion

In conclusion, this chapter has outlined the core components of Industry 5.0, with a particular
emphasis on human-centricity, sustainability, and resiliency, which are essential to the
framework’s application within industrial sectors. By analysing both global and South African
trends in Industry 5.0 adoption, significant insights have been gathered, including a gap in the
literature concerning the unique requirements and challenges faced by the mining industry.
Existing frameworks and maturity assessments were reviewed, providing insight into how these
frameworks measure technological readiness and workforce adaptability. However, the limitations
of these frameworks highlight the need for a more tailored approach that addresses the specific
environmental, economic, and operational constraints of mining. This chapter has laid the
groundwork for the development of an Industry 5.0 framework specifically suited to the South

African mining sector, which is expanded upon in subsequent chapters.
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CHAPTER 3 METHODOLOGY

3.1 Introduction

The following chapter outlines the research methodology, detailing the study's design, data
collection techniques, and analytical approach. It discusses how the research design is well-
suited to address the study’s objectives in evaluating the adoption of Industry 5.0 within the mining

industry.
3.2 Research strategy

The research strategy includes key factors: research paradigm, approach, design, and time
horizon. This study draws on socio-technical systems (STS) theory and a structured maturity
model to guide its research design, data collection, and analysis. The STS framework provides
the conceptual foundation for exploring the relationship between human and technological
elements in the mining industry. At the same time, the maturity model operationalises these

dimensions into measurable indicators of Industry 5.0 transition.
3.2.1 Research paradigm

Research paradigms are the different lenses that shape how people see and study the world.
Positivism views reality as objective and quantifiable, often using experiments and statistical
analysis (Rehman & Alharthi, 2016). In contrast, interpretivism sees reality as subjective and
formed by personal experiences. Critical theory acknowledges both the objective truth and the
role of human perception and experiences. Pragmatism is a practical approach that emphasises
solving real-world problems. Lastly, postmodernism advocates that different perspectives shape
more than one reality. (Rehman & Alharthi, 2016). Each paradigm guides how researchers

choose methods and influences how findings are interpreted.

Pragmatism is a suitable philosophical approach for this research because it focuses on practical
solutions to real-world problems and values objective and subjective knowledge. Given the
practical and applied nature of assessing the South African mining industry's transition to Industry
5.0, pragmatism allows for the effective use of multiple methods and perspectives to address the

research questions.
3.2.2 Research approach

Different approaches to generating conclusions depend on the research context and available

data. Deductive reasoning starts with a general theory or hypothesis and tests it with specific
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cases, aiming to confirm or disprove the theory. Inductive reasoning begins with specific
observations and builds up to a general conclusion or theory, often used to identify patterns and
relationships. Abductive reasoning starts with incomplete information and seeks the most likely

explanation, a process commonly employed in diagnostic processes (Nathaniel, 2023).

This study employed both inductive and deductive reasoning at different phases to suit the
evolving nature of the research. An inductive approach was applied during the scoping review to
identify patterns and recurring concepts in the literature, which were then used to develop the
Industry 5.0 framework presented in Chapter 5. This ensured that the framework was grounded
in empirical and conceptual evidence from existing studies. Subsequently, a deductive approach
was adopted during the analysis of interview transcripts of the empirical investigation phase. The
themes and codes established in Chapter 5 served as a priori categories, guiding the coding of
qualitative data. This allowed for a structured assessment of how well real-world responses
aligned with the conceptual framework, thereby supporting the evaluation of Industry 5.0 adoption

within the South African mining sector.
3.2.3 Research design

Sue & Ritter (2007) state that the purpose of research can be classified into three categories:
exploratory, descriptive, and explanatory research. Exploratory research is used to clarify
concepts, identify problems, and generate hypotheses, typically through qualitative methods such
as expert interviews or literature reviews with non-random sampling (Sheppard, 2020).
Descriptive research focuses on systematically describing characteristics of people or
phenomena, often using probability sampling and summary statistics, while explanatory research
aims to test hypotheses, explain relationships between variables, and predict outcomes, relying
on quantitative data and statistical analysis (Sue & Ritter, 2007). This study adopts an exploratory
research design, as it seeks to clarify emerging concepts, identify patterns of Industry 5.0

adoption, and develop a context-specific framework within a largely under-researched domain.

Vogt (2012) defines research design as ‘the master category’ of collecting evidence through
different methods or combinations of techniques such as surveys, interviews, experiments or
observations (Vogt et al., 2012). The selection of an appropriate research design is therefore
critical to ensure that the research objectives are achieved and the findings are reliable and
accurate, specifically when the research seeks to explore complex, real-world systems involving
both human and technological components (Gangadhar & Seethi, 2023). Research design acts
as a link between the formulated research questions and the practical application of the chosen

research strategy (Mafuwane, 2011).
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Research designs can be broadly categorised into quantitative, qualitative, and mixed-methods
approaches (Creswell & Creswell, 2017). Qualitative and quantitative research designs have
different purposes and are suited to varying types of research questions and objectives (Bisht,
2024). Qualitative research provides rich, contextual insights into human behaviour and
experiences, while quantitative research offers numerical and measurable data to test hypotheses
and identify patterns (Bisht, 2024).

The Sociotechnical Systems (STS) theory provides a foundational theoretical lens for this study.
STS emphasises the interdependence between social (e.g., people, roles, and organisational
culture) and technical (e.g., tools, infrastructure, digital systems) subsystems in achieving
effective and sustainable organisational change (Gumede & Tladi, 2023). This system’s view
directly influenced the framing of the research design by highlighting the need to examine Industry
5.0 readiness not only through technological adoption but also through human-centric adaptation
and organisational learning. Complementing the STS foundation is the use of a maturity model,
which provides a structured way to assess the level of progression across defined socio-technical
dimensions. Maturity models have proven effective in guiding both descriptive assessments and

strategic improvements in complex systems (Pdppelbuf® & Rdglinger, 2011).

In the context of this study and considering the underlying theory (STS) and maturity model, a
purely quantitative design would have been insufficient to capture the complex, socially
embedded factors influencing adoption. On the contrary, while a strictly qualitative approach
offers the necessary depth and flexibility to explore diverse contexts, it also poses challenges for
structured evaluation and comparison. To reconcile these needs, the study adopts a qualitative
research design with a quantitising strategy; a form of qualitatively-driven investigation in which
qualitative data is converted into numerical form to support structured analysis and cross-case
comparison (Sandelowski et al., 2009). Onwuegbuzie and Combs (2010) coined the term
"crossover mixed analysis", where an analysis technique usually associated with one design
(quantitative) is used in another design (qualitative) (Onwuegbuzie & Combs, 2010).This method
supports a more holistic interpretation of data by leveraging the complementary strengths of both
qualitative and quantitative approaches, thereby enriching the overall scope and insight of the

research findings (Onwuegbuzie, 2025).

Quantitising has several benefits. It acts as a bridge between qualitative and quantitative findings,
improving the recognition of patterns, contradictions, and nuances. This supports a more precise
meaning and a deeper understanding of the research problem (Cao, 2007). Quantitising improves
methodological strength by enabling empirical integration across data types. It supports richer

analyses and helps clarify ambiguous qualitative meanings, leading to more generalisable
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conclusions (Driscoll et al., 2007; Morse, 2009). Lastly, quantitising promotes transparency,
serves as a reliability or triangulation check, and supports deeper, multivariate interpretation
(Tufte, 2006). In summary, quantitising is more than a data transformation technique; it is a

powerful strategy to improve integration, understanding, and rigour in research.

In summary, the qualitative component enables an in-depth examination of stakeholders’
experiences, perceptions, and contextual challenges. This is crucial for understanding the current
state of readiness and adoption of Industry 5.0 concepts and components. It provides rich,
descriptive insights into how Industry 5.0 is interpreted and implemented across various
organisational settings. The quantitising component, specifically the use of Likert-scale items, is
employed to operationalise maturity dimensions identified through the literature and scoping
review. These structured assessments enable comparability, tracking, and pattern recognition
across respondents, allowing the research to quantify levels of readiness, adoption, and
alignment with core Industry 5.0 principles. While Likert scales are typically associated with
quantitative methods, in this study, they are integrated as part of a structured framework that
translates qualitative insights into measurable indicators, bridging the exploratory and evaluative
objectives of the research. Figure 3.1 illustrates the overarching research design adopted in this

study, which follows a qualitative approach with quantitising.

Qualitative data
collection &
analysis

Converted Quantitative analysis Interpretation

to through quantitisation & Insights

Figure 3.1: Qualitative research with a quantitising research design

Source: Adapted from Webber et. al. (2024).

By combining these two approaches, the study ensures both depth and generalisability,
generating actionable insights for both policy and practice. The use of qualitative research with

quantitising research design is central to answering the multifaceted research question.
3.2.4 Research time horizon

The concept of a research time horizon refers to the period within which data is collected and

analysed, influencing how the phenomena under study are interpreted over time. Saunders,

Lewis, and Thornhill (2019) distinguish between two primary types of time horizons: cross-
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sectional and longitudinal. A cross-sectional study examines data at a single point in time and is
typically used to capture a snapshot of a particular phenomenon, such as attitudes, behaviours,
or conditions (Saunders et al., 2009). This approach is common in survey-based research, where
the aim is to explore relationships or test hypotheses without tracking changes over time (Bryman
& Bell, 2011). In contrast, a longitudinal time horizon involves collecting data over an extended
period, allowing researchers to observe developments, causal relationships, or patterns as they
unfold. This design is particularly valuable in studying organisational change, behavioural

adaptation, or policy impact (Ritchie et al., 2013).

A cross-sectional time horizon is chosen for this research because it involves collecting data at a
single point in time. This approach is suitable for assessing the current state of Industry 5.0
adoption, challenges, and opportunities within the South African mining industry. Given the scope
and resources of a master’s thesis, a cross-sectional study allows for a snapshot view of the
industry's transition status without the extended time commitment required for a longitudinal

study.
3.3 Five-Phase Approach

Figure 3.2 illustrates the high-level process and structure followed to achieve the overall aim and
purpose of the thesis. This structured 5-phase approach ensures the study is presented in a clear,

logical, and easily understandable manner, simplifying and improving readability and coherence.
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Figure 3.2 Sequential Five-Phase Methodological Approach for Evaluating Industry
5.0 Transition in the South African Mining Industry
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Each phase, with the corresponding research details and design, is discussed in the following

sections.
3.3.1 Phase 1: Literature review

The first phase of the study consisted of a structured literature review aimed at identifying and
evaluating existing Industry 5.0 maturity assessments and theoretical frameworks. This phase
established the conceptual foundation of the study by critically analysing global developments in
Industry 5.0, with particular focus on its defining pillars: human-centricity, sustainability, and
resilience. Emphasis was placed on understanding how these pillars have been incorporated into
maturity models and transition frameworks across various industrial contexts. The review also
examined relevant applications within the mining sector, highlighting gaps in current knowledge,
particularly regarding their applicability to developing regions such as South Africa. The insights
gained from this phase were instrumental in shaping the scope and direction of the subsequent

scoping review and framework development phases.

All sources were selected based on academic rigour and relevance, ensuring that the theoretical
base of the study is grounded in current, credible research. Different sources are included, such
as scholarly journals, industry reports, conference papers, e-books, blog posts and governmental
publications. Online search engines such as ScienceDirect, Scopus, |IEEE Xplore, Web of

Science, and Google Scholar were used.
3.3.2 Phase 2: Scoping review

Phase 2 plays a critical role in identifying the key concepts and components of Industry 5.0 and
in formulating an initial general framework to evaluate the transition toward Industry 5.0. This
preliminary framework will subsequently be aligned with the maturity model discussed in the
literature review to develop a more comprehensive and integrated assessment tool. A summary
of the approach followed is provided below; however, a detailed discussion of the methodology,

including data collection procedures and analytical strategies, is presented in 4.2 Method.
a. Research method

A scoping review will be conducted in accordance with the Preferred Reporting ltems for Scoping
Reviews and Meta-Analyses (PRISMA-ScR) guidelines.
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b. Data collection

e Sources: Academic journals, industry reports, conference papers, and governmental

publications.

o Keywords: Industry 5.0, Fifth Industrial Revolution, 5IR, 5th Industrial Revolution, Framework

o Databases: ScienceDirect, Scopus, IEEE Xplore, Web of Science, and Google Scholar.

c. Data analysis

e Thematic Analysis: Identify recurring themes, concepts, and gaps in the literature.

Framework Development: Synthesis of themes in a structured Industry 5.0 framework.
3.3.3 Phase 3: Industry 5.0 Framework

This section outlines the methodological approach used to develop an integrated Industry 5.0
framework suitable for assessing the transition towards Industry 5.0 within the South African
mining industry. Building on the scoping review and the existing maturity assessment framework
identified by Arta (2024), this phase synthesised findings to create a comprehensive framework

that captures the technological, human, and environmental dimensions central to Industry 5.0.

The objective of this phase is to develop a comprehensive Industry 5.0 framework to assess
readiness and maturity within the South African mining industry. This framework is designed to
capture the technological, human-centric, environmental, and customer-focused dimensions
central to the adoption of Industry 5.0. This section outlines the systematic methodological steps
taken to develop this framework. To develop the Industry 5.0 framework, a comparative synthesis
method will be employed, integrating key concepts and components identified through the
scoping review (Phase 2) and the structure and assessment criteria from an existing Industry 5.0

maturity and readiness assessment (Arta, 2024).
This process involves:

e Step 1: Scoping Review - A comprehensive scoping review is conducted to identify key
Industry 5.0 concepts, such as human-centricity, resilience and sustainability. These recurring
themes from academic and grey literature are grouped into thematic categories to form a

preliminary Industry 5.0 framework. This is completed in phase 2 of the study.
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Step 2: Selection of Comparison Maturity Model - An existing Industry 5.0 maturity model,
Arta et al. (2024), is selected for comparison due to its structured assessment of human,
technological, and organisational readiness. This model serves as a benchmark for alignment

and identifying gaps and is completed in phase 1 of the study.

Step 3: Comparative Mapping and Analysis - The scoping review framework is compared
against the maturity model using a comparative matrix to assess alignment, highlight
omissions, and guide refinement. This analysis ensures the framework is both comprehensive

and contextually relevant.

Step 4: Integration and Framework Synthesis - Aligned elements from both models are

synthesised into a single, comprehensive Industry 5.0 framework

Step 5: Operationalisation of Framework - The final framework is operationalised through a
semi-structured interview guide. Each category is linked to specific questions and rated using
Likert-type scales (four levels) for maturity and importance. This allows for structured

qualitative analysis and comparison across cases.

To operationalise the framework for empirical data collection, the following steps will be taken:

An interview guide will be constructed, aligning each of the framework’s categories and
indicators with targeted, open-ended questions designed to elicit detailed insights from

industry participants.

Follow-up probes will be designed to ensure depth and consistency in data collection while

allowing flexibility for contextual explanations.

Maturity Level Descriptions: For each framework indicator, a four-level maturity scale (Levels
1-4) will be established, providing explicit descriptors to enable consistent coding and

interpretation of responses during analysis.

This phase will result in the development of a structured Industry 5.0 framework prepared for

implementation in the empirical investigation phase. The framework will serve as a

comprehensive, multidimensional tool for assessing the adoption of Industry 5.0 within the South

African mining industry. Additionally, it will offer a systematic means of evaluating readiness levels

and provide a clear structure for analysing and interpreting findings, directly aligning with the

study’s research questions.
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3.3.4 Phase 4: Empirical investigation
a. Research method

Qualitative research encompasses a variety of methods designed to explore complex phenomena
in depth and within context. Common qualitative methods include case studies, ethnography,
grounded theory, phenomenology, and narrative research (Creswell & Poth, 2016). A case study
involves an in-depth, contextual investigation of a bounded system, such as an organisation or
event, within its real-life setting (Yin, 2018). Ethnography focuses on understanding cultural
practices and social behaviours through immersive observation in natural environments
(Hammersley & Atkinson, 2019). Grounded theory aims to develop a new theory directly from
data by employing iterative coding and constant comparison (White & Cooper, 2022).
Phenomenology explores individuals’ lived experiences to reveal how they perceive and make
sense of specific phenomena (Moran, 2000). Lastly, narrative research examines personal stories
and how individuals use narratives to construct meaning and identity in their lives (Riessman,
2008).

The case study research method involves a detailed investigation of a specific entity, such as a
person, group, organisation, event, or phenomenon, in its real-life context (Priya, 2021). A case
study method was chosen for this research since it focuses on a specific industry, shares common
characteristics among the participants and companies, and aims to provide a holistic
understanding of the industry's practices (Serfontein-Jordaan & Dlungwane, 2022). Studying
multiple companies within the same industry enables a deep dive into the specifics of how the
South African mining industry is transitioning towards Industry 5.0. This approach captures the
detailed interactions between technology and people by focusing on real-world examples,

providing practical and detailed insights into the transition process.
b. Data collection
Data collection methods

There are several different data collection types within a qualitative research design. Common
methods include interviews, which allow for in-depth exploration of individual perspectives; focus
groups, used to capture group dynamics and shared understandings; and observations, which
provide insights into behaviours and interactions within natural settings. Researchers may also
analyse documents and artefacts, use diaries or journals for longitudinal reflections, or examine

audio-visual materials and online content to understand cultural or digital narratives. Field notes
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often supplement these methods by capturing contextual and reflective insights (Creswell &
Creswell, 2017; Merriam et al., 2025).

Interviews were chosen as the primary data collection method for this study due to their ability to
capture in-depth insights into participants’ experiences, perceptions, and contextual realities.
There are several types of qualitative interviews, each offering varying levels of structure and
flexibility. Structured interviews follow a fixed set of questions to ensure consistency across
participants (Bryman, 2016). Semi-structured interviews, the most commonly used in qualitative
research, combine predetermined questions with flexibility to probe deeper based on participant
responses (Kallio et al., 2016). Unstructured interviews are open-ended and conversational,
allowing participants to lead the discussion and reveal nuanced experiences (Alsaawi, 2014).
Lastly, focused interviews centre on a specific event or stimulus and are designed to explore

participants’ responses in a targeted manner (Alsaawi, 2014).

Since participants may not fully align on the Industry 5.0 concept, semi-structured interviews with
key stakeholders will be used to gather in-depth insights on the adoption and impact of Industry
5.0 technologies. This will be analysed and categorised according to the Industry 5.0 framework.
The respective categories of Industry 5.0 carry varying significance when measuring the transition
towards this new industrial paradigm; hence, the relative importance of each factor is also

considered.
Sampling

In terms of selection of participants, qualitative design usually relies on non-probability sampling.
There are four standard non-probability sampling techniques in qualitative research
namely purposive, convenience, snowball, and theoretical sampling (Sooleen, 2023). Purposive
sampling, where participants are deliberately chosen based on their experience, role, or
relevance to the study objectives (Palinkas et al., 2015). In some cases, snowball sampling is
used, particularly when accessing hard-to-reach groups, by asking initial participants to refer
others who meet the criteria (Simkus, 2023). Theoretical sampling, commonly used in grounded
theory, involves selecting participants iteratively as concepts emerge from the data to refine the
developing theory (Delve et al., 2020). Convenience sampling selects participants based on their
availability and ease of access, although this may limit the depth or transferability of findings (TGM

Research, s.a.). Based

The selection of participants began with convenience sampling from a pre-identified list of

individuals across various mining companies who were known to have relevant experience or

insight into the study topic. Following this, snowball sampling was employed to identify additional
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participants, either within the same organisations or across other companies, based on referrals
from the initial interviewees. Initial contact was made via phone, using references provided
through professional networks, after which a detailed email was sent outlining the purpose of the
study, the interview process, and ethical considerations, allowing potential participants to make

an informed decision about their involvement.

In terms of saturation, a sample size of 8 to 10 participants is targeted, which is appropriate for
an exploratory qualitative design aimed at gaining in-depth insights rather than statistical
generalisation. This range is commonly sufficient to identify recurring themes, particularly when
participants are knowledgeable and share contextual similarities (Guest et al., 2006; Marshall et
al., 2013). Semi-structured interview studies in engineering and organisational fields often reach

thematic saturation within this range (Creswell & Poth, 2016).
Interview Guide

An interview guide is developed to ensure consistency in the structure, content, and approach of
all interviews conducted during the empirical phase of the study. The guide serves as a flexible
framework that aligns with the study’s research objectives while allowing for open-ended
responses and follow-up questions where necessary. It ensures that all participants are asked
comparable questions, facilitating analysis and cross-case comparison. The interview questions
are directly informed by the conceptual Industry 5.0 framework developed in Chapter 5. This
framework identifies the core dimensions and maturity components relevant to the transition
towards Industry 5.0 within the mining sector. These dimensions form the basis for the interview

categories.

Each question in the guide is designed to probe how these concepts are interpreted,
implemented, or challenged within the organisational context of the participants. The interview
guide includes both primary and secondary prompts to encourage elaboration and clarification,

while maintaining a coherent line of inquiry across all sessions.
Conducting interviews

The empirical phase of the study involves conducting semi-structured interviews using virtual
platforms, specifically Microsoft Teams. This format is chosen to accommodate participants from
different geographic locations, allowing for flexible scheduling while maintaining direct, real-time
interaction. At the beginning of each interview, the informed consent process is revisited to ensure
participants understand the purpose of the research, the voluntary nature of their involvement,

and how their data will be used and protected. The researcher reads through a summary of the
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informed consent document and explicitly asks the participant for verbal confirmation, which is

recorded as a 'yes' or 'no' response. No interview proceeds without an explicit verbal agreement.

All interviews are conducted in English and are recorded using the Microsoft Teams recording
feature, with prior permission from the participant. The automatic transcription function within
Microsoft Teams is enabled to generate an initial transcript of the conversation. After the interview,
the researcher reviews and manually edits the transcript for accuracy, ensuring that all relevant
content is correctly captured and that any identifying information is removed during the
anonymisation process. These transcripts serve as the primary data for analysis and are securely
stored on a password-protected device accessible only to the research team. This process

ensures data integrity, ethical compliance, and a reliable basis for qualitative interpretation.
Informed Consent

In alignment with ethical research standards, this study followed a rigorous informed consent
process approved by the North-West University Engineering Research Ethics Committee. Prior
to data collection, participants were provided with a comprehensive information sheet detailing
the nature and purpose of the study, the procedures involved, potential risks and benefits, and
the voluntary nature of participation. The informed consent process was designed to ensure that
participants clearly understood their role in the study and the use of the information they would

provide.

The consent document outlined the study’s primary aim: to evaluate the South African mining
industry’s progress in transitioning towards Industry 5.0, with particular focus on technological
adoption, human-centric integration, and strategic readiness. Participants were informed of their
importance in contributing expert insights relevant to the research objectives. Participants were
invited to partake in a 60-minute semi-structured interview, with the interview guide provided in
advance to allow for preparation. The document emphasised that participation was entirely
voluntary and that individuals could withdraw at any stage without any negative consequences. It

also highlighted the right to skip any question that may cause discomfort or concern.

To address ethical concerns regarding privacy and confidentiality, participants were assured that
no identifying personal or organisational information would be collected or disclosed. Data
confidentiality was ensured through the secure storage of digital transcripts on a password-
protected device. Only anonymised data were used for analysis and reporting. Furthermore, the
informed consent statement explicitly granted permission to use anonymised quotations from the

interviews in the final dissertation, academic presentations, and potential publications.
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Participants confirmed their consent either in writing or through a recorded verbal agreement prior

to the interview, ensuring compliance with ethical protocols.
c. Data analysis

The data is analysed using the maturity framework developed in Chapter 5. A deductive analysis
approach is employed, utilising predefined themes (categories such as human centricity and
sustainability) and associated codes (specific items within each category) established during the
framework development phase. By integrating STS theory into both the logic and coding structure,
this study ensures that the analysis reflects not only the presence of technology, but also the

interaction with human and organisational systems.

Following initial coding, the data undergoes quantitising, whereby qualitative responses are
systematically transformed into numerical representations. This process enables statistical
summarisation and pattern identification, thereby enhancing the analytical depth. The approach
is adapted from the method outlined by Miles, Huberman, and Saldafa (2014) and Onwuegbuzie
& Combs (2010). , where data coded under a priori categories is entered into matrices, enabling
cross-case analysis and quantification. The overall data analysis process thus supports both
thematic interpretation and structured evaluation aligned to the maturity assessment model. Key
steps include (Miles et al., 2014; Onwuegbuzie & Combs, 2010):

e Step 1: Define a priori themes - Based on theoretical frameworks, research questions, or

literature review, establish a set of initial codes before data collection or analysis begins.
e Step 2: Data Collection — Conduct semi-structured interviews.
e Step 3: Coding the data - Apply the a priori codes to the qualitative data.

o Step 4: Quantitising for maturity assessment — apply the defined four-level maturity scale to
the coded responses, assigning numerical values (Levels 1-4) based on the alignment of
participant responses with the maturity descriptions provided in the framework — interview and

analysis guide.

e Step 5: Data display via matrices - Use matrices or tables to display coded data by case or

theme, with occurrences and intensities noted.

o Step 6: Pattern Detection- Identify patterns or trends across cases/themes and prepare the

quantitised data for analysis.
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e Step 7: Visual Analysis - Apply basic statistics (e.g., boxplots, radar charts, bar charts, etc.).

o Step 8: Interpretation - Combine the numeric findings with qualitative insights to develop richer

conclusions.

This structured approach ensures that the analysis directly aligns with the framework developed
in Phase 3, allowing for a consistent, rigorous assessment of the transition towards Industry 5.0

while maintaining the ability to capture participant perspectives systematically.

e Themes refer to the framework’s main categories (e.g., Human Centricity, Sustainability,

Resilience, etc).

o Codes refer to the specific items under each theme (e.g., human-machine collaboration,

training and development, personalisation and customisation).

This structured approach ensures that the analysis directly aligns with the framework developed
in Phase 3, allowing for a consistent, rigorous assessment of Industry 5.0 readiness while
maintaining the ability to capture participant perspectives systematically. Table 3.1 illustrates how
qualitative interview data were translated into quantitative maturity scores as part of the analysis
process. Each response was coded according to a predefined framework (themes and items),
and then evaluated against a four-level maturity scale. The assigned maturity level reflects the
alignment between participant responses and the established descriptors for each level. This
process enabled the systematic conversion of qualitative insights into structured, comparable

data across cases.

Table 3.1: Example of theme-to-maturity quantitising process
Theme Code Example Quote Assigned Justification
Maturity

Level
Human- Human-Machine “We use Al only for Level 2 Limited interaction,
Centricity Collaboration basic analytics...” no adaptive

interface
Sustainability | Emission “We  occasionally Level 1 Ad hoc, no
Monitoring report  emissions formalised system
manually.”
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Once the data is categorised, it is presented visually in three ways: an average maturity and
importance matrix for each measurement item, as shown in Figure 3.3, a radar chart summarising
the average maturity and importance levels across each category as depicted in Figure 3.4, and

lastly, a boxplot showing the variation and distribution across each category, as shown in Figure

3.5.
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Figure 3.3: Average maturity vs importance level for each item

A radar chart is generated for each category to depict the average maturity and importance level

of all items within that category based on responses from all interviewed participants.
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Figure 3.4: Example average maturity and importance level for category 1

When assessing the Industry 5.0 framework, it is crucial to evaluate the balance between the
perceived importance and the current maturity levels of various elements within the framework,
as not all elements will have equal significance. This ensures a priority-driven approach to
understanding progress and identifying areas for improvement. The maturity and importance
levels are combined to obtain a weighted maturity level for each item. The calculation adapted

from Arta (2024) is used to complete the maturity evaluation.

o Y: Weighted maturity level

M: Maturity level

C: Category

I ltem

Z = Importance level

N: Number of Maturity ltem
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Maturity level (M)

The maturity level represents the current state of development or implementation of a particular
item within the Industry 5.0 framework. It is measured on a defined scale (e.g., 1-4), with higher
values indicating a more advanced or complete implementation. The maturity level provides a
benchmark for evaluating progress and identifying gaps that need to be addressed to achieve

strategic objectives.
Category (C)

A category groups related items within the framework into thematic areas, such as human-centric
design, sustainability, or resiliency. Each category reflects a critical dimension of Industry 5.0 and
helps organise the analysis into manageable segments. Evaluating categories individually
ensures that specific areas of focus are given adequate attention, facilitating targeted

improvements across the framework.
Item (I)

An item is an individual component or element within a category. Each item represents a specific
factor or attribute contributing to the maturity of the category. For example, items under the
category of "Sustainability" might include "Implementation of environmental solutions" or
"Monitoring of sustainability indicators." Analysing items individually ensures a deeper
understanding of strengths and weaknesses, enabling organisations to make precise and

informed decisions.
Importance level (Z)

The importance level reflects the perceived significance of an individual item within the broader
Industry 5.0 framework. It is determined based on its relevance to achieving the objectives of
Industry 5.0, such as enhancing human-centricity, sustainability, and resilience. Higher
importance factors indicate items that are deemed critical to the success of the framework.
Incorporating the importance factor into the maturity evaluation ensures that the weighted maturity

score not only reflects progress but also aligns with organisational priorities.
Weighted maturity calculation (Y)

The weighted maturity calculation combines the importance factor (Z) and the maturity level (M)
for each item (I) within a category (C) to produce a composite maturity score. This score (Y)

provides a holistic view of how well a category performs relative to its strategic importance. This
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calculation enables a more targeted and meaningful analysis of maturity, helping organisations

identify the most critical areas for improvement and prioritise interventions accordingly.
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Figure 3.5: Weighted maturity levels for each category

The data is analysed, and the most critical areas for improvement, as well as common challenges

and trends, are identified.
3.3.5 Phase 5: Verification & Validation

The final phase of the research methodology focuses on verifying and validating the findings to
ensure their credibility, accuracy, and trustworthiness. In qualitative research, establishing rigour
is essential to demonstrate that the results are dependable and reflect the perspectives of
participants as well as the broader research context (Nowell et al., 2017). Verification in research
is the process of checking, confirming, and ensuring that the research process and findings are
accurate, reliable, and valid (Lee, 2025). Whereas validation in qualitative research is an attempt
to assess the ‘correctness’ or ‘credibility’ of a description, explanation or interpretation (Maxwell,
2013). The following verification and validation methodologies are evaluated to conduct the

verification process: triangulation, member checking and audit trail.
a. Triangulation

Triangulation utilises multiple data sources, methods, or investigators to verify findings (Campbell
et al., 2020). This method verifies whether data gathered from interviews aligns with other data

sources (e.g., document reviews, focus groups) or if multiple researchers reach consistent
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conclusions. Strengths include the improved credibility and trustworthiness of the results, as well
as a more comprehensive understanding of the research issue. However, this method may
require significant time, resources, and access to various data sources or additional researchers
(Creswell & Poth, 2016).

b. Member checking

Member checking involves presenting the findings to participants to confirm accuracy and
alignment with their experiences. This method ensures that the interview conclusions reflect
participants' perspectives accurately (Shenton, 2004). Collecting feedback from participants
improves the credibility and precision of the findings and helps uncover and correct any
misunderstandings or inaccuracies. Weaknesses of this method include that participants may not
always respond or provide feedback, and potential bias may arise if participants alter their views
based on the findings (Birt et al., 2016).

c. Audit trail

An audit trail consists of keeping detailed records of all research steps, decisions, and changes
made throughout the study (Merriam & Tisdell, 2015). This ensures transparency and
reproducibility, typically following a systematic approach. One of the key strengths of an audit trail
is that it improves the transparency and accountability of the research process, making it easier
for other researchers to replicate and validate the findings. However, it requires thorough
documentation, which can be time-consuming, and the level of detail needed may be

overwhelming for some researchers (Patton, 2014).
d. Peer review

Peer review involves colleagues or industry experts evaluating the research design, methodology,
and findings to provide feedback. This approach is relevant as it ensures that the research design
is scientifically robust and that the findings are both credible and applicable to the research
problem (Creswell & Poth, 2016). One of its main strengths is that it provides expert validation,
which improves the reliability of the research while also identifying potential weaknesses or areas
that may require improvement. However, organising a peer review process can be time-
consuming, and the feedback received may sometimes be conflicting or subjective, which could

pose challenges in determining the best course of action (Shenton, 2004).
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e. Summary

The research method relies on interviews; therefore, member checking is the most suitable
approach for verification, as it involves the interviewees' participation in confirming the accuracy,
completeness, and interpretation of the data. This method ensures that the findings reflect the
participants' perspectives and experiences. To address the validity of the research design and
whether the output addresses the research problem, a peer review strategy is utilised. It allows
experts to provide feedback and evaluate the research design's scientific foundation and the
research findings' relevance. Additionally, it provides an external perspective, which is vital for
assessing the overall quality and validity of the study.

3.3.6 Summary

Figure 3.6 describes the research methodology and is adapted from Research Methods for
Business Students (Saunders et al., 2009).
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Figure 3.6: The 'research onion' is adapted from 'Research methods for business
students' (Saunders et al., 2009)

Figure 3.7 illustrates the high-level process and structure followed to achieve the overall aim and
purpose of the thesis. This structured 5-phase approach ensures the study is presented in a clear,

logical, and easily understandable manner, enhancing readability and coherence.
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Figure 3.7: High-level process and structure of the dissertation — a phased approach
3.4 Research quality

Research quality is an important aspect of any research, ensuring the findings and results are
trustworthy and ethically sound. The following key components of research quality are discussed:

reliability, replicability, and ethics. Validity and verification are discussed in Chapter 7.
3.4.1 Reliability

Reliability refers to the consistency of the research findings. It ensures that if the study is repeated
under similar conditions, it will yield the same results. Reliable research should produce consistent
outcomes across time, different observers, and various parts of the test itself (Middleton, 2019).
In qualitative research, reliability is achieved through consistency in data collection and analysis,

with researchers providing detailed descriptions of their methods and procedures (Leung, 2015).
3.4.2 Replicability

Replicability is closely related to reliability and refers to the ability of other researchers to
reproduce a study's findings by following the same methods and procedures. Replicable research
allows for the verification of results and builds confidence in the findings (National Academies of
Sciences et al., 2019). In qualitative research, replicability is less emphasised due to the

contextual nature of the data and the difference in interpretation and perception.
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3.4.3 Ethics

Research ethics refers to the moral principles and guidelines that govern the conduct of research,
ensuring that studies are carried out in a responsible, respectful, and legally compliant manner.
Ethical research should protect the rights, dignity, and well-being of research participants, as well
as maintain the integrity of the research process (University of Stirling, s.a.). Key ethical

considerations include:

¢ Obtaining informed consent from participants.
e Voluntary participation.

e Ensuring confidentiality and anonymity.

e Minimising potential harm or risks.

¢ Adhering to relevant laws and regulations.

In terms of data handling and storage, the following principles apply (Minion, 2023):

Establish a clear and consistent folder structure for storing data. Organise files by type and

research question or theme to facilitate easy retrieval and analysis.

e Use descriptive and consistent naming conventions for files to improve clarity.

e Attach relevant metadata to qualitative data to provide context without compromising

confidentiality.

¢ Only the author and the relevant supervisor have access to the database with any confidential

information.

e Store data in secure locations to prevent unauthorised access.

Implement a regular backup system to protect against data loss.

This study complied with the Protection of Personal Information Act (POPIA), Act No. 4 of 2013,
which governs the lawful processing of personal data in South Africa. All personal and identifying
information collected during the research process was anonymised, securely stored, and used
solely for academic purposes. Participants were informed of their data protection rights, including

access, correction, and withdrawal. Access to research data was restricted to the researcher and
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managed in accordance with institutional protocols and national data protection principles

(Department of Justice and Constitutional Development (South Africa), 2021).

This research study followed all required ethical procedures as prescribed by the North-West
University. The researcher formally signed the NWU Code of Conduct for Researchers and
adhered to all institutional and national ethical standards. Ethics clearance was granted by the
North-West University Engineering Research Ethics Committee (NWU-ENG-REC) under ethics
number NWU-00495-24-A3. Approval was issued on 2 September 2024, authorising the
commencement of the study, provided all general and specific conditions are met and pending

any other necessary authorisations.
3.4.4 Trustworthiness

In qualitative research, trustworthiness refers to the confidence that readers and stakeholders
can have in the quality, credibility, and ethical conduct of a study. Trustworthiness includes four
interrelated components: credibility, transferability, dependability, and confirmability (Williams &
Morrow, 2009):

o Credibility refers to the confidence in the accuracy of the findings (Amin et al., 2020). It was
ensured through the triangulation of data sources (interviews, member checks, and framework
literature), as well as prolonged engagement with participants during interviews to establish

rapport and gather in-depth insights.

e Transferability involves the extent to which findings can be applied to other contexts (Amin et
al., 2020). This was supported by providing detailed descriptions of the study context,
participant roles (see anonymised profile), and mining sector characteristics, allowing readers

to judge relevance to their own contexts.

o Dependability demonstrates that the research process is logical, traceable, and documented
(Morrow, 2005). This was addressed through a transparent documentation of the research
process, including the scoping review protocol, interview guides, and data analysis

procedures.

o Confirmability refers to the neutrality of findings (Morrow, 2005). This was addressed through
member checks, where the findings were shared with participants to ensure they were

correctly captured.
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3.4.5 Researcher Positionality and Bias

Positionality refers to the “individual's worldview and the position they adopt about a research
task” (Holmes, 2020). Addressing researcher positionality and bias is essential for ensuring rigour,
transparency, and ethical integrity in research, especially in qualitative and participatory fields, as
it can influence the research outcomes and results (Holmes, 2020). Given the researcher’s
professional background in engineering and innovation within the mining industry, there exists

both an advantage of insider insight and a risk of interpretive bias.

Researcher positionality is acknowledged as an integral element of the study. Self-reflection and
reflexivity involve both a foundational commitment and a continuous process through which
researchers examine and articulate their own positionality. It requires ongoing critical self-
awareness, allowing the researcher to recognise how their background, assumptions, and
interactions shape the research process. At its core, reflexivity calls for researchers to
acknowledge their presence within the study and to consider how their perspectives may influence
the generation and interpretation of knowledge (Cohen et al., 2013). Malterud (2001) states that
“‘Reflexivity starts by identifying preconceptions brought into the project by the researcher,
representing previous personal and professional experiences, pre-study beliefs about how things
are and what is to be investigated, motivation and qualifications for exploration of the field, and

perspectives and theoretical foundations related to education and interests” (Malterud, 2001).

Savin-Baden & Major (2013 identified a three-step process to create a researcher positionality
statement (Savin-Baden & Major, 2023):

¢ |dentifying your personal and professional beliefs and values: Reflect on your worldview,

assumptions, life experiences, and cultural background that shape how you see the world.

e Locating yourself within the research: Consider how your identity (e.g. race, gender, class,
discipline, role) and relationship to the research topic and participants may influence the

research process and findings.

o Considering the influence of your positionality on the research, acknowledge how your
position may affect data collection, interpretation, power dynamics, and interactions with

participants, and how you will manage or account for this influence.
Researcher Positionality Statement

As a professionally trained industrial engineer currently working in a senior role focused on
innovation and value realisation within the mining sector, | occupy a dual position as both a
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researcher and an industry practitioner. My career has involved direct engagement with digital
transformation initiatives, operational optimisation, and the integration of emerging technologies
in mining operations. This background provides me with a strong understanding of the
organisational structures, technical systems, and stakeholder dynamics that underpin the themes

explored in this research.

I hold a strong personal belief that humans should be at the centre of all transformation efforts,
and that technology should serve to support and improve both society and the environment. My
values have been shaped by growing up as a white woman in a small community, where | was
closely connected to nature and actively involved in outreach and community upliftment initiatives.
These formative experiences have shaped my conviction that technology, when applied

responsibly and ethically, can significantly enhance the quality of life.

While my professional proximity to the industry provides valuable insider insight and strengthens
my ability to interpret both technological readiness and human-centred challenges, | acknowledge
that it also introduces potential subjectivity. My belief in the value of digitalisation and innovation
may influence how | interpret participant responses, particularly those reflecting resistance,
uncertainty, or scepticism towards Industry 5.0. To address this, | have approached the research
with reflexivity, remaining critically aware of my assumptions and continuously reflecting on how
they may shape the research process and interpretation of findings. To ensure trustworthiness

and reflexivity, | employed several strategies throughout the research process:

¢ Throughout the analysis process, | engaged in ongoing critical reflection on my assumptions,
perspectives, and evolving interpretations.

o Positionality statements are used to disclose and manage bias.

o Self-reflection and reflexivity approach.

o Participants were offered the opportunity to review the interpretations of their responses to
confirm accuracy and authenticity

By explicitly acknowledging my positionality and taking steps to manage its influence, this

research aims to strike a balance between insider understanding and critical objectivity, thereby

enhancing the credibility and integrity of the findings. By recognising and transparently addressing

researcher influence, this study improves its integrity, reflexivity, and interpretive authenticity, key

principles in high-quality qualitative inquiry (Berger, 2015).

Reflexivity Statement

54



Throughout this research, | engaged in a process of continual reflexivity to critically examine how
my background, professional experiences, and assumptions may have influenced the research
process. Recognising that the qualitative approach is inherently interpretive, | consistently
reflected on my role in shaping the research questions, interactions with participants, and the

analysis of data.

Given my professional engagement in the mining sector and my orientation towards innovation
and digital transformation, | remained aware of the potential for these perspectives to influence
how | understood and interpreted participant responses, particularly those that challenged or
diverged from dominant narratives of progress and technological advancement. | approached the
data with a commitment to exploring all viewpoints, even those that presented discomfort or

contradiction to my prior beliefs.

This ongoing self-awareness allowed me to question initial assumptions, remain open to
alternative meanings, and ensure that participants’ voices were represented authentically and
respectfully. By embracing reflexivity as an integral part of the research process, | aimed to uphold

transparency and enhance the credibility and trustworthiness of the study.
3.5 Conclusion

This chapter presented the research methodology adopted to investigate the adoption of Industry
5.0 within the South African mining sector. It outlined the research strategy, justified the use of a
qualitative approach, and detailed the five-phase methodological framework used to structure the
study. The chapter also discussed the criteria used to ensure research quality, including

trustworthiness, reflexivity, and ethical rigour.

By systematically aligning data collection and analysis methods with the research objectives, this
methodology provides a coherent and credible foundation for exploring the factors influencing the
state of technological adoption of the South African Mining Industry towards Industry 5.0. The
next chapter presents the findings that emerged from the scoping review used to define key

concepts and components of Industry 5.0.
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CHAPTER 4 SCOPING REVIEW

4.1 Introduction

Chapter 4 presents a comprehensive scoping review designed to explore and synthesise existing
Industry 5.0 frameworks, models, and thematic concepts relevant to industrial transformation.
This review directly supports the overarching research question: What are the factors influencing
the state of technological adoption in the South African Mining Industry towards Industry 5.0? By
systematically mapping the key concepts, enabling technologies, and human-centric principles
embedded in Industry 5.0 frameworks, the review provides the conceptual foundation needed to

assess the maturity and applicability of these frameworks within the South African mining context.

The primary objective of this chapter is to examine the core components and key concepts of
Industry 5.0 frameworks, addressing the evolving needs of industrial sectors. A scoping review
methodology is chosen as it allows for a broad investigation of relevant sources to map out
existing knowledge, identify themes, and highlight research gaps. The Preferred Reporting ltems
for Systematic Reviews and Meta-Analyses Extension for Scoping Reviews (PRISMA-ScR)
guidelines are followed to ensure a structured and unbiased approach to the review process. By
clarifying the conceptual boundaries and structure of Industry 5.0, this chapter informs both the
framework development and the empirical investigation that follows. Table 4.1 outlines the

chapter's structure in relation to the research questions.

Table 4.1: Chapter 4 outline according to research questions & objectives

Research objective Section Research question
3. To develop a conceptual | 4.3.1 Key concepts What are the key concepts of the
Industry 5.0 framework Industry 5.0 framework?
4.3.2 Key components What are the key components of

the Industry 5.0 framework?

4.4 Initial Industry 5.0 What is the Industry 5.0
framework framework?

Figure 4.1 illustrates the study's progress, indicating that it is currently in Phase 2 of the 5-phase
approach, which consists of developing a general Industry 5.0 framework based on the key

concepts and components identified.

56



Develop a
general Industry
5.0 framework
based on key
concepts and
components.

Figure 4.1: Overview of the study's progress: Phase 2/5
4.2 Method

A scoping review is the optimal methodology for this investigation due to the broad nature of the
research questions (Tricco et al., 2018). It excels at mapping existing frameworks, clarifying key

concepts, and identifying knowledge gaps — ideal for exploring Industry 5.0 frameworks.

The review follows the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
Extension for Scoping Reviews (PRISMA-ScR) guidelines and protocol. The protocol provides
the plan for the scoping review and is important in limiting the occurrence of reporting bias. After
creating the detailed protocol, the eligibility criteria for selecting studies or evidence sources are
clearly defined. The review identifies and searches relevant databases and search engines to

retrieve studies or evidence.

A search strategy is formulated to identify relevant studies, and a systematic process is used to
select sources based on eligibility criteria. Data from the selected sources is extracted and
organised through a charting process. The findings of individual sources are synthesised to
identify common themes, patterns, or gaps in the literature. The general results of the findings,
common themes, and trends are discussed. The review concludes with a summary of the
evidence, a discussion of limitations and implications for practice, policy, or future research, along
with any recommendations. Industry 5.0, the next iteration of industrial automation, emphasises
a human-centred approach alongside the technological advances of Industry 4.0. The objective
is to identify key elements in the new industrial revolution through the following research
questions.
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¢ RQ 1: What are the key concepts in the Industry 5.0 frameworks?

Concepts are the higher-level ideas and theories that underpin the Industry 5.0 paradigm.

¢ RQ 2: What are the key components of the Industry 5.0 frameworks?

The components comprise the specific technologies, systems, and approaches that make up

the Industry 5.0 framework.

This investigation lays the groundwork for future Industry 5.0 frameworks, ensuring it provides all

the necessary guidance for successful industry-wide adoption. The following inclusion and

exclusion criteria are established as part of the protocol.

Table 4.2: Inclusion & exclusion criteria
PRISMA Type of the Description of the criteria
Phase criteria
Identification Inclusion Publication year > 2016
Title, abstracts, or keywords containing terms: (“Industry 5.0” or “Fifth
industrial revolution” or “5th industrial revolution”) and “Framework”
Exclusion Duplicated Articles
Articles not published in English
Screening Inclusion Industry 5.0 concepts or components are among the main or several
topics that are reviewed, surveyed, or discussed.
Exclusion Articles out of the scope based on titles and abstract assessment

Studies solely focused on Industry 4.0 or earlier industrial revolutions
(unless explicitly compared to Industry 5.0)

Full text not available

The following engineering-related databases are used: ScienceDirect, Scopus, IEEE Xplore, Web

of Science, and Google Scholar. The keywords used in the search strategy are shown in Table

4.3. No synonyms for ‘Framework’ are used in the search strategy to limit the number of studies

relevant to the study topic.
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Table 4.3: Keywords for search strategy

Keywords Synonyms
Industry 5.0 'Fifth Industrial Revolution’, '5IR’, ‘5th Industrial Revolution’
Framework n/a
4.3 Results

The final search strategy and results, conducted on 18 May 2024, are found in the Table 4.4 .

Table 4.4: Search terms and results

Search terms and Science Scopus IEEE Web of Google Total
database Direct Xplore Science Scholar
(“industry 5.0” OR “fifth 96 447 174 216 71 1004

industrial revolution” OR “5%
industrial revolution” OR 5IR)
AND (framework)

Search terms were used to search the title, abstract and keywords. However, since Google
Scholar is a search engine, not a database, only keywords were searched to limit the number of
articles. Other sources include publications by the European Commission, as it is a key driver and

initiator of this transition.

The final search results were exported to Rayyan, a web application designed to organise,
manage and facilitate the screening process. Based on the search, 1008 resources were gathered
from 5 databases. After the duplicates were removed, a total of 612 citations were identified from
searches of electronic databases and review article references. Based on the research protocol
used to perform an initial screening, 560 were excluded, with 52 full-text articles to be retrieved
and evaluated for eligibility and to ensure they directly address the research questions and

objectives and provide relevant information about the Industry 5.0 frameworks.
Of these, 22 were excluded for the following reasons:

e Unable to retrieve the full article.

e Focus on a very specific application of a technology.
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Industry 5.0 is only used as a reference and is not discussed in the paper.

Focus only on challenges, opportunities, advantages, disadvantages or risks.

Focus only on industry 4.0 technology frameworks.

The remaining 30 studies were considered eligible for this review.
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Figure 4.2: PRISMA-ScR flow diagram
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4.3.1 Key concepts

Figure 4.3 shows the most common to the least discussed concepts in the 30 included articles.
Each of these concepts is discussed individually to gain a deeper understanding of its definition

and application.
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Figure 4.3: Number of articles discussing Industry 5.0 concepts

a. Human centered design

The authors emphasise that technology is not a replacement for humans but a collaboration
between people and machines to create more value-added for customers (George & George,
2020; Grabowska et al., 2022). It improves their role in manufacturing by placing more importance
on human intelligence and the improvement of quality (Tallat et al., 2023). Industry 5.0 will
eliminate monotonous and tedious tasks and pave the way for curiosity, empathy, creativity, and
judgment (Ahamed et al., 2022; George & George, 2020). Humans will take on greater
responsibility and increased supervision of systems (Ahamed et al., 2022). Therefore, it is
imperative to hire the right people with the right skills to work safely alongside machines (lgbal et
al., 2022).The goal is to improve workplace safety, minimise errors, and increase productivity

through human-machine interaction (Kovari, 2024).
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Human centricity focuses on improving physical and mental well-being and viewing humans as
assets. This includes incorporating principles such as autonomy, development, and psychological
safety (Asif et al., 2023). The 5C human-machine relations framework is introduced to implement
the principles of coexistence, cooperation, collaboration, compassion, and coevolution (Lu et al.,
2022). A human-centric interaction model is created that consists of three elements: 1) human-
machine understanding, (2) human-machine collaborative intelligence, and (3) human-machine

communication (Lu et al., 2022).

Technology will be used to benefit humanity, generate new employment opportunities, and
increase productivity. This will lead to the upgrading and reskilling of workers (Nair et al., 2024).
Somroo (Soomro et al., 2022) also states that modern automated industries are considering
adding the human element back into their technological systems and strategies to get the most
value from automation. It combines the best of both worlds: the speed and precision of automation
with the cognitive abilities and critical thinking of humans (Grabowska et al., 2022). Machines and

humans should work as collaborators and not as competitors (Grabowska et al., 2022).
b. Sustainability

Organisations concentrating only on profit are finding it increasingly challenging to succeed in a
global, unpredictable, and competitive environment. For companies to be sustainable, they need
to achieve a symbiosis between economic, technological, social, and ecological aspects (Ahamed
et al.,, 2022; Grabowska et al., 2022). Ahamed (Ahamed et al., 2022) states that Industry 5.0
emphasises sustainable supply chain management, incorporating elements such as 'employee
education and training, working conditions, the balance between productivity and wages,
technology versus human redundancy, optimal product quality, sustainable governance, and a
business ethics code’. Sustainability is also argued to be driven by the implementation of digital
transformation and pro-social and pro-environmental solutions in organisations (Mesjasz-Lech,
2023). There is a shift in typical economic models to circular economy models to improve overall

sustainability, considering social and environmental needs and challenges (Mesjasz-Lech, 2023).

There is also a rise in environmental policies aimed at reducing waste materials and improving
waste management. More companies are prioritising environmental sustainability, aligning with
the growing demands of international organisations, government regulations, and customer
expectations (George & George, 2020). The 6R principles of upcycling are introduced to
accompany Industry 5.0, namely, recognising, reconsidering, realising, reducing, reusing and
recycling (Chabane et al., 2023; Mesjasz-Lech, 2023; Soomro et al., 2022). Akundi (Akundi et al.,

2022) also mentions the 6R principles as a means to promote human values and needs.
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c. Resilience

Resilience is the organisation's ability to return to a stable state after expected and unexpected
conditions, such as geopolitical shifts and global crises, ensuring that critical infrastructure
remains operational during challenges (Goérny, 2023; Mouhib et al., 2023). It involves building
robust supply chains, systems, networks, and societies capable of responding quickly to threats
and recovering efficiently from failures (Asif et al., 2023). Industry 5.0 improves resilience in

manufacturing by using flexible, agile, and adaptable technologies (Mesjasz-Lech, 2023).

There are two types of resilience, "self-resilience" for employees and "system resilience" for
human-machine systems; this encourages collaboration to reach goals that neither could reach
independently (Mouhib et al., 2023). This allows for a robust system that can adapt to changes
(Martin-Gomez et al., 2024). The European Commission found that enforcing environmental and
social governance criteria leads to better resilience (European Commission, 2021). Resilience in
organisations is critical where they provide vital services such as healthcare or security (European

Commission, 2021).
d. Personalisation and Customisation

A key concept in Industry 5.0 is moving from mass production to mass personalisation and
customisation (George & George, 2020). This can be achieved through the collaboration between
humans and advanced, intelligent, high-speed, and precise machines (Soomro et al., 2022). By
including critical thinking within processes, mass personalisation can be achieved based on
customer needs and expectations. The demand for human touch is expected to increase as
customers increasingly seek to express their individuality through their purchasing decisions. This
trend reflects a new level of personalisation and a sense of luxury that businesses must address
(Ahamed et al., 2022). Kovari states that the combination of human skills and smart factories will

enable companies to respond quickly to market changes and demands (Kovari, 2024).
e. Bioeconomy

The bioeconomy is described as one of the visions for Industry 5.0, focusing on breakthroughs in
agriculture, healthcare, and biosciences (Sindhwani et al., 2022). Sindhwani (Sindhwani et al.,
2022) defines a bioeconomy as ‘the conversion and production of renewable biological sources
into value-added products such as food, bioenergy and biobased products'. This includes a wide
variety of industries, such as agriculture, forestry, fisheries, technology, energy, and
manufacturing industries. Bioeconomy will act as an enabler for the symbioses between ecology,

industry, and economy through the use of bioinspired technologies (Asif et al., 2023; Mouhib et
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al., 2023). The demand for bioinspired technologies is expected to rise due to the growing need

for clean, affordable, and sustainable energy sources. These technologies will be part of

bioinspired systems (Narkhede et al., 2024).

4.3.2 Key components

A recent report by the European Commission outlines six desired characteristics of technologies

that support the concept of Industry 5.0 (European Commission, 2020):

Human-Centric Solutions
Bio-Inspired Technologies
Real-Time Digital Twins
Cyber-Safe Data Transmission
Artificial intelligence

Technologies for Energy Efficiency and Trustworthy Autonomy

Figure 4.4 shows the components discussed from most to least commonly in the 30 articles

included. To understand their definitions and applications, each component is discussed

individually.
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Figure 4.4: Number of articles discussing Industry 5.0 components

a. Collaborative Robots (Cobots)

According to George (George & George, 2020), the definition of a cobot is a robot designed to
physically interact with people in a shared workplace where safety is prioritised. These robots
collaborate with humans on the production line and learn from them. Cobots can recognise and
adapt to the activities of their colleagues, creating a safer and more efficient work environment
(Kovari, 2024).

Specifically, in a manufacturing setup, there are two concepts: a) Allowing humans to work on
customised, personalised and creative tasks. b) Utilising robots for repetitive and labour-intensive
tasks. This can help mitigate risks on the job (Akundi et al., 2022). By integrating human
intelligence and cognitive processes into computers through cognitive computing, they can create
more value. Cobots are also discussed when describing smart factories and improved
communication between components and humans (Soomro et al., 2022). Humans are connected

to smart factories through intelligent devices (Grabowska et al., 2022).

Another author discussed the role of cobots in intelligent healthcare, where cobots can monitor
patients' conditions and assist doctors in performing surgeries and handling routine medical tasks,

allowing doctors to focus on more complex tasks (Kovari, 2024). In manufacturing, consider an
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example where a technician is performing maintenance on a piece of machinery. The cobot,
equipped with a camera, observes the technician's actions, analyses the images using machine
learning, and predicts the technician's next steps using fNIRS (functional Near-Infrared
Spectroscopy) and deep learning. The cobot then provides the necessary tools and parts to assist
the technician when needed (Mouhib et al., 2023).

b. Artificial Intelligence (Al)

Al is a collection of technologies based on Al models and techniques, including machine learning
and natural language generation. Itis designed to provide services or insights that are challenging
or impossible to attain solely through human effort or conventional technologies (Andres et al.,
2024). By leveraging Al technology in conjunction with human-centred digitalisation,
organisations can increase their productivity and sustainability. It is the responsibility of
organisations to realise the benefits of Al by adopting, extending, and implementing Al tools
(Dimirakopoulos et al., 2023). For example, artificial intelligence is used to improve predictive
forecasts and, therefore, reduce excess manufacturing (Mesjasz-Lech, 2023). According to
Akundi (Akundi et al., 2022), Al can meet the personalisation needs of customers in the

manufacturing industry and provide faster feedback (Voulgaridis et al., 2022).
c. Digital Twins

Digital twins are virtual replicas of physical devices or systems that collect real-time data and are
used to gather insights and analytics (Andres et al., 2024). These twins assist organisations in
developing and optimising production processes and can improve predictive maintenance in the
manufacturing industry (Kovari, 2024). In the banking sector, Digital Twins can customise
products and services, improve the accuracy of automated financial statements, quickly identify
technical issues, improve risk management, and avoid investments in high-risk projects (Soomro
etal., 2022).

d. Internet of Things (loT)

It refers to the network of interconnected software, sensors, and devices that communicate data
with other devices, systems, applications, and users to create a comprehensive network
infrastructure (Andres et al., 2024). It connects different people, systems, data, devices and
processes (Voulgaridis et al., 2022). With the use of smart sensors, 10T devices, and human
insights, organisations can gather and analyse data to gain insight into processes (Kovari, 2024)

(Asif et al., 2023). loT data gathering and analysis are useful when monitoring products and
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machinery to achieve predictive maintenance (Voulgaridis et al., 2022). In the banking sector, loT

is used to address challenges related to customer retention and satisfaction (Soomro et al., 2022).
e. Mixed Realities (Augmented Reality and Virtual Reality)

Augmented reality (AR) integrates digital information with the physical world through computer-
generated content such as text, video, or animated 3D models (Andres et al., 2024). Virtual reality
(VR) provides a fully virtual experience that completely isolates the user from the real world,
utilising advanced user-computer interfaces for simulation and real-time interaction (Andres et al.,
2024). This type of technology allows workers to interact and engage with processes and
equipment in virtual environments (Kovari, 2024). Since the operator is in a safe environment,
this makes it an excellent tool for training and education and is cost-effective and time-saving
(Mourtzis, 2021; Mourtzis et al., 2022).

f. Big Data Analytics

Big data is large volumes and a variety of data sets that need to be handled and processed
accordingly (Andres et al., 2024; Asif et al., 2023). Using big data can support decision-making
strategies and automation (Voulgaridis et al., 2022). Big data analytics helps to understand
customer behaviour, product promotions, and process customisation, thus improving production
efficiency and reducing costs (Soomro et al., 2022). It enables organisations to develop
successful business strategies and maintain their competitive edge. The use of human creativity

and data insights is vital for optimising the value derived from big data (Tallat et al., 2023).
g. Blockchain

Blockchain creates transparency and provides secure storage for encrypted data (Voulgaridis et
al., 2022). Blockchain technology is used to improve energy efficiency and resource use through
process management (Mesjasz-Lech, 2023:5). It is used to create secure and transparent
transactions when improving ESG reporting (Asif et al., 2023). Blockchain also has significant
potential to improve supply chains by increasing transaction efficiency, reducing costs, and

improving security (Tallat et al., 2023).
h. Other technologies

Other technologies mentioned or briefly discussed in the articles include exoskeletons, drones,
additive technology, edge computing, cloud computing, cyber security, multilingual speech and
gesture recognition, tracking technologies, bioinspired safety and support equipment, decision

support systems, smart grids, machine learning, federated learning, internet of intelligence,
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quantum computing, cognitive robotics, bioinspired technology, smart cities, holography, bionics,
hybrid intelligence, radio frequency identification (RFID), cognitive cyber-physical systems,
human interaction and recognition technologies, intelligent energy management system (IEMS),

industrial smart wearable (ISW), horizontal and vertical system integration, and 5G and beyond.
4.4 |Initial Industry 5.0 framework development

While Industry 4.0 is focused on technology, Industry 5.0 is focused on value. Industry 4.0
provides the tools and technologies, and Industry 5.0 uses them to create a positive impact on
societal and environmental levels. This scoping review has identified key concepts and
components essential for the successful implementation of Industry 5.0 frameworks, offering
valuable insights into the future of industrial practices. Based on the results above an Industry 5.0
framework is created and visualised in Figure 4.5. The concepts identified in the scoping review
are categorised into three concepts and three different perspectives. Corresponding information,
discussed for each pillar and perspective, is also included in the framework. For example, multiple
sources mention the 6R principle when talking about the Sustainability pillar. This is included in
the graphic to create a comprehensive view. The creation of the Industry 5.0 framework in Figure
4.5 is guided by a systematic integration of key principles, concepts, and technological enablers.

The reasoning behind the design and structure of the framework is further discussed:
441 Core structure

At the centre are critical enabling technologies (the top 8 most discussed industry 5.0
components) like Cobots, Al, Digital Twins, 10T, Big Data, Mixed Realities, Blockchain and 5G &
Beyond, which serve as the foundational enablers for Industry 5.0. These technologies bridge the
gap between human and machine capabilities, facilitating collaboration, decision-making, and
automation while improving human-centred processes. These components are selected because
they represent the cutting-edge tools necessary to implement the principles of Industry 5.0 across

various industries.
4.4.2 Surrounding layers — Key concepts

¢ Human-centricity: Representing the core shift of Industry 5.0, this pillar places human skills,
creativity, and well-being at the forefront. The 5C Principles (Coexistence, Cooperation,
Collaboration, Compassion, Coevolution) emphasise how humans and machines must work
together seamlessly. Subcategories such as Human-Machine Understanding, Human-
Machine Collaboration, and Human-Machine Communication capture the multi-dimensional

interaction between humans and machines.

68



Sustainability: This pillar incorporates the 6R principles (Recognising, Reconsidering,
Realising, Reducing, Reusing, Recycling), reflecting the ecological and social importance of
Industry 5.0. The four aspects: Ecological, Social, Economic, and Technological are included
to ensure a comprehensive balance between environmental and business objectives when

discussing sustainability.

Resilience: Addressing the need for adaptability and robustness in dynamic environments,
this pillar highlights self-resilience (at the employee level) and system resilience (at the
organisational level). It also focuses on creating a robust system, network, and society that

can withstand external disruptions while maintaining operational stability.

4.4.3 Outer ring — Perspectives

The outer layer addresses stakeholder-specific perspectives, ensuring the framework’s

inclusivity:

Customer Perspective: Focuses on Personalisation and Customisation to meet individual

customer demands through advanced technologies.

System Perspective: Integrates the Bioeconomy, emphasising sustainable and renewable

resource utilisation, reflecting the growing importance of eco-friendly practices.

Worker Perspective: Highlights training, quality, working conditions, governance, and ethics

to improve employee well-being and engagement in Industry 5.0 environments.

4.4.4 Rationale behind the integration

Balance between technology and humanity: The framework recognises the limitations of
Industry 4.0, which primarily focuses on automation and efficiency, by incorporating a stronger
emphasis on human-machine collaboration and sustainability. Technologies are not viewed
as replacements for humans, but rather as enablers to enhance their roles, creativity, and

decision-making.

Comprehensive approach: By combining the three core pillars (key concepts), Human-
centricity, Sustainability, and Resilience, the framework addresses the key challenges faced
by industries, including the workforce's well-being, environmental concerns, and the ability to

adapt to unforeseen disruptions.
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o Actionable and scalable framework: The inclusion of specific principles (5C, 6R) and
categories ensures the framework’s practical applicability. It provides actionable guidance for
industries to adopt the Industry 5.0 framework incrementally while customising approaches to

specific contexts

e Holistic approach: The three different perspectives (customer, system & worker) are
integrated across all three pillars and core enabling technologies as the other elements work
together to promote Industry 5.0 principles.

This framework aims to provide a holistic, actionable general roadmap for organisations
transitioning to Industry 5.0, ensuring alignment between technological developments and
societal well-being.
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Figure 4.5: Industry 5.0 Framework: Key concepts & components

4.4.5 Discussion

Industry 5.0 places human well-being at its core, emphasising the collaboration between humans
and machines using the 5C principles (Coexistence, Cooperation, Collaboration, Compassion,
Coevolution). Integrating human skills such as creativity, decision-making, and problem-solving
with advanced technologies like collaborative robots (cobots) improves workplace safety, reduces
errors, and leads to the reskilling and upskilling of the workforce. Humans still need to make

certain immediate or unscheduled decisions that robots cannot.

Sustainability in Industry 5.0 consists of economic, technological, ecological and social
dimensions. It involves sustainable supply chain management practices, circular economy
models, and the application of the 6R principles (recognising, reconsidering, realising, reducing,
reusing, and recycling). Organisations need to work within the limits of our planet. Companies
must strike a balance between profit and social and environmental responsibilities to succeed in
a global, unpredictable environment. Resilience is critical for organisations to withstand and

recover from disruptions. Industry 5.0 strengthens resilience through flexible, agile, and adaptable
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technologies. Building robust supply chains and systems capable of quick response and recovery
is essential. Enforcing Environmental, Social, and Governance (ESG) criteria further strengthens

organisational resilience.

Resilience is the ability of an organisation to maintain stability during crises, ensuring critical
infrastructure remains operational. It involves building robust supply chains, systems, and
networks that respond quickly and recover efficiently. Industry 5.0 strengthens resilience through
flexible, agile, and adaptable technologies. The two types of resilience are "self-resilience" for
employees and "system resilience" for human-machine systems, promoting collaboration for

achieving shared goals.

From a customer perspective, moving from mass production to mass personalisation and
customisation is key to Industry 5.0. Advanced technologies, such as Al and digital twins, enable
companies to tailor products and services to individual customer needs, thereby enhancing
satisfaction and loyalty. From a system perspective, the bioeconomy focuses on the sustainable
production and conversion of renewable biological resources. Bioinspired technologies, driven by
the need for clean, affordable, and sustainable energy, promote the symbiosis between ecology,

industry, and the economy.

Lastly, Industry 5.0 will positively impact employees by exploring different and alternative job roles
and training through reskilling and upskilling. It will improve the quality and health of their working
environment through innovative solutions and better organisational governance and ethics. The
review identified several critical components supporting the Industry 5.0 framework, including
collaborative robots, artificial intelligence, digital twins, the Internet of Things, mixed realities (AR
and VR), big data analytics, blockchain, and other emerging technologies. These components
collectively advance human-machine interaction, improve operational efficiency, and drive

innovation.

The transition to Industry 5.0 presents several challenges, including legal, psychological,
regulatory, and social issues. The evolving roles of HR and IT departments will need to address
these challenges by fostering a culture that supports human-machine collaboration and
continuous learning. Additionally, integration and technological challenges, such as ensuring
interoperability between systems and maintaining data security, require robust leadership and
strategic planning to address effectively. Industry 5.0 represents a transformative phase in
industrialisation, focusing on human-centric, sustainable, and resilient practices. By integrating
advanced technologies with human skills, organisations can achieve greater productivity,

customisation, and sustainability. The concepts and components identified in this review provide
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a foundational framework for the successful implementation of Industry 5.0, guiding organisations

towards a future where technological developments and human well-being are balanced.
4.5 Conclusion

Industry 5.0 represents a transformative phase in industrialisation, focusing on human-centric,
sustainable, and resilient practices. By integrating advanced technologies with human skills,
organisations can achieve greater productivity, customisation, and sustainability. The concepts
and components identified in this review provide a foundational framework for the successful
implementation of Industry 5.0, guiding organisations towards a future where technological

advancements and human well-being are harmoniously balanced.
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CHAPTER 5 INDUSTRY 5.0 FRAMEWORK

5.1 Introduction

Chapter 5 investigates how the existing maturity assessment identified in Chapter 2 align with the
broader Industry 5.0 framework developed in Chapter 4, identifying their strengths and limitations.
To improve the comprehensiveness of the Industry 5.0 maturity framework, additional dimensions
such as worker perspectives (training, quality, and ethical considerations), system perspectives
(bioeconomy), and customer perspectives (personalisation and customisation) are introduced. By
synthesising the findings from the scoping review and existing frameworks, this integrated
framework captures the technological, human and environmental dimensions necessary for
assessing Industry 5.0 adoption. It also provides a basis for evaluating Industry 5.0 maturity in
the South African mining industry, ensuring that all relevant aspects are fully considered in the
assessment process. Table 5.1 outlines the chapter's structure in relation to the research

questions.

Table 5.1: Chapter 5 outline according to research questions & objectives

Research objective Section Research question

3. To develop a conceptual Industry 5.0 | Error! Reference source n o What s the Industry
framework ot found. Error! Reference 5.0 framework?
source not found.

5.3 Interview & Analysis
Guide

Figure 5.1 illustrates the study's progress, indicating that it is currently in phase 3 of the 5-phase

approach.
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Combine
scoping review
findings with
maturity
assessments to
develop a
comprehensive
Industry 5.0
framework.

Figure 5.1: Overview of the study's progress: Phase 3/5
5.2 Results

The framework is constructed through a structured five-step process. First, a scoping review is
conducted (Phase 2) to extract key Industry 5.0 concepts - such as human-centricity, resilience,
and sustainability - which are thematically organised into an initial framework. Second, the
maturity model developed by Arta et al. (2024) is selected as a comparison benchmark based on
its clarity, dimensional breadth, and relevance to human, technological, and organisational
aspects of Industry 5.0. Third, a comparative table maps and analyses the alignment between the
scoping review and the maturity model, highlighting conceptual gaps and informing refinements.
Fourth, a synthesis step integrates shared and additional elements into a unified framework.
Finally, the framework is operationalised through a semi-structured interview guide with linked
maturity and importance rating scales, enabling systematic qualitative analysis and cross-case

comparison.

Step 1 is addressed in Chapter 4 and visually presented in Figure 4.5. Step 2 is completed in
Chapter 2, where the selected maturity model by Arta et al. (2024) is illustrated in Figure 2.3. Step
3, involving the comparative mapping and analysis, is presented in Table 5.2, which aligns each
thematic category from the scoping review with the corresponding measurement areas from the

maturity model.
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Table 5.2:

Industry 5.0 framework comparison mapping

Measurement

Categories

15.0 existing maturity
assessment

15.0 general framework from
scoping review

Human-Centered
Design

Main driver and innovative factor for
15.0

Focus on employees

Holistic Adaptation of the processes
and systems to employees

Basic requirement for achieving
maturity levels for digitalisation and
Al

Human-Machine Understanding

Human-Machine Collaboration

Human-Machine Communication

Resiliency

Stabilisation Policy
Creation of Competitiveness

Use of Modern Technologies and
Approaches

Self-Resilience

System Resilience

Sustainability

Implementation of environmental
solutions

Business model with sustainable
aspects

Involvement in strategy planning

Monitoring of sustainability indicators

Ecological

Economic

Social

Technological

Other

Worker Perspective
System Perspective

Customer Perspective

¢ Human-Centric: The general Industry 5.0 framework consists of elements such as Human-
Machine Understanding, Collaboration, and Communication, which align closely with the
specific assessment areas of Human-Centered Design. The maturity assessment's focus on
the role of employees and the holistic adaptation of systems complements the broader

understanding of human-machine interactions in the general framework. This alignment

indicates a shared emphasis on integrating technology while considering human needs.

o Resilience: The general framework's emphasis on Self-Resilience and System Resilience
aligns with the specific assessment categories of Stabilisation Policies, Competitiveness, and
the application of modern technologies. The inclusion of resilience as both a technological

and strategic aspect in the general framework ensures that the focus on stability and
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adaptability is well covered, reflecting the need for industries to manage external shocks and

maintain continuity.

Sustainability: The general framework integrates economic, social, ecological, and
technological aspects of sustainability, corresponding closely to the maturity assessment’s
categories, such as environmental solutions, sustainable business models, strategic
involvement, and monitoring of sustainability indicators. This alignment highlights a balanced
approach, covering both the practical implementation of sustainability initiatives and their

broader impacts on society and the environment.

Worker Perspective: The general framework's emphasis on worker-centric aspects,
including training, working conditions, and ethics, offers a more comprehensive view of
employee well-being and engagement. Integrating these elements into the assessment model
ensures that the human dimension of Industry 5.0, particularly related to skills development

and quality of work life, is fully considered.

System Perspective (Bioeconomy): Incorporating bioeconomy considerations into the
sustainability dimension could strengthen the framework's focus on circular economy
principles and environmentally sustainable practices. This would provide a more in-depth
evaluation of how organisations are adapting to eco-friendly innovations and resource

management.

Customer Perspective (Personalisation & Customisation): While the current maturity
assessment does not explicitly address customer-driven customisation, incorporating this
element aligns with Industry 5.0's emphasis on personalised products and services. This
would enable a better understanding of how organisations are adapting their offerings to meet

individual customer needs, thereby improving their competitiveness.

Next, the framework is synthesised and integrated. In this fourth step, aligned categories from the

scoping review (Chapter 4) and the Arta et al. (2024) maturity model (Chapter 2) were synthesised

into a single, unified Industry 5.0 framework. New dimensions such as worker perspective

(training, working conditions, ethics), system perspective (bioeconomy), and customer

perspective (personalisation and customisation) were added to strengthen the framework’s scope

and contextual relevance to the mining industry.

The outcome of this step is a more comprehensive and multidimensional Industry 5.0 framework

that incorporates human-centricity, resilience, sustainability, and emerging perspectives not

present in the original model. This integrated framework serves as the theoretical foundation for
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assessing Industry 5.0 maturity in the empirical phase and is structured to reflect both socio-

technical balance and practical applicability.
5.3 Interview & Analysis Guide

For the final and fifth step: operationalisation of the framework, an integrated interview guide was
developed, incorporating input from the maturity assessment by Arta (2024) and additional
elements identified through the scoping review. This is based on the synthesised framework
discussed in section 5.2 Results. This guide aligns each framework category and item with
targeted, open-ended questions aimed at eliciting detailed insights from participants across the
South African mining sector. Optional follow-up prompts accompany each question to support

depth and consistency while allowing for contextual elaboration, as exhibited in Table 5.3.

Table 5.3: Developed interview guide
Measurement Question Item
Categories
General What is your role?

How long have you been in the mining industry?

Human centered
Design

Can you describe how collaboration between employees
and new technology currently happens in your
organisation? What efforts have been made to improve
this collaboration? Follow-up: What challenges have you
faced in integrating new technology with employee roles?
How important is this item?

How does your organisation consider and respond to the
needs of employees when implementing new
technologies? Follow-up: How do you ensure that
technology is adapted to suit the workers' needs rather
than the other way around? How important is this item?

Can you describe how your organisation assesses the
relationship between employees and new technologies?
Follow-up: What steps have been taken to identify skill
gaps and adapt systems or processes to support
employees in collaborating effectively with new
technologies? How important is this item?

What supporting technologies (such as big data, Al) has
your organisation implemented to facilitate digitalisation?
Follow-up: How have these technologies impacted your

organisation's readiness for Industry 5.0? How important
is this item?

Main driver and
innovative factor
for 15.0

Focus on
employees

Holistic
adaptation of
the processes
and systems to
employees

Basic
requirement for
achieving
maturity levels
for digitalisation
and Al
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Resiliency 5 Does your organisation have a stabilisation policy to Stabilisation
manage market fluctuations? How is it structured? policy
Follow-up: How does this policy contribute to the
resilience of your organisation in the context of Industry
5.0? How important is this item?

6 How aware is your organisation of Industry 5.0 concepts,  Creation of
and how are they integrated into your strategy? Follow- competitiveness
up: What steps are you taking to leverage Industry 5.0 for
maintaining or improving competitiveness? How
important is this item?

7 Can you share examples of modern technologies or Use of modern
approaches your organisation is using in its technologies
manufacturing processes? Follow-up: How well and approaches
integrated are these technologies, and what benefits or
challenges have you experienced? How important is this
item?

Sustainability 8 How does your organisation address environmental and Implementation
societal issues in its operations? Follow-up: What specific of environmental
initiatives have been taken to align with sustainability solution
goals, and how successful have they been? How
important is this item?

9 Question: What sustainability goals does your Business model
organisation have, and how do they influence your with sustainable
business model? How do your employees and aspects
stakeholders perceive the effectiveness of these
sustainability efforts? How important is this item?

10 How is your organisation involved in strategy planning Involvement in
related to sustainability, and how does it ensure strategy
compliance with regulations? Follow-up: How do you planning
review and measure the success of your sustainability
strategies? How important is this item?

11 What indicators does your organisation use to monitor Monitoring of
sustainability, and how are they reviewed? Follow-up: sustainability
How do you ensure that these indicators align with your indicators
long-term sustainability goals? How important is this
item?

Worker 12 What training programs does your organisation offer to Training &

Perspective employees, particularly concerning Industry 5.0 skills? development
Follow-up: How are these programs integrated into your
operations, and how do they impact employee
adaptability? How important is this item?

13  How does your organisation approach improving working ~ Working
conditions and maintaining ethical standards? Follow-up:  conditions and
How are these efforts aligned with the principles of ethical
Industry 5.0, and what results have you observed? How standards

important is this item?
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System 14  How aware is your organisation of bioeconomy principles, Bioeconomy
Perspective and how have they been applied in your operations? principles
Follow-up: What impact has the integration of these

principles had on your sustainability practices and

innovation? How important is this item?

Customer 15  How does your organisation approach personalisation Personalisation
Perspective and customisation in its products or services? Follow-up: & customisation
How do you leverage Industry 5.0 technologies to meet

customer-specific needs, and what challenges have you

encountered? How important is this item?

To enable structured qualitative analysis and cross-case comparison, a four-level Likert-type
scale is applied to each framework item, capturing both maturity and perceived importance. The
maturity scale descriptors, adapted from Arta et al. (2024), are refined and extended to fit the
expanded framework, ensuring that each dimension, including newly added categories on worker,
system, and customer perspectives, can be assessed with clarity and consistency. This process
results in a detailed interview and analysis guide, presented in the next section. Responses are
categorised into predefined levels of the Likert scale (e.g., "Strongly Disagree" to "Strongly
Agree") with a corresponding numerical value to provide measurable data. For example, a theme
might indicate a respondent's overall satisfaction, which could be rated on a Likert scale, as shown

in Figure 5.2 and Figure 5.3.The scale is specific to each item in the framework.

To comprehensively capture the socio-technical dimensions of Industry 5.0 beyond those
assessed in existing models, three new measurement categories, Worker Perspective, System
Perspective, and Customer Perspective, are added to the framework. As no pre-existing maturity
descriptors were available for these categories in Arta et al. (2024), the author developed four-
level maturity scales for each based on the general maturity modelling principles established in
Figure 5.2.
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e Initial adoption in isolated areas

e Significant integration with room for further optimisation

o Full integration and continuous improvement

Figure 5.2: Example maturity level Likert scale

The following scale is used to determine the importance of each factor.

Somewhat Important: The factor plays a minor role in
supporting Industry 5.0, but is not critical

Important: The factor is significant and contributes to
the successful implementation of Industry 5.0

Very Important: The factor is essential and crucial for
the full realisation of Industry 5.0

Figure 5.3: Importance level Likert scale
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The interview maturity analysis guide is presented in Table 5.4.

Table 5.4: Maturity level analysis guide (Arta et al., 2024)
Measurement | Nr Item Level 1 Level 2 Level 3 Level 4
Categories
Human centered | 1 Main driver and No collaboration between The company is tryingto  The employees Collaboration between
Design innovative factor for employees and new make collaboration can collaborate with the employees and new
15.0 technology. between employees and  new technology or robots technology is already
new technology running well
2 Focus on employees No improvement in The company has started The company has The company has been
technology and to improve to maximise developed technology able to recognise what
study the technology and study the enhancements to technology can do for the
needs of employees. needs of employees understand the needs of  people and focus on how
employees technology can adjust to
the requirements of the
worker instead of
the other way
3 Holistic adaptation of No study about relation Trying to study the skill Have been able Provide training for every
the processes and between employees and  gap between each determine the skills gap skill requirement to build
systems to employees new technology employee to build a good between employees and  good collaboration
adaptation between new technology, so the between employees and
employees and new company able to make new technologies in the
technology forecast the skills needs  future
4 Basic requirement for  No supporting The company has started The company has The company already
achieving maturity technology. build some supporting developed build some have the supporting

levels for digitalisation
and Al

technology, such as big
data, network coverage
and specialist skills for

supporting technology,
such as big data,
network coverage

and specialist skills for

technology, such as big
data, network coverage
and specialist skills for
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use new technology in
the future

use new technology in
the future

use new technology in
the future

Resiliency

5 Stabilisation policy

6 Creation of
competitiveness

7 Use of modern
technologies and
approaches

No policy

The company is not

aware of the Industry 5.0.

No modern technologies
or approaches are used
in manufacturing
processes.

Policy is taken randomly
and reacts to market
conditions.

The company start to
aware of the definition
and concept of Industry
5.0.

The company start to
study modern
technologies or
approaches to be used in
manufacturing
processes.

The stabilisation policy
has been well-formulated
and structured, but it is
still focused on reacting
to market conditions.
There is no clear long-
term strategy.

The company has
developed a strategy to
leverage Industry 5.0 for
competitiveness, but it is
not yet fully integrated
into its operations.

A few modern
technologies and
approaches are used,
and their integration into
the manufacturing
process is improving.

The stabilisation policy
has been well integrated
into the overall economic
policy and has been
carried out in a proactive
and effective manner.
There is a continuous
evaluation and
improvement mechanism
to increase the
effectiveness

of the stabilisation policy.

The company has fully
integrated Industry 5.0
into its strategy and
operations, and it
regularly measures and
manages its performance
in this area.

Most modern
technologies and
approaches are used in
the manufacturing
process, and their
integration is highly
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However, they are still
used in isolation from
each other.

cohesive and optimised.
However, there is still
room for improvement
and refinement.

Sustainability

Implementation of
environmental
solution

Business model with
sustainable aspects

The organisation has no
awareness of
environmental and
society issue.

No sustainability goals.

Organisation only give
donations as a
philanthropy

Company has a bad
image in society.
Employees do not know
about the company's
sustainability goals

The organisation makes
activities based on their
stakeholder demand
(CSR)

Several programs are
done to solve the
sustainability

issue in society

The organisation feels it
has tried to give the best
benefit to the employee,
but the employee does

not feel any benefit from

conducting sustainability.

Some of the employees
know the company's
sustainability goals

The organisation
integrates all of their
activities and culture to
achieve business goals
and sustainability goals

The organisation has a
good image in society
The organisation has
made a work-life balance
working style, and the
employees are loyal. All
of the employee knows
the company's
sustainability goals and
Make it a culture
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10 Involvement in
strategy planning

11 Monitoring of
sustainability
indicators

No regulations are met

No perspective on
sustainability indicators.

Fulfilment of regulations
is done by reactive
There are no top
management
commitments to achieve
sustainability goals

The organisation only
has economic
perspective indicators to
review their
achievement.
Organisations are not
conducting regular
reviews of their indicators

All of the regulations are
identified and fulfilled.
The company has a PIC
to form a relationship
with the government to
update the regulations.
The Organisation has a
commitment to achieve
sustainability goals, but
there is no review of the
achievement

The organisation has two
perspective indicators:
economic and
social/environment

The organisation is
already defined and can
be calculated, but it is
still not synchronised
with its sustainable
goals.

The Organisation is an
active member of the
association to develop
regulations. The
Organisation's goals
have been synchronised
with the government’s
goals regarding
sustainability.

The Organisation reports
the achievement of its
sustainability goals to all
stakeholders annually.

All of the indicators meet
triple bottom-line
perspectives.

An indicator review is
conducted regularly, and
a corrective action report
is generated when the
achievement falls below
the targeted level to
ensure it remains aligned
with company goals.

Worker
Perspective

12 Training &
Development

No training programs or
development plans are in
place for employees.

Basic training programs
are available, but not
aligned with Industry 5.0
requirements.

Training programs are
regularly updated to
include Industry 5.0
skills, but are not fully
integrated into the
company's operation.

Comprehensive training
programs are fully
integrated, regularly
updated, and aligned
with Industry 5.0,
focusing on enhancing
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employee skills and
adaptability.

13  Working conditions No initiatives to improve ~ Some initiatives have Working conditions and Working conditions and
and ethical standards  working conditions and been made to improve ethical standards are ethical standards are
ethics working conditions and improved through fully integrated into the
ethics, but they are not focused initiatives, but company's culture, with
systematic or aligned there is still room for continuous
with Industry 5.0. them to be aligned with improvements in line with
Industry 5.0 Industry 5.0 principles.
requirements.
System 14  Bioeconomy No awareness and minor Initial awareness and Bioeconomy principles Bioeconomy principles
Perspective principles applications of minor applications of are applied in some are fully integrated into
bioeconomy principles bioeconomy principles, areas of operation, but the company’s
but not systematically integration into the operations, driving
integrated. overall system is partial sustainable practices and
innovation.
Customer 15  Personalisation & No attempts at Basic attempts at Products and services Full integration of
Perspective Customisation personalisation or personalisation or are partially personalised personalisation and

customisation.

customisation, but not
effectively integrated or
aligned with Industry 5.0
capabilities.

or customised, with
ongoing efforts to align
with Industry 5.0

customisation into the
company's offerings,
leveraging Industry 5.0
technologies to meet
customer-specific needs.
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5.4 Conclusion

In conclusion, Chapter 5 provides a structured synthesis of Industry 5.0 frameworks and
assessments, identifying the key components and concepts critical to the new industrial paradigm.
The analysis reveals that the existing maturity assessment aligns well with the broader Industry
5.0 framework, providing a foundation for evaluating readiness. However, to ensure a more
comprehensive evaluation, additional categories such as worker perspectives (training, quality,
and ethical considerations), system perspectives (bioeconomy), and customer perspectives
(personalisation and customisation) are incorporated. These concepts were further examined with
enabling technologies like collaborative robots, Al, digital twins, 10T, big data, mixed realities,
blockchain and 5G & beyond. The synthesis of the scoping review findings, combined with
existing frameworks, informs the development of an Industry 5.0 framework that provides a
holistic approach to assessing the progress of Industry 5.0 adoption. This framework will serve

as a basis for evaluating Industry 5.0 maturity in the South African Mining Industry.
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CHAPTER 6 RESULTS AND DISCUSSION

6.1 Introduction

The results and discussion chapter presents a comprehensive evaluation of the Industry 5.0
framework within the South African mining sector, focusing on maturity and importance levels
across various dimensions, including human-centered design, resiliency, sustainability, and
worker, system, and customer perspectives. In section 6.3, an analysis of the Maturity vs.
Importance matrix and weighted calculations is used to identify gaps between the perceived
significance of Industry 5.0 principles and their implementation maturity. Then, in section 6.4
based on the empirical results, conclusions are made regarding challenges and opportunities that
the sector is facing while offering critical insights into how technologies, strategies, and
organisational structures align with the goals of Industry 5.0. The discussion further contextualises
the findings, offering targeted recommendations to bridge identified gaps and promote
sustainable, human-centric growth. Table 6.1 outlines the structure of the chapter according to

the research questions.

Table 6.1: Chapter 6 outline according to research questions & objectives

Research objective Section Research question
4. To assess the current 6.3 Results  What is the current state of the Industry 5.0 application
level of Industry 5.0 in the South African mining industry?

adoption in the South

African mining industry. Which concepts have been adopted?

What components (enabling technologies) have been

adopted?
5. To identify the 6.4 What are the main challenges in adopting Industry 5.0
challenges and barriers Discussion  concepts and components?
hindering the transition
towards Industry 5.0 within
the sector.
6. To generate strategic 6.4 What recommendations can be made to support the
recommendations for Discussion  South African mining industry?

industry leaders and
policymakers to support
and accelerate the
transition to Industry 5.0.

88



Figure 6.1 illustrates the study's progress, indicating that it is currently in phase 4 of the 5-phase

approach.

4.
EMPERICAL

INVESTIGATION

Apply the
developed
framework to the
South African
mining industry.

Figure 6.1:  Overview of the study's progress: Phase 4/5
6.2 Method

The results presented in this chapter were generated through a structured analysis process
adapted from Miles et al. (2014) and Onwuegbuzie & Combs (2010) and described in the
methodology outlined in Chapter 3. The process began with the definition of a priori themes, which
were developed from existing maturity assessments and findings from the scoping review. These
themes formed the initial coding structure for the study. This was followed by qualitative data
collection, primarily through semi-structured interviews. The third step involved coding the data

using the predefined themes.

In the fourth step, the coded responses underwent quantitising using a four-level maturity scale.
This involved assigning numerical values (Levels 1 — 4) to responses based on how well they
aligned with the maturity descriptions established in the framework and interview guide. Once
coded and converted to numerical data, the data were then organised into matrices, enabling
systematic display by case and theme and allowing occurrences and intensities to be easily

examined.

In the sixth step, patterns and trends were identified across cases and themes. This was followed
by a visual analysis, which involved the use of descriptive statistical tools, such as radar diagrams

and box plots, to present and compare the results. Finally, in the interpretation phase, the
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quantitative patterns were combined with qualitative insights, allowing for an understanding that
reflects both the depth of individual responses and the structure provided by the maturity

framework. This approach ensures that the results are both credible and analytically robust.
6.3 Results
Step 1: Define a priori themes

The themes (categories) and codes (items) were established in Chapter 5 and are listed in Table

6.2. The maturity descriptors used to determine the Likert scale are shown in Table 5.4.

Table 6.2: List of themes and codes used in interview analysis

Theme (Category) Code (Item)

Human-Centered Design Main driver and innovative factor for 15.0
Focus on employees
Holistic Adaptation of the processes and systems to employees

Basic requirement for achieving maturity levels for digitalisation
and Al

Resiliency Stabilisation Policy
Creation of Competitiveness

Use of Modern Technologies and Approaches

Sustainability Implementation of environmental solutions
Business model with sustainable aspects
Involvement in strategy planning

Monitoring of sustainability indicators

Worker Perspective Training & development
Working conditions and ethical standards

System Perspective Bioeconomy principles

Customer Perspective Personalisation & customisation

Step 2: Data collection

To address the research aim of evaluating the South African mining industry’s transition toward
Industry 5.0, the study engaged with a strategically selected group of industry professionals using
a convenience and snowball sampling strategy. A total of 10 participants contributed to the study,
each bringing extensive experience and insight from their roles in large mining operations,
technology innovation divisions, and contract mining services.
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All participants hold senior-level or executive positions within their organisations and have direct
involvement in technology adoption, innovation strategy, or workforce digitalisation, making them
highly relevant to the research objectives. The cohort includes individuals responsible for digital
strategy development, Information and Communication Technology (ICT) infrastructure,
innovation leadership, and technical systems integration. Notably, participants had between 10
and 40 years of industry experience, with the majority exceeding 20 years, underscoring the depth

of expertise represented among them.

To maintain confidentiality and uphold ethical standards, specific identifiers, such as names, exact
job titles, and company names, have been anonymised. Roles have been generalised by function
and level of responsibility. This approach ensures participant anonymity while still demonstrating
the credibility, seniority, and strategic alignment. Table 6.3 summarises the thresholds for each
size category in the mining and quarrying sector, as per the National Small Business Act and
related guidelines (Zulu, 2019):

Table 6.3: Extraction of “The new National Small Enterprise Act thresholds or defining

enterprise size classes by sector using two proxies” (Zulu, 2019)

Sector Category Employees  Turnover (max) Asset Value
(max) (max)
Micro 5 R0.20m R0.10m
Mining and Quarrying Very Small 20 R4m R2m
Small 50 R10m R6m
Medium 200 R39m R23m
Large Above 200

Organisational size in this study was classified primarily based on the number of employees, in
alignment with the thresholds outlined by the South African National Small Enterprise Act (Act
No. 102 of 1996, as amended) (Zulu, 2019). The following categories were applied:

e Micro: 0—10 employees
¢ Small: 11-50 employees
e Medium: 51-250 employees

e Large: More than 250 employees.
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An overview of the participant characteristics is provided in Table 6.4, the Anonymised Participant
Profile.

Ownership was categorised as either local or multinational, depending on the location of company
headquarters. Local companies are those founded and primarily controlled within South Africa,
whereas multinational companies operate across borders and are controlled from outside the

country. Furthermore, the relevance of each participant to the study objectives is briefly described.
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Table 6.4:

Anonymised Participant Profile Table

Participant | Role level (Generalised) Years of Relevance to study objectives Company Type of
number experience size company
ownership
1 Executive — Digital Strategy 10 Leads digital transformation strategy Large Multinational
2 Senior Project Leader 26 Oversees operational project execution Large Local
3 External Industry 40 Provides cross-sector insights on technology adoption Large Multinational
Consultant
4 Managing Director 28 Drives innovation in mining systems Medium Local
5 Systems & Engineering 27 Manages engineering and maintenance technologies Large Multinational
Lead
6 Executive — Information and 23 Guides Information and Communication Technology Large Local
Communication Technology integration across the group
7 Executive — Innovation 12 Leads the adoption of Industry 5.0 technologies Large Local
8 Department Head — 11 Responsible for systems innovation implementation Medium Local
Innovation
9 Senior Industrial Engineer 15 Involved in process optimisation projects Large Multinational
10 Training & Human 27 Leads workforce training in digital systems Large Multinational

Resource Systems Lead
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Step 3: Coding the data & Step 4: Quantitising

Each participant's response was evaluated against a predefined maturity scale (ranging from
Level 1 to Level 4), based on how effectively the organisation addressed both social and technical
aspects of Industry 5.0 readiness. This approach enabled the creation of a structured and
quantifiable dataset from qualitative input, allowing the use of statistics to identify patterns,
maturity gaps, and imbalances between technical progress and social capability. These insights,
grounded in the STS framework, were essential for evaluating the integrated readiness of

organisations transitioning towards Industry 5.0.

Each transcript was read in full to familiarise oneself with the data before systematically applying
the codes to segments of text relevant to each item under the six main themes (Human-Centric
Design, Resilience, Sustainability, Worker Perspective, System Perspective, Customer
Perspective) and their respective items in each theme. The qualitative insights were then
evaluated against the four-level maturity descriptors for each code, enabling the assignment of
Likert-type ratings (1 = Low Maturity to 4 = High Maturity). This structured transformation of
qualitative data into quantitative maturity scores ensured comparability while retaining alignment
with the framework. Table 6.5 demonstrates how qualitative interview data were systematically
analysed using the predefined Industry 5.0 framework. Similarly, the same process was followed

to evaluate the importance of the item within the framework, as shown in Table 6.6.
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Table 6.5 Coding and Theme Maturity Analysis Excerpt
Nr Question Quote/Excerpt Code Theme  Maturity = Maturity Level Nr
Assigned Level Description
Assigned
(1-4)

P3 How does your organisation “Need starts with the question, how do we increase production? Focus on Human- 2 The company has
consider and respond to the There are pockets of excellence within the company, but it starts employees Centric started to improve to
needs of employees when with technological needs and not the needs of the workers.” Design maximise technology
implementing new technologies? and study the needs
Follow-up: How do you ensure of employees
that technology is adapted to
suit the workers' needs rather
than the other way around? How
important is this item?

P6 Can you share examples of Technologies such as Al, big data, loT sensors, and digital twins are  Use of Resilienc 3 A few modern
modern technologies or actively used. Al is applied to equipment monitoring and predictive modern y technologies and
approaches your organisation is  maintenance, allowing faster decision-making. However, challenges  technologi approaches are
using in its manufacturing remain in terms of managing data influx, integrating systems, and es and used, and their
processes? Follow-up: How well  fully leveraging advanced technologies such as blockchain. In the approache integration into the

integrated are these
technologies, and what benefits
or challenges have you
experienced?

traditional method of underground monitoring, you would have your s
PLC and SCADA networks installed underground for ventilation and
pumping purposes. That info would be collected on the surface,

where someone would analyse it at the end of every shift and

provide feedback. Now, through big data, Al, and digitalisation, it
enables management to make faster decisions. Another use case:

an engineer would conduct daily inspections; however, now we have
real-time data in control rooms, allowing us to perform behavioural

analysis and predictive analysis.

manufacturing
process is improving.
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Table 6.6:

Coding and Theme Importance Analysis Excerpt

Nr Question Quote/Excerpt Code Theme Importan Importance
Assigned ce Level Level Nr
Assigned  Description
(1-4)

P3 How does your “Need starts with the question, how do we increase production? There are Focus on Human- 4 Very important:
organisation consider and pockets of excellence within the company, but it starts with technological needs employees Centric The factor is
respond to the needs of and not the needs of the workers.” Design essential and
employees when crucial for the
implementing new full realisation of
technologies? Follow-up: Industry 5.0
How do you ensure that
technology is adapted to
suit the workers' needs
rather than the other way
around? How important is
this item?

P6 Can you share examples of Technologies such as Al, big data, loT sensors, and digital twins are actively Use of Resiliency 3 Important: The
modern technologies or used. Al is applied to equipment monitoring and predictive maintenance, modern factor is
approaches your allowing faster decision-making. However, challenges remain in terms of technologi significant and
organisation is using in its managing data influx, integrating systems, and fully leveraging advanced es and contributes to
manufacturing processes?  technologies such as blockchain. In the traditional way of monitoring approache the successful
Follow-up: How well underground, you would have your PLC and SCADA networks for ventilation S implementation

integrated are these
technologies, and what
benefits or challenges have
you experienced?

and pumping underground. That info would be collected on the surface, where
someone would analyse it at the end of every shift and provide feedback. Now,
through big data, Al, and digitalisation, it enables management to make faster
decisions. Another use case: an engineer would conduct daily inspections;
however, now we have real-time data in control rooms, allowing us to perform
behavioural analysis and predictive analysis.

of Industry 5.0
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Step 5: Data display, Step 6: Pattern recognition and Step 7: Visual analysis

This section focuses on three distinct sections of analysis, which are structured as follows in Table

6.7. The results are divided into three sections: analysis of each individual item, analysis of each

category, and, lastly, analysis of each weighted category.

Table 6.7: Empirical results structure and outline
Section
6.3.1 6.3.2 Analysis of each 6.3.3 Analysis of
category weighted category
Analysis of each individual item
Item Category Weighted category

Main driver and innovative factor for
15.0

a. Human centered design

YHuman centered design

2 Focus on employees
3 Holistic adaptation of the processes
and systems
4 Basic requirement for achieving
maturity levels for digitalisation and
Al
5 Stabilisation policy b. Resiliency YResitiency
6 Creation of competitiveness
7 Use of modern technologies and
approaches
8 Implementation of environmental c. Sustainability Ysustainability
solution
9 Business model with sustainable
aspects
10 Involvement in strategy planning
11 Monitoring of sustainability indicators
12 | Training & development d. Worker perspective Yworker perspective
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13 | Working conditions and ethical

standards
14 | Bioeconomy principles e. System Perspective Ysystem perspective
15 | Personalisation & customisation f. Customer Perspective Yeustomer perspective

6.3.1 Analysis of each individual item

The ratings presented in Table 6.8 are derived from systematically coded interview transcripts,
where each participant’s response was assessed against the predefined codes and aligned with
the maturity descriptors and importance levels. These ratings represent a quantification of
qualitative data, ensuring consistency with the framework that has been developed. Table 6.8
presents the importance and maturity scores assigned to each item by individual participants.
This data is further analysed by calculating the average maturity and importance levels for each

item.

Table 6.8: Importance & maturity level assigned to each item

Item Importance Participant
/Maturity
2 3 4 5 6 7 8 9 10| Ave
Level
1 Main driver and Importance 4 4 3 3 3 3 4 4 4 4 3,6
innovative factor
for 15.0 Maturity 4 1 2 2 2 2 2 2 2 3 |22
2 Focus on Importance 4 3 4 4 3 4 4 4 4 4 3,8
employees
Maturity 2 1 1 3 1 2 2 2 1 3 118

3 Holistic adaptation | Importance 4 4 3 4 2 3 3 4 3 4 34
of the processes
and systems Maturity 2 1 2 2 1 2 1 2 1 2 |16

4 Basic requirement | Importance 3 4 4 4 4 3 2 4 4 4 3,6

for achieving
maturity levels for Maturity 3 2 2 3 2 3 2 3 3 3 |26

digitalisation and Al

5 Stabilisation policy | Importance 3 3 3 3 2 3 3 4 2 3 2,9

Maturity 1 2 2 3 2 3 4 2 2 3 |24

98



6 Creation of Importance 4 4 4 3 4 4 3 1 2 3,3
competitiveness
Maturity 3 2 2 3 3 3 2 2 2 |25
7 Use of modern Importance 3 3 3 2 3 2 4 4 4 3,1
technologies and
approaches Maturity 3 3 3 2 3 3 4 3 3 3
8 Implementation of Importance 3 4 4 4 4 4 3 2 4 3,6
environmental
solution Maturity 1 2 3 3 3 3 3 3 3 |27
9 Business model Importance 3 3 4 3 4 3 3 3 3 3,3
with sustainable
aspects Maturity 2 2 3 2 3 3 2 2 3 2,5
10 Involvement in Importance 4 3 3 4 4 3 4 4 4 3,7
strategy planning
Maturity 3 3 3 3 3 3 3 3 3 |3
11 Monitoring of Importance 4 4 3 3 3 2 4 3 4 3.4
sustainability
indicators Maturity 3 3 2 2 3 3 3 3 3 2,8
12 | Training & Importance 4 4 4 3 3 4 3 3 3 |35
development
Maturity 4 2 3 2 3 2 4 2 4 |28
13 | Working conditions | Importance 3 3 4 3 3 4 4 4 3 3,5
and ethical
standards Maturity 3 3 3 3 2 3 3 2 3 |28
14 | Bioeconomy Importance 4 3 4 3 3 3 3 3 3 |32
principles
Maturity 3 2 2 3 2 3 2 1 1 2,2
15 Personalisation & Importance 4 2 3 2 3 3 4 1 4 3
customisation
Maturity 2 1 2 2 2 2 2 1 1 1,7

The graph in Figure 6.2 visualises the relationship between the average maturity and importance

of various items within the Industry 5.0 framework. Each coloured point represents an individual
item, with the x-axis denoting "Importance" and the y-axis denoting "Maturity” on a scale from 1-

4 as defined:

e Maturity level analysis guide: Table 5.4:

2024)

Maturity level analysis guide (Arta et al.,
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e Importance Likert scale: Figure 5.3: Importance level Likert scale

® Main driver and innovative factor for 15.0

4
® Focus on employees
3,5 o .
Holistic adaptation of the processes and
system
3 [ J [ J ® The basic requirement for achieving maturity
'Y : levels for digitalisation and Al
Creation of competitiveness
2,5 PY p
.*E’ [ J [ J ® Use of modern technologies and approaches
2 2
g [ J ® Implementation of environmental solution
1,5 . ) .
® Business model with sustainable aspects
1 ® Involvement in strategy planning
05 ® Monitoring of sustainability indicators
® Training & Development
0
0 1 2 3 4 e Working conditions and ethical standards
Importance

® Bioeconomy principles
Personalisation & customisation

Stabilisation policy

Figure 6.2: Average maturity vs importance for each item

Items such as "Use of modern technologies and approaches" and "Monitoring of sustainability
indicators" are rated highly on both maturity and importance, indicating that organisations have
recognised their critical role in Industry 5.0 and made significant progress in implementing these
areas effectively. Categories such as "Creation of competitiveness" and "Focus on employees"
demonstrate high importance but moderate maturity. This suggests that while organisations value
these areas, they have yet to fully mature in their execution, indicating the need for further

development and investment.

"Holistic adaptation of processes and systems" and "Personalisation & Customisation" are placed
lower in terms of maturity and are moderately important, indicating that these areas are still
underdeveloped and have not yet reached their full potential in driving Industry 5.0. "Focus on
employees" and "Business models with sustainable aspects" are highly important to
organisations but exhibit relatively lower maturity, suggesting that despite their importance, there

is still room for considerable improvement in how these initiatives are integrated.
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Overall, the graph indicates that while many organisations have made strides in adopting modern
technologies and sustainability measures, other crucial elements, such as employee focus,
system adaptation, and competitive creation, still require more attention to reach optimal maturity.
The findings suggest that organisations should prioritise developing these areas to align with their

perceived importance and advance their Industry 5.0 maturity.
6.3.2 Analysis of each category

The following analysis looks at the average results for each item grouped according to category

and discussed:

Table 6.9: Analysis of categories, outline, and structure

Category Paragraph Figure
Human centered design a Figure 6.3
Resilience b Figure 6.4
Sustainability c Figure 6.5
Worker, System & Customer Perspective d Figure 6.6

a. Human centered design

Figure 6.3 evaluates the four items within the context of human-centered design. Each axis
represents a different aspect of human centred design, scored on a scale from 1.0 to 4.0, where

higher values indicate higher maturity.
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Main driver and
innovative factor for

15.0
3,60
2,2
3,60
The basic requirement 3,80
for achieving maturity 3 N FocUs on emblovees Importance
levels for digitalisation ’ ’ ploy Maturity
and Al
1,6

3,40

Holistic adaptation of
the processes and
system

Figure 6.3: Human centered design average maturity & importance level

The Main driver and innovative factor for 15.0 reflects how human-centered design is seen
as a primary enabler or innovator within Industry 5.0. This aspect is considered highly
important (3.6) as a driving factor for Industry 5.0 initiatives. The current maturity level is lower
(2.2), indicating that while it is recognised as a key driver, implementation is lagging behind

its perceived significance.

Focus on employees has the highest importance rating (3.8), which strongly
emphasises prioritising employees' needs and engagement. The maturity level is notably
lower (1.8), reflecting a significant gap between its recognised importance and the extent to

which these practices have been effectively implemented.

The Basic requirement for achieving maturity levels for digitalisation and Al is
considered foundational (3.6) for advancing Industry 5.0. The maturity level of 2.6 shows
better progress than other factors, but still indicates room for further development to align with

its importance.

Holistic adaptation of the processes and system has a rating (3.4) that suggests
integrating a holistic approach into processes is important for improving human-centered
design. With a maturity level of 1.6, there is a significant difference, highlighting challenges in

fully adapting systems and processes in line with human-centered principles.
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Across all factors, the perceived importance exceeds the current maturity levels. This may
suggest that while the industry acknowledges the critical role of human-centered design, there
are significant challenges or delays in achieving corresponding maturity levels. The most
significant gaps are observed in areas such as employee focus and the holistic adaptation of
processes, underscoring the need for targeted strategies to enhance employee engagement and

better align systems with human-centric goals.
b. Resiliency

Figure 6.4 evaluates the three items within the context of resilience. Each axis represents a
different aspect of resilience, scored on a scale from 1.0 to 4.0, where higher values indicate

higher maturity.

Stabilisation policy

2,90
24

Importance

e \aturity

3,10 2,5

Use of modern 3
technologies and
approaches

3,30 Creation of
competitiveness

Figure 6.4: Resilience average maturity & importance level

e The creation of competitiveness is highly important (3.30) and aligns closely with its
maturity (2.5). This suggests that organisations are moderately successful in fostering

competitiveness through resilient strategies.

e Use of modern technologies and approaches has an importance score of 3.10, with a
slightly lower maturity level (2.4). This indicates that while modern technologies are

recognised as crucial for resiliency, practical implementation has room for improvement.
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e Stabilisation policy scores 2.90 for importance but only 2.4 for maturity. This smaller gap
shows some effort toward stabilising operations during market fluctuations, but organisations

may need to invest further to solidify these policies.

In summary, the graph reflects a moderate alignment between the importance of resiliency

measures and their maturity in the industry.
c. Sustainability

Figure 6.5 evaluates the four items within the context of sustainability. Each axis represents a
different aspect of sustainability, scored on a scale from 1.0 to 4.0, where higher values indicate

higher maturity.

Implementation of
environmental solution

3,60
27
; 25
it Business model with Importance
indicators 340 3,30 sustainable aspects e Maturity
3,70

Involvement in
strategy planning

Figure 6.5: Sustainability average maturity & importance level

« Implementation of environmental solutions is highly regarded (3.60) but has a lower
maturity score (2.7). This suggests that while organisations recognise the need for

environmental initiatives, the pace of implementation is lagging.

o Business model with sustainable aspects shows a strong focus and importance (3.3)
on integrating sustainability into business models. The maturity level (3.5) suggests that

organisations have been relatively successful in embedding sustainable practices into
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their business operations, with a slight maturity advantage over the perceived importance
of these practices.

¢ Monitoring of sustainability indicators is considered relatively important (3.40) but has

a lower maturity level (2.8), highlighting the need for better systems to track progress.

* Involvementin strategy planning has the highest importance rating (3.7), demonstrating
the critical role of strategic planning in achieving sustainability goals. The maturity level
(3.0) shows a moderate alignment between strategic planning and sustainability efforts.
However, there is still room for improvement to fully align practices with the strategic

importance placed on this aspect.

The sustainability graph reveals a high emphasis on involvement in strategy planning and
implementing environmental solutions. However, the maturity scores suggest that while
organisations recognise the importance of these aspects, actual implementation and monitoring
efforts are still catching up.

d. Worker, System & Customer perspective

Figure 6.6 evaluates the four items within the context of the worker, system and customer
perspectives. Each axis represents a different aspect of sustainability, scored on a scale from 1.0
to 4.0, where higher values indicate higher maturity.

Training &
Development
3,50

2,8

3,50

Personalisation & Working conditions Importance
- 3,00 4,7 2,8 ;
customisation and ethical standards = Maturity

22

3,20

Bioeconomy principles

Figure 6.6: Worker, System and Customer perspective average maturity and

importance level
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¢ Training & development scores highest in importance (3.50) but has a lower maturity level
(2.8). This reflects a need for employee training to adapt to Industry 5.0; however, existing

efforts may not fully meet these requirements.

¢ Working conditions and ethical standards show a smaller gap between importance (3.00)

and maturity (2.8), indicating a more balanced approach to ensuring fair working conditions.

o Bioeconomy principles show moderate importance (3.20) but have a lower maturity level

(2.2), suggesting challenges in fully integrating bioeconomic strategies within operations.

o Personalisation & customisation hold lower importance (3.00) and have the lowest maturity
score (1.7), suggesting that organisations may not prioritise tailored solutions for customers

and workers.

In conclusion, the graph highlights that while companies place significant value on training,
development, and working conditions, implementation efforts vary. The most substantial gaps

are evident in training programs and the integration of the bioeconomy.
6.3.3 Analysis of weighted category

The weighted maturity analysis examines how participants assess the progress and importance
of key dimensions related to Industry 5.0, such as human-centered design, resiliency,
sustainability, and perspectives from the worker, system, and customer viewpoints. The resulting
weighted maturity levels highlight areas where organisations are excelling and areas that require
further development. The analysis provides insights into how organisations are aligning their
strategies with Industry 5.0 and indicates the relative maturity of each category within their
operations. The average importance level for each item was determined using the responses from

all 10 participants, as shown in Table 6.10.

Table 6.10: Participant importance scores

Participant Importance score
Item 1 2 3 4 5 6 7 8 9 10 | Ave

(2i)

1 Main driver and innovative 4 4 3 3 3 3 4 4 4 4 3,6
factor for 15.0
2 Focus on employees 4 3 4 4 3 4 4 4 4 4 3,8
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3 | Holistic adaptation of the 4 4 3 4 2 3 3 4 3 4 34
processes and systems
4 | The basic requirement for 3 4 4 4 4 3 2 4 4 4 3,6
achieving maturity levels for
digitalisation and Al

5 | Stabilisation policy 3 3 3 3 2 3 3 4 2 3 2,9

6 | Creation of competitiveness 4 4 4 4 3 4 4 3 1 2 3,3

7 | Use of modern technologies 3 3 3 3 2 3 2 4 4 4 3.1
and approaches

8 | Implementation of 4 3 4 4 4 4 4 3 2 4 3,6
environmental solution

9 | Business model with 4 3 3 4 3 4 3 3 3 3 3,3
sustainable aspects

10 | Involvement in strategy 4 4 3 3 4 4 3 4 4 4 3,7
planning

11 | Monitoring of sustainability 4 4 4 3 3 3 2 4 3 4 3,4
indicators

12 | Training & Development 4 4 4 4 3 3 4 3 3 3 3,5

13 | Working conditions and 4 3 3 4 3 3 4 4 4 3 3,5
ethical standards

14 | Bioeconomy principles 3 4 3 4 3 3 3 3 3 3 3,2

15 | Personalisation & 4 4 2 3 2 3 3 4 1 4 3,0

customisation

Table 6.11 provides a sample extract from a single participant to illustrate how the weighted

maturity calculations were conducted for all the participants.

Table 6.11: Maturity & average importance level for each item for participant A

Category (Ci) Item (i) Maturity  Average
Level Importance
(Mi) (Zi)
1 | Human Centered 1 Main driver and innovative factor for 4 3,6
Design 15.0
2 Focus on employees 2 3,8
3 Holistic adaptation of the processes 2 3,4
and systems
4 Basic requirement for achieving 3 3,6
maturity levels for digitalisation and Al
2 | Resiliency 5 Stabilisation policy 1 29
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6 Creation of competitiveness 3 3,3
7 Use of modern technologies and 3 3.1
approaches
3 | Sustainability 8 Implementation of environmental 3 3,6
solution
9 Business model with sustainable 3 3,3
aspects
10 | Involvement in strategy planning 3 3,7
11 | Monitoring of sustainability indicators 3 3,4
4 | Worker perspective 12 | Training & development 2 3,5
13 | Working conditions and ethical 3 3,5
standards
5 | System Perspective 14 | Bioeconomy principles 3 3,2
6 | Customer Perspective | 15 | Personalisation & Customisation 2 3,0

The calculation adapted from Arta (2024) is used to complete the maturity evaluation.

o Y: Weighted maturity level

M: Maturity level

C: Category

I: ltem

Z = Importance level

o N: Number of Maturity Iltem

Equation (1) is used to calculate a maturity score for a category by considering both the maturity
of individual items and their relative importance. The result, Y. , represents the overall weighted
maturity of the category, considering the importance of each item. The detailed calculation is

shown for the category Human centered design for Participant A. Refer to Table 6.11 for the

data used in the equation:

YHuman Centered Design —

_ Xima Mo X Zey
Z?ZIZC”

Ye

My X Zey) + (M X Zeg) + (Myz X Zez) + (Mg X Zey)

(Zcr+Zez +Zcs + Zca)
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(4 x 36)+((2 x 38 +(2x 3,4)+ (3x 3,6)
YHuman Centered Design = (3 6+38+34+3 6)

MHuman Centered Design — 2,75

After the calculations were completed for each participant A—J in each category, the following
values were obtained. Table 6.12 presents the weighted maturity scores of each participant for

the six categories.

Table 6.12: Weighted maturity levels of each item in a category

Participant | Human Resiliency Sustainability Worker System Customer
centered Perspective Perspective Perspective
design

A 2,75 2,38 3,00 1,93 1,94 2,00

B 1,25 2,69 2,25 2,93 1,94 2,00

C 1,74 2,33 2,51 1,93 1,63 1,00

D 2,51 2,65 2,76 2,43 1,63 2,00

E 1,26 2,35 2,52 1,93 1,94 0,00

F 2,25 3,00 3,00 2,29 1,63 2,00

G 1,76 3,31 3,00 1,93 1,94 2,00

H 2,25 2,67 2,76 2,93 1,63 2,00

[ 1,75 2,33 2,76 1,79 1,31 0,00

J 2,76 2,65 3,00 2,93 1,31 1,00

The results reveal diverse maturity levels across various categories, reflecting the complexity and
varying focus of Industry 5.0 initiatives among participants. The scores range from relatively high
maturity in areas like sustainability, where most participants score near or above 2.50, to lower
maturity in systems perspective and customer perspective categories, where scores frequently
dip below 2.00.
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Figure 6.7: Weighted maturity levels for each category

The corresponding boxplot graph visually represents the spread of these maturity levels, with
each category depicted separately. For instance, the "Sustainability" category shows consistently
high maturity levels, indicating that many organisations are making strong efforts in sustainability-
related aspects. On the other hand, categories such as "System perspective" and "Customer
perspective" display wider variability and lower overall maturity, suggesting that these areas may

require additional attention and development.

The graph also indicates that "Resilience" has a stable maturity level across participants. At the
same time, the "Human centered design" shows moderate maturity with some variability,
reflecting differing approaches to integrating human-centric principles in Industry 5.0 efforts. The
"Worker perspective" also exhibits widespread maturity, indicating room for improvement,

particularly in enhancing worker engagement with new technologies.
6.4 Discussion

This section presents a detailed discussion of the study’s findings, structured around the key

categories and is the final step — step 8: Interpretation of findings and qualitative insights to

develop conclusions.. Each category is explored in relation to the specific items it comprises. In

addition to analysing the main themes, this section also considers the challenges and

opportunities that emerged during the research process. While these were not explicitly included

in the original interview questions, participants frequently raised them in response to the
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questions. These insights, though unprompted, proved valuable in enriching the findings and
providing practical depth.

In hindsight, the explicit inclusion of questions specifically targeting perceived challenges and
potential opportunities might have elicited even richer, more focused feedback. Nonetheless, their
spontaneous emergence underscores their relevance and reinforces their importance within the
broader context of Industry 5.0 adoption in the South African mining industry. The discussion that
follows aims to provide both critical reflection and synthesis, linking empirical insights with the
theoretical foundations of the study. All claims presented in this section are derived from
participant responses during the empirical investigation. Direct quotations and thematic
summaries are used to reflect participants' views, experiences, and perceptions. No external

literature or personal interpretation is introduced unless explicitly stated.
6.4.1 Human centered design
a. Collaboration

Human-centered design is recognised as critical, but its implementation varies significantly across
organisations. Human-machine collaboration is evolving slowly in the mining industry due to the
labour-intensive nature of deep-level mining, especially in South Africa. Participants indicated that
most companies are still operating from an Industry 4.0 mindset, where the technology currently
requires little to no human input and decision-making regarding collaboration. Cobots are one of
the technologies that have not been consistently implemented in organisations due to their level

of complexity and cost.

Collaboration examples include developing a machine learning model that generates
recommendations for control room operators to optimise recovery processes. These
recommendations have been integrated into Proportional-Integral-Derivative (PID) controllers,
providing valuable support to decision-makers. Another example of collaboration between
employees and technology is the use of mixed reality, which has been introduced to improve
communication and facilitate change management. For example, augmented reality is used on
coffee mugs, where scanning the mug reveals an avatar that delivers a message through an Al-
generated voice. Additionally, different mugs are assigned to various departments, and to
encourage collaboration, when employees interact with each other, the avatars on the mugs also
interact. The change management process for these technologies is grounded in neuroscience

principles, such as spaced repetition, to ensure effective adoption and implementation.
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Typically, change management is seen as a challenge. Participants noted that it is frequently
overlooked in technological projects, especially when budgets are tight. It is often the first area to
be cut, even though it is critical in ensuring employees can adapt to new technologies. However,
organisations that actively involve employees in technology selection and implementation have
reported overall better adoption and long-term success through integrated change management
processes. For example, one company highlighted its shift from a top-down approach to co-
development, where employees are encouraged to participate in creating solutions tailored to
their specific challenges. This shift has led to greater ownership of new systems and technologies,
resulting in improved adoption rates. Additionally, as companies increasingly adopt digital
solutions, particularly in regions like South Africa, where union strikes are a concern, the reality
of upskilling the workforce is a challenge. Companies must invest in comprehensive training
programs and effective change management strategies to address concerns about job
displacement and cultivate a culture of innovation. Transparency and trust are vital in helping
employees understand the benefits of automation and how it will improve rather than replace their

roles.
b. Worker needs approach

In many cases, adopting new technologies is driven by top-down decisions, with little input from
employees at the operational level. Some participants reported that it would start by addressing
a business need to increase production, rather than a worker's need, and then be further
developed. Industry standards set new technologies, and the Chief Executive Officer (CEO)
enforces these technologies. Some organisations reported that they were working on a people-
oriented technology adoption tool in collaboration with SATCAP (Successful Application of
Technologies Centred Around People), a division of the Mandela Mining Precinct. Some
participants reported that it is a combination of top-down and bottom-up approaches. While
leaders set the digital agenda, collaboration with younger workers who bring innovative ideas is
encouraged. Management would identify a business need (and be better aware of the available
solutions), and service providers would conduct in-depth assessments of needs and workers to
determine the best way to implement the system or technology. This approach requires input or

services from Original Equipment Manufacturers (OEMs) and industry leaders.

However, in most organisations, there is still a gap in ensuring workers understand how these
technologies align with their needs. In one specific instance, the operational level readily adopted
the changes, but the Head Office was reluctant to do so. An audit at the Head Office level

regarding digitalisation revealed a significant disconnect between their perception and what was
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implemented on-site. This often results in slow adoption, lack of engagement, and the perception

that technologies are imposed without consultation.
c. Skill requirements

In terms of skill requirements for workers, one company attempted to create multi-
skilled/disciplined operators. However, it was unsuccessful due to the different
personalities/interests of each operator. Some participants noted that they conduct skills gap
assessments and training needs analyses but often rely on external service providers to carry out
these evaluations. Companies with higher maturity levels reported investing heavily in training
and development through internal academies located across various regions. These academies
offer training on digital and mining-related skills, focusing on equipping employees with Industry
5.0 skills. Another participant reported that they leverage a principle called flex capacity, where
they partner with key companies to assist in implementing technologies that they cannot
implement in-house. Lastly, some organisations reported initiatives such as a "data citizenship"
program, designed to identify potential users of new technologies and provide them with targeted

training, ensuring they can effectively leverage these tools.
d. Supporting technologies to facilitate digitalisation

The industry has implemented various supporting technologies to drive digitalisation and improve
the worker experience. Some challenges remain in integrating all the solutions across different

sites and operations. Key examples and use cases include the following:

o Data structures and Al integration: A few participants noted that the companies had invested
heavily in ensuring data accuracy and reliability, laying a strong foundation for Al solutions,
IoT, and other automation technologies. Prioritising solid data structures was important before
moving towards more advanced technologies such as blockchain, which has yet to be widely

implemented in this sector.

e Automation technologies: Al, big data analytics, loT sensors, and digital twins are used in the
plants to improve real-time decision-making. For example, High Graphical Processing (HGP)
cameras on conveyor systems analyse material inputs, and the resulting data flows into
Supervisory Control and Data Acquisition (SCADA) and Historian systems, integrating with

loT hubs for advanced analytics.

o Logistics improvements: License plate recognition, biometric authorisation, and geofencing,

alongside fatigue tracking for truck drivers, improve safety and efficiency in logistics.
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Autonomous operations: Automation has been initiated in operations with self-driving
machines, such as drill rigs, while mixed reality technologies are being incorporated into
training centres to simulate emergency scenarios and underground experiences for first

responders.

Big Data and safety systems: IoT systems integrated across operations prevent accidents by
employing proximity detection systems. Big data is leveraged to generate insights and

facilitate predictive analytics.

Paperless training: One company has transitioned to paperless training processes, digitising
employee portfolios and integrating training records into loT-enabled systems that manage

access to ensure compliance with safety protocols.

Al and predictive maintenance: There are Proof of Concept (POC) projects involving Al for
optimising operations and predictive maintenance. Data collected through sensors and stored
in data lakes is processed according to international standards (S95) and applied to Al
algorithms for insights. Digitalised checklists and condition monitoring further enhance
equipment management. One participant noted that they use unstructured CoPilot throughout

their entire organisation to equip employees to analyse their data more effectively.

Advanced decision-making: Previously, underground operations required manual analysis of
data collected by Programmable Logic Controller (PLC) and SCADA networks. With big data,
Al, and digitalisation, management can make faster, more informed real-time decisions. For
example, behaviour analysis and predictive analytics can now be conducted from control

rooms, reducing the need for manual inspections.

Remote monitoring infrastructure: Development of a robust data collection and analysis
infrastructure, enabling real-time access across all sites. Remote monitoring centres utilise
predictive advisory models, while I0T sensors and digital twin models support operational
optimisation. The focus is on practical technologies that provide immediate value, with

advanced solutions being introduced in phases.

Gamified training programs: One company introduced training programs inspired by
Pokémon, utilising mixed realities. Digital avatars assist employees through self-service
kiosks and training processes, such as leave applications, that have been digitised.
Additionally, digital twin models have been employed to gamify the optimisation of plant

operations, with winning solutions implemented in actual operations.
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o Data and Blockchain: A centralised data lake and business warehouse facilitate big data
collection from SAP systems. Blockchain is only used in diamond mining operations, while
technologies like 5G and beyond are yet to be implemented due to cost and infrastructure

limitations.

While technologies such as Al and loT are well integrated, some challenges remain in managing
the significant input of data, integrating systems across sites, and realising the full potential of
advanced technologies like blockchain. Some sites lack the necessary infrastructure to support
5G, and mixed reality is still in the trial phase in some regions. Although Copilot and Al solutions
have been rolled out, these efforts remain somewhat fragmented, with uneven access and

deployment across operational and administrative levels and a reliance on infrastructure.

In conclusion, while some organisations have made significant strides in digitalisation, further
investment is needed in infrastructure to leverage advanced technologies such as blockchain and
5G fully. Additionally, efforts are required to standardise and expand the implementation of Al,
IoT, and mixed realities across all operational areas for better integration and effectiveness.
Additionally, most participants observed that new technologies are implemented top-down and
initiated by business needs rather than worker requirements. The implementation process lacks

formal skills analysis and collaboration, highlighting areas for improvement.
e. Challenges & recommendations

Organisations need to adopt a human-centred approach in their technology strategies by
involving employees in the early design and implementation stages. A co-development model,
where site personnel and operational staff are part of the ideation and solution development
process, leads to greater ownership and higher adoption rates, according to the findings. Key
challenges related to human-centered design are identified, and recommendations are provided
in Table 6.13 .

Table 6.13: Challenges & recommendations for human-centered design

Challenge Recommendation
The lack of a human- e Establish cross-functional teams that involve employees at all levels in
centred approach in co-developing practical and beneficial solutions.
technology strategies
leads to resistance and o Upskill workers to transition from technology users to collaborators.

low adoption rates.
e Conduct thorough needs analyses to address both worker and
business requirements effectively.
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Perform skills gap analyses to ensure workforce readiness for
adopting new technologies.

Standardise and reinforce training programs to promote sustainable
use of technological solutions.

Implement participatory workshops to gather employee input on
technology adoption, reducing resistance to change.

Poor foundational digital
infrastructure and legacy
systems hinder
technological
developments

Allocate resources to upgrading legacy systems and implementing loT

devices and high-speed networks (e.g., 5G).

Establish robust data governance structures to ensure high-quality data

inputs and outputs.

Develop a phased digital roadmap starting with data collection and

integration before deploying advanced technologies.

Resistance to technology
adoption is due to a lack
of employee involvement
in decision-making
processes.

Create collaborative platforms where employees can contribute ideas

and participate in decision-making processes.

Organise innovation challenges to encourage employee engagement

and reward impactful ideas.

Resistance to change due
to inadequate
communication and
unclear change
management frameworks

Develop a structured change management framework to communicate

the benefits of new technologies and their complementary role.

Deploy change champions across organisational levels to advocate for

technology adoption and address employee concerns.

Ensure transparent and consistent communication to improve

employee engagement and trust during transitions.

6.4.2 Resiliency

a. Stabilisation policy

The responses regarding market fluctuation stabilisation policies reveal a diverse approach

among organisations, with very few mentioning that they have formal stabilisation policies in

place. Some companies that do not have a formal stabilisation policy focus on establishing

redundancy in supply chains by not relying on a single supplier for critical components. This

approach still presents challenges, especially when dealing with OEMs (Original Equipment
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Manufacturers). Others have policies in progress, with some already implementing strategies to
transition from conventional to mechanised mining. Typical challenges include operator misuse
of machinery, which in turn leads to higher machine maintenance costs. To overcome this
challenge, they have incentivised the correct usage of machines to reduce cost, changing the

mindset of operators to avoid unnecessary costs due to improper usage and handling.

For some, stabilisation is tied to exchange rate management and planning ahead through
implementing digital technologies, such as Al and loT, for scenario planning and real-time
monitoring to adapt to changing conditions. Other organisations lack clear strategies and rely
heavily on market and commodity prices, which are influenced by supply and demand. Some
mitigate this by holding back reserves or negotiating long-term contracts with fixed prices to

stabilise their costs.

In industries like mining, which are cyclical, companies have diversified operations to include
multiple commodities such as gold, lithium, and Platinum group metals (PGMs), reducing their
reliance on single resources and mitigating risks from price fluctuations. Another approach
includes the lowest-cost producer strategy, with digital technologies playing a significant role in
improving operational efficiency. One participant noted that it is also important to manage
profitability and sustainability, not just at a shaft level, but at a complex level where different
operations fund each other. Their resilience strategy includes: firstly, understanding external
factors to enable future planning; secondly, increasing operational efficiency to lower the cost

curve; and thirdly, having the correct data to make quick and effective decisions.

Although some organisations lack a formal stabilisation policy, they adopt strategies based on
current market conditions. During favourable periods, they make capital investments to improve
operations and deploy new technologies, ensuring they maintain efficiency and low-cost
production during downturns, which helps protect them from losing contracts. Additionally, some
companies have undergone restructuring to focus on critical work, looking at upper and lower
control limits to ensure that core activities are prioritised while reducing temporary resource

reliance.
b. Awareness of Industry 5.0 concepts

The awareness of Industry 5.0 concepts varies significantly across different levels of the
organisations. At the leadership level, Industry 5.0 is generally recognised as a key part of the
strategy, particularly for improving safety and operational efficiency. There have been initiatives,
such as a program to find reputable startup companies with innovative technologies, pilot them,
and scale successful solutions across the company. However, the level of awareness at the
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operational level, particularly among blue-collar workers, is much lower. The abstract nature of
Industry 5.0 concepts seems to limit the spread of understanding. Particularly as the emphasis is
placed on technology implementation rather than on embedding and educating the foundational
concepts. While efforts are being made to improve digital fluency and incorporate human-centric
technologies, this is still in its early stages, and Industry 5.0 concepts are not yet fully embedded
across organisations. There is consensus amongst participants that better change management

is needed to ensure broader adoption of these new technologies across all levels.

Some areas of the company are still more aligned with Industry 4.0, with the focus remaining on
financial performance, improving production, and profit rather than on the broader goals of
Industry 5.0. For instance, in South Africa, where mining remains highly labour-intensive, there is
a push for mechanisation to improve safety, but the overall awareness of Industry 5.0 remains
minimal. Some of the participants noted that organisations are cautious about leading the way in
implementing Industry 5.0 technologies. Although there are many proofs of concept (POCs), the
company often waits to see the outcomes and challenges faced by others before committing fully

to new technologies.

Lastly, there is a focus on communication regarding resilience and sustainability within
organisations. Still, less emphasis has been placed on the human-centric aspects of Industry 5.0,
which are critical to aligning technology with employee well-being and collaboration.
Organisations are taking steps to address these gaps, but there is still extensive work to be done

to improve awareness and integration of Industry 5.0 throughout the entire workforce.
c. Application of technologies to improve processes

The responses offer a diverse range of examples illustrating how modern technologies are
integrated into manufacturing processes, along with their associated benefits and challenges.
Advanced Processing Control (APC) is used in plants to optimise recovery; however, the
efficiency of this technology is dependent on ore quality and quantity. APC uses algorithms to
optimise the mill-feed material. Another example includes real-time ore accounting technologies
that trace gold from the blasting stage to the final output, providing valuable insights into the

production chain.

In raw mining, advancements include the use of autonomous drill rigs and docking machines,

shifting operators away from danger zones. Remote-controlled continuous miners and dump

trucks are also utilised in coal and open-cast mines, helping reduce safety risks while increasing

production efficiency. Another example includes the use of technology to complete all

underground checklists. The data is sent to managers for review, enabling them to identify issues
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or required maintenance. Operators complete forms offline, and once they connect to specific Wi-
Fi hotspots underground, the data is transmitted above ground. The system's dashboard flags
any issues and triggers automated workflows to notify all relevant parties, including suppliers. The
system is able to detect problems more quickly, automatically preventing the use of faulty
machines until repairs are completed. The implementation of these technologies has significantly

reduced the time required to locate and repair underground machines.

Machine learning has been applied in the manufacturing processes to improve predictive
monitoring, which flags potential failures before they occur. However, integrating data from
different systems remains a challenge for machine learning to deliver fully predictive insights. One
particular success story involved the creation of a digital twin for energy networks, which saved
millions by improving energy efficiency and building a strong business case. It also allowed for
risk-free testing and solution validation. This is especially important when testing changes that

can cause catastrophic failures in the real world, such as changing ventilation shafts underground.

Lastly, generative Al tools, such as ChatGPT, are now being utilised across various departments
to streamline processes, including contract generation and communication. Data-driven
initiatives, including the deployment of loT sensors for real-time monitoring, are also improving
decision-making capabilities. SCADA systems have been integrated to automate production
reports, improving data ownership and plant visualisation for production planners. Additionally,
loT is used to monitor all fleet and plant operations, while augmented reality assists with

completing checklists and improving operational accuracy.

In summary, a lack of formal resilience frameworks or policies persists, alongside a high reliance
on market conditions for profitability, particularly in industries such as mining and manufacturing.
There is also considerable work that needs to be done in terms of overall Industry 5.0 awareness
across all levels of the organisation. Despite the lack of formal resilience frameworks and
awareness, modern technologies are used to improve resilience in organisations. However, there

is still room for improvement and ensuring their integration is cohesive and optimised.
d. Challenges and recommendations

Key challenges related to resiliency are identified, and recommendations are provided in Table
6.14.

Table 6.14: Challenges & recommendations for resiliency

Challenges Recommendations
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High costs of developing new
mining shafts, low ROI, and
declining ore quality in the gold
sector.

Develop formal resilience frameworks that utilise Al-driven insights
for scenario planning and resource optimisation.

Invest in digital technologies such as predictive analytics to
optimise resource utilisation and improve operational decisions.

Depletion of pure chrome
reserves creates additional
pressure in the chrome sector.

Influence and plan for fluctuating supply and demand in various
commodities, optimising resource allocation strategies.

Market fluctuations affect
innovation and R&D budgets,
delaying technology adoption.

Establish flexible investment models to allocate funds for
immediate operational needs and long-term technological
developments.

Outdated infrastructure inhibits
the integration of modern
technologies.

Allocate resources to upgrading infrastructure to support
automation and advanced digital solutions.

Manual processes in mining
operations often result in
delayed responses.

Invest in predictive maintenance models and digital twins to
anticipate equipment failures and improve asset utilisation.

Operational systems require
digital flexibility to adapt to
market fluctuations and long-
term goals.

Streamline operational processes, such as water recycling and
data monitoring, to improve efficiency and sustainability.

CEO-driven leadership
influences the company's
direction, potentially overlooking
systemic needs.

Develop a continuous evaluation process to improve the
effectiveness of stabilisation policies and align them with systemic
goals.

6.4.3 Sustainability

a. Environmental & social initiatives

The interviews revealed various strategies and initiatives undertaken by organisations to address

environmental and societal issues. Many organisations have implemented sustainability-focused

programs, with key examples including tracking water positivity and usage, CO2 reduction, and

transitioning to renewable energy sources such as solar power. Battery-operated vehicles have

been introduced for underground mining, and efforts have been made to improve waste

management and waste reduction. Additionally, there are biodiversity-focused initiatives, such as

nurseries to conserve natural plant species and biodiversity offset areas, including world-class

birdwatching and fishing venues. Companies are also working to digitise and go paperless across

systems, complying with environmental regulations while reducing their ecological footprint.
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Several companies are researching energy consumption reduction and water conservation. Solar

plants are being built to transition to more renewable energy sources.

Some organisations are also deeply involved in community development. One participant noted
that a five-year social labour plan, in collaboration with local communities, has been launched to
target economic upliftment. One example aims to impact 17,500 lives through health, educational,
and economic outreach, with 40% of the workforce targeted for women’s empowerment. Socially,
Al and media tools are being utilised to gain a deeper understanding of community needs and
perceptions. Organisations are aligning their goals with clients’ environmental and societal
objectives. They work together to pool resources, focusing on community-based initiatives, such
as education and employment in remote areas. One participant noted the decentralisation of
these initiatives to ensure that the programs or initiatives are tailored to the specific needs of
different communities. Some companies lease the mining properties (rather than own them) to
generate continuous income streams for the local communities that own the land. Additionally,
investments are made in local infrastructure, such as schools and clinics, and upgrades are being
made to tailings facilities in accordance with the Global Industry Standard on Tailings
Management (GISTM).

Some companies primarily focus on internal programs, with less emphasis on external societal
initiatives. Environmental initiatives are often driven by regulatory requirements, such as
International Organisation for Standardisation (ISO standards and government regulations. Many
organisations have embedded ESG goals into their business strategies. They have made
significant investments in environmental initiatives, including water conservation, energy
efficiency, recycling, and tailings management. These programs are critical for maintaining mining
licenses. The upside of sustainability initiatives is that there is more room for experimentation,
and the risk is lower when investigating these initiatives compared to interfering with production
processes. Despite these initiatives, some organisations still note that the expectations regarding

ESG are vague.
b. Business models

Many organisations struggle with a gap between sustainability initiatives and their actual
implementation, especially at lower operational levels. While sustainability goals may be well
understood at the managerial or "C-band" levels, this awareness often fails to be cascaded down
to blue-collar or operational staff, largely due to a lack of ground-level champions and
communication barriers. However, the level of exposure to sustainability initiatives often
correlates with the employee’s position in the organisation - leadership tends to have more

exposure and a greater appreciation for these efforts than ground-level workers. Perception is
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closely tied to both exposure and Maslow's hierarchy of needs. An employee who is primarily
concerned with basic survival and providing for their family is unlikely to prioritise the company's

carbon emissions.

Many organisations' business models are driven by regulatory compliance, especially in sectors
such as mining, where holding a licence to operate is critical. Sustainability goals are often viewed
as a necessity to maintain licenses and meet stakeholder expectations. The influence of
sustainability on profitability is also notable. One participant noted that profitability and
sustainability are interlinked, and long-term remuneration and incentives are provided to top
leadership to encourage them to meet sustainability targets. For some companies, sustainability
influences capital expenditures but does not necessarily affect day-to-day operations. Capital is
allocated for initiatives such as renewable energy projects, but these investments do not always
result in changes to daily processes. Instead, they are often viewed as strategic investments for
long-term gains, rather than immediate operational improvements with minimal impact on the

business model.

These responses highlight that while sustainability is recognised as important and integrated into
business models, there are gaps in communication, ground-level engagement, and operational

application, which organisations need to address to realise their sustainability goals fully.
c. Strategy planning

The responses to the question about how organisations are involved in strategy planning related
to sustainability and ensuring compliance with regulations highlight different approaches across
regions and levels of proactivity. Some organisations have visible and trackable sustainability
efforts. They focus on meeting key sustainability targets, such as operating in certain areas
without safety incidents, and review these strategies regularly (e.g., daily) to ensure they remain
on track. However, a question often arises on how to future-proof these strategies, indicating that
while they meet current standards, there is concern about remaining competitive and compliant
in the future. While many organisations meet the minimum sustainability and regulatory
requirements, some push to be leaders by adopting proactive measures. These organisations do
more than comply; they aim to set new standards, particularly in regulatory compliance, to stay
ahead of the curve. However, in many cases, proactivity varies, and some only meet the basic
requirements rather than striving for leadership. One organisation noted that sustainability
initiatives are primarily undertaken for market and shareholder value and market and shareholder

positioning.
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The level of collaboration with regulators varies significantly across different regions. In places
like the U.S., organisations actively engage in sustainability strategy planning with regulators
through agreements like the Good Neighbours Agreement, which emphasises mutual
collaboration. In Europe, regulations are more prescriptive but allow different applications
depending on context, while in Australia, organisations enjoy more flexibility in shaping their
sustainability strategies. However, South Africa's regulatory environment is perceived as having
a more top-down approach, where collaboration is limited at the national level. Some
organisations also collaborate with local authorities, such as the Department of Mineral
Resources (DMR) and the Water Council in South Africa, to help shape regulations and ensure
compliance. However, this engagement tends to vary based on the region - more remote areas
often interact less with local regulators. There are efforts to engage with infrastructure providers,
such as Eskom and Transnet, to maintain and improve compliance with regulatory standards.
Still, again, the level of involvement is not consistent across regions. There is ongoing negotiation
and communication between industry and regulatory bodies on the practical implementation of

regulations.

These answers indicate that, although there is a degree of visibility and tracking of sustainability
efforts, the approaches to regulations and proactive strategy planning differ significantly across
regions. Some organisations are more forward-thinking, actively engaging with local regulators
and stakeholders. In contrast, others maintain a more reactive stance, focusing on compliance

with existing regulations rather than setting new sustainability benchmarks.
d. Transparency

The responses to the question about how organisations monitor sustainability and review the
indicators show varying degrees of tracking and transparency across different companies. There
is some awareness of sustainability efforts at the ground level, although communication remains
a challenge. In several organisations, most communication about sustainability is focused on

management, leading to a lack of transparency and engagement from operational employees.

Some organisations review sustainability indicators monthly, while others conduct daily reviews
of safety and sustainability efforts. These reviews often include celebrating safety heroes or
champions, with the recognition coming from top leadership, such as the CEO. Some companies
track sustainability initiatives on a project-level basis and use KPIs to monitor progress. Many
organisations rely on reports and dashboards to track sustainability indicators such as water,
energy consumption, hydrocarbons, and emissions. These indicators are often tied to corporate
reporting for transparency, particularly for companies listed on stock exchanges, where there are

strict requirements for sustainability reporting; for companies with more advanced systems,
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sustainability metrics (e.g., water and energy consumption, health, safety, and carbon intensity)
are monitored through integrated systems. These indicators are regularly reviewed to ensure
alignment with the company's long-term goals and are integrated throughout its operations. In
some cases, senior leadership remuneration is linked to the achievement of these sustainability
targets. However, the level of detail and transparency varies and reporting practices across
different operations are also non-standardised. In some cases, indicators are not easily
accessible to all employees, particularly at the ground level. This gap highlights a potential area
for improvement in ensuring widespread accessibility and engagement with sustainability metrics

across the workforce.

Overall, organisations exhibit varying levels of maturity in monitoring and reporting on
sustainability. While some have robust, integrated systems that align well with their long-term
sustainability goals, others face challenges in transparency, accessibility, and consistency in

reporting practices across their operations.
e. Challenges and recommendations

While many organisations are aware of sustainability, it is not integrated across all company
functions and operations. Companies must align sustainability with business objectives, ensuring
it becomes an integral part of their long-term growth strategy. Sustainability is a regulatory
requirement for maintaining mining licences as well as managing key stakeholder investments
and perceptions. It is also a key driver for future-proofing operations. Companies should prioritise
investments in technologies that reduce environmental impact, such as water treatment systems,
energy-efficient machinery, and the reuse of materials. Key challenges related to sustainability

are identified, and recommendations are provided in Table 6.15.

Table 6.15: Challenges & recommendations for sustainability

Challenge Recommendation
Lack of integration of e Embed sustainability goals, such as reducing carbon emissions and
sustainability across all improving energy efficiency, into operational KPlIs.
company functions and
operations. e Link executive and managerial incentives to achieving sustainability

targets, ensuring accountability across the organisation.

Limited employee e Create transparency and awareness at all organisational levels
awareness and regarding sustainability initiatives.

engagement in

sustainability initiatives e Develop employee training programs to foster understanding of their

roles in achieving sustainability goals.
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Sustainability goals are ¢ Integrate sustainability goals with business objectives, highlighting
not aligned with long-term their interdependence with profitability.
business objectives.

Regulatory compliance, e Direct a portion of capital expenditures toward sustainability

rather than proactive technologies, such as energy-efficient machinery and water treatment
measures, primarily systems.

drives sustainability

efforts. e Partner with sustainability experts to identify improvement areas and

establish ROl metrics for green technology investments.

Difficulty in balancing e Prioritise investments in sustainability-driven initiatives that offer long-
short-term operational term savings, such as waste recycling and energy reduction practices.
needs with long-term
sustainability
investments.

6.4.4 Worker perspective
a. Training

The responses to the question about training programs, mainly related to Industry 5.0 skills, reveal
a range of efforts and gaps across organisations. Some companies are in the early stages of
implementing training for Industry 5.0; however, they still lack full integration into their operations.
Training is typically provided to mid-management and above through learner development
programs (LDPs), which include digital training from external service providers. This indicates that
some companies are incorporating digitalisation into their learning strategies, though these efforts

are not yet comprehensive.

In other instances, digital security, data management, and general IT awareness training are
provided, but Industry 5.0-specific skills, such as artificial intelligence or robotics, are lacking.
Most participants reported that technology is being used to assist in learning methods, but the
skills and outcomes are not yet related to Industry 5.0 skills. Challenges arise from the varying
digital literacy levels in the workforce. Some companies report that only 11% of their workforce
can access online training systems, significantly limiting the potential for large-scale digital training

solutions.

However, there are examples of more advanced initiatives. Some organisations have partnered
with platforms like Linkedln Learning and Udemy to offer training to critical employees.
Additionally, internal graduate programs mandate Industry 5.0 training, while advanced technical

training is provided to data scientists and engineers to keep them current with the latest
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technologies. Finally, one of the organisations has recently made a range of Industry 5.0
programs available at no cost. These courses cover a range of topics, from Al to digital security,
and offer varying difficulty levels, including mini degrees. However, the challenge remains that
only a tiny portion (about 8%) of the workforce can access these programs, highlighting the need

for more inclusive and widespread training initiatives.

In summary, while there are pockets of progress, most companies still face significant challenges
in integrating Industry 5.0 skills training across their workforce, mainly due to technological access

barriers and varying levels of digital fluency.
b. Working conditions and ethical standards

The interview responses regarding how organisations improve working conditions and maintain
ethical standards reveal various approaches, with some aligning with the principles of Industry
5.0. Several organisations have provided nursing rooms, breastfeeding rooms, and appropriate
personal protective equipment (PPE) for women, aligning with Industry 5.0's human-centric focus.
There is also investment in improving facilities, such as change houses, to improve employee

safety and comfort.

Many organisations have shifted their safety language and focus. For example, some have
replaced the term "fatality" with "loss of life" to emphasise its severity. There are also safety
initiatives, such as using autonomous trucks and remote technologies to keep workers out of
dangerous environments, which include technologies like remote operations, collision detection
systems, and vehicle-person interaction prevention. Although most projects are safety-focused,
employees are still under pressure when compromising production for safety. It is, therefore,
important that initiatives should always reduce pressure and workload, rather than creating more

pressure from a production perspective.

There are also initiatives aimed at improving psychological well-being, such as leadership training
designed to help managers understand their role in creating safer and more supportive
environments. In terms of management training, companies are focusing on specific programs
that address working with women in the mining industry, demonstrating a shift toward more
inclusive workplaces. Some have introduced self-paced learning options to support leadership
development. Ethical training is emphasised but not yet fully integrated with Industry 5.0
principles. Ethical training to improve working conditions is mandated in many companies, but

budget constraints sometimes hinder prioritisation.
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In some organisations, ethical standards are enforced through top-down policies, ensuring
fairness and transparency. For example, moral standards are also embedded into automated
workflows, particularly in procurement, to ensure good governance. Transparency in handling
workplace issues, such as bullying, is improved by self-service kiosks that allow employees to
submit anonymous complaints. Employees are also given the opportunity to submit ideas or bring
issues to attention. The transparency extends to data sharing, ensuring discrepancies are visible

and addressed.

In summary, organisations are progressively incorporating safety, ethical standards, and
inclusivity into their working environments. However, complete alignment with Industry 5.0
principles is not yet widely seen, with many companies still working on integrating these concepts

more deeply into their operational practices.
c. Challenges and recommendations

The workforce’s ability to adapt to new technologies is critical for success in Industry 5.0. The
findings revealed that while some employees readily adopt digital tools, many lack the necessary
skills to engage with new systems fully. As technologies evolve, the skillsets of employees should
also continue to improve. Continuous development programs ensure that the workforce remains
agile and adaptable to future developments and improvements. Key challenges related to the

worker perspective are identified, and recommendations are provided in Table 6.16.

Table 6.16: Challenges & recommendations for the worker perspective

Challenge Recommendation
Limited access to e Provide broader access to technology, ensuring employees can engage with
technology for computers and systems during training.
employees to practice
and interact with o Offer practical, hands-on training sessions where employees interact with
during training digital tools relevant to their roles.
sessions.

A lack of digital literacy | ¢ Implement company-wide digital literacy programs, focusing on Industry 5.0

among the workforce skills such as Al, data analysis, and loT.

is hindering the

adoption of Industry e Partner with digital education platforms like LinkedIn Learning or Udemy to
5.0 technologies. deliver scalable and accessible training.

Training initiatives e Ensure training programs are accessible to all employees, regardless of
often target only role, and monitor participation through certifications.

critical or high-level
staff, leaving a
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significant portion of
employees untrained.

The workforce lacks e Foster a culture of lifelong learning by offering regular upskilling and
opportunities for reskilling programs for all employees.

lifelong learning and

continuous skill o Establish internal career development pathways linked to technological
development. proficiency, integrating them into performance reviews.

Difficulty in creating o Develop initiatives to train and develop multi-skilled employees, enhancing
resilient, multiskilled both resiliency and job satisfaction.

employees capable of

adapting to

technological changes.

Limited exposure of ¢ Create multidisciplinary teams, promoting cross-functional learning and
employees to diverse collaboration to ensure integrated solutions.

functions within the

organisation. o Facilitate team environments that encourage employees to learn from peers

and gain exposure to various roles.

6.4.5 System perspective
a. Discussion

Some organisations are aware of bioeconomy and circular economy principles, particularly at the
CEO and upper management levels. These principles have been integrated into their operations,
with a focus on waste reduction and alignment with sustainability goals. However, many
organisations are still in the early stages of applying bioeconomy principles, with a few having a

limited understanding of and application of these principles.

Some companies excel in applying bioeconomy principles, particularly in waste reduction and
recycling. These organisations are involved in large-scale recycling efforts, such as re-mining
tailings and recycling metals from e-waste and batteries. Leading companies also focus on turning
waste, such as mine water, into valuable products like agricultural-grade fertilisers, demonstrating
a strong commitment to resource efficiency. This also contributes to the South African economy
by reducing reliance on imports, particularly for agricultural-grade fertilisers. There are efforts to
invest in water treatment systems to recycle contaminated water and reduce environmental
impact. Companies are also managing consumables, such as hydrocarbons, more effectively

through supplier collaboration.
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Organisations are also required to restore mined areas to their pre-mined conditions as part of
their regulatory compliance. This includes efforts related to land rehabilitation and environmental
management. One challenge is that some mines become bankrupt before rehabilitation can start
or be completed. Therefore, they cannot meet bioeconomy goals and regulatory requirements.
Another challenge includes initiatives such as water and energy conservation, which are driven
primarily by the need to comply with government and mining license regulations rather than by a

proactive approach to bioeconomy principles.

The mining industry’s inherently linear nature makes it difficult to adopt circular or bioeconomy
principles. Additionally, these concepts can be challenging to explain to a largely unskilled
workforce, and widespread adoption. Overall, while bioeconomy and circular economy principles
are recognised at the higher levels of management and are being integrated into some operations,
broader awareness and application remain limited. Most efforts are compliance-driven rather than
proactive, and significant challenges remain in fully implementing these principles across the
workforce and operations. Key challenges related to the system perspective are identified, and

recommendations are provided in Table 6.17.
b. Challenges and recommendations

Table 6.17: Challenges & recommendations for the system perspective

Challenges Recommendations

Limited awareness e Develop targeted training programs to educate employees about
and understanding of bioeconomy and circular economy principles.

bioeconomy principles,

particularly at the e Simplify concepts for unskilled workers using practical examples to
operational level. enhance understanding and engagement.

A compliance-driven e Embed bioeconomy goals into the organisation's vision and
approach to mission statements.

bioeconomy principles
rather than proactive e Encourage leadership to champion bioeconomy principles through

integration. consistent communication and strategy alignment actively.
Insufficient resource e Scale up efforts like re-mining tailings and recovering metals from
efficiency initiatives e-waste to improve waste reduction and resource efficiency.

across operations.
e Invest in innovative technologies for repurposing waste, such as
converting mine water into agricultural-grade fertilisers.

Limited collaboration e Partner with suppliers to ensure sustainable practices in managing
with suppliers and consumables like hydrocarbons.
stakeholders in
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advancing
sustainability goals.

Collaborate with industry peers and government agencies to share
best practices and co-develop bioeconomy solutions.

Challenges in land
rehabilitation and
meeting environmental
obligations, especially
in bankrupt mines.

Develop contingency plans to ensure land rehabilitation and
environmental management obligations are fulfilled.

Advocate for stricter regulatory frameworks to incentivise proactive
sustainability initiatives.

Difficulty transitioning
from a linear to a
circular economy
model in mining
operations.

Launch pilot projects to demonstrate the feasibility of adopting
circular economy models in mining.

Start with incremental integration, focusing on waste reduction and
recycling to gain momentum for broader changes.

Environmental impact
from inadequate water
treatment and
resource
management.

Invest in water treatment and recycling systems to reduce
environmental impact and enhance operational sustainability.

Digital tools are used to monitor and optimise resource use with
real-time tracking of sustainability metrics.

6.4.6 Customer perspective
a. Discussion

Most of the customisation and personalisation is happening internally in companies. One
participant noted that the company has developed an enterprise data storage (EDS) system for
internal customers that houses all operational data. Managers can access this data to build their
reports and analytics, enabling them to personalise insights and outputs based on their needs.
Another participant noted that they focus on personalised services and not products. These
include software solutions such as chatbots that provide real-time alerts. These solutions are
customised to fit the specific needs of each site, improving adoption and effectiveness within the
organisation. Another example includes the allowance for some degree of autonomy in terms of
internal operations, where internal stakeholders are permitted to customise their change

management methods without enforcing strict standard protocols.

One organisation reported that customers can interact with the company through a faceless

experience on a customer portal. The focus is on ensuring uniformity in service, with a primary

emphasis on the voice of the customer, product quality, and service delivery standards. The most

notable response related to that customisation is more common in specific industries, such as

coal mining and diamonds, where the quality of ore is adjusted according to its intended use.

Additionally, customer preferences often determine commodity purities, particularly in industries
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such as steel and battery production, where customisation is evident in recovery processes and

specialised products like lithium.

In summary, while organisations emphasise internal and strategic personalisation in niche areas,

their approach to external product customisation is limited due to financial and technical

limitations, as well as challenges and constraints.

b. Challenges and recommendations

Key challenges related to the customer perspective are identified, and recommendations are

provided in Table 6.18.

Table 6.18: Challenges & recommendations for the customer perspective

Challenges

Recommendations

Limited capabilities in
external product
customisation to meet
specific customer
needs.

Explore advanced technologies like Al and digital twins to enable tailored
product customisation for industries such as steel and diamonds.

Invest in scalable and flexible production systems to address financial and
technical limitations.

Ineffective customer
interaction platforms
that lack
personalisation.

Improve faceless customer portals with Al-driven tools to improve user
experience and real-time support.

Balance uniformity in service delivery with the ability to address individual
customer needs.

Focus on personalised
services rather than
products.

Expand customised software solutions like site-specific chatbots and
predictive analytics to enhance operational efficiency.

Develop tailored digital tools that address specific customer requirements,
such as reporting and analytics.

Insufficient customer
feedback integration
into service refinement

Implement systematic methods to capture and analyse customer feedback
to identify service delivery gaps.

Use feedback to refine offerings and align them with customer
expectations and industry standards.

Financial and technical
constraints are
hindering
customisation efforts

Partner with technology providers to co-develop cost-effective
customisation solutions.

Conduct cost-benefit analyses to prioritise customisation investments with
significant returns.
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Lack of focus on niche | ¢ Prioritise customisation efforts in niche areas like adjusting ore quality or
areas where producing specialised products such as lithium batteries.

customisation provides

a competitive ¢ Highlight these capabilities in marketing to differentiate the organisation in
advantage. the marketplace.

6.5 Conclusion

The purpose of this study was to evaluate the state of the transition in the South African mining
industry towards Industry 5.0, identifying the factors influencing this transition, the concepts and

enabling technologies adopted, challenges faced, and recommendations to support progress.

Overarching research question: What are the factors influencing the state of technological

adoption of the South African Mining Industry towards Industry 5.0?

The study found that recognition of the importance of Industry 5.0 principles significantly exceeds
their current maturity across the sector, with importance scores averaging between 3.4 and 3.8.
In contrast, maturity levels remain between 1.6 and 3.0 across categories. Factors influencing
adoption include existing digital infrastructure and data governance, leadership commitment,
employee skill levels, access to training, organisational size and resource availability, and
regulatory and market pressures that shape investment decisions. This aligns with the initial
factors identified through initial literature, such as Mining CEOs' priorities regarding Industry 5.0,
talent management, operational costs, and a drive for modernisation ((Mandela Mining Precinct,
2023; Minerals Council South Africa, 2018; Mishra, 2025).

These factors collectively influence the pace and direction of Industry 5.0 adoption, highlighting
the need for aligned strategy, employee-centred implementation, and consistent investment in

foundational infrastructure.

Research objective 4: What is the current state of the Industry 5.0 application in the South African

mining industry?

The mining sector demonstrates pockets of progress in digitalisation, sustainability, and safety-
related automation, with technologies such as Al, 0T, big data analytics, and digital twins being
actively utilised. However, the sector is still predominantly operating within an Industry 4.0
mindset, with Industry 5.0 principles such as human-centricity, system adaptability, and broad

employee engagement underdeveloped (maturity levels often below 2.5).

This confirms earlier observations by Ndlovu et al. (2022), who highlighted that companies are

making strides towards transformation, but most seem to still be in the planning phase. Ndlovu et
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al. (2022) also noted that South African mining has generally been slower compared to other
industries or global counterparts, which is reflected in the maturity levels that are often below 2.5.
Similarly, Mishra (2025) found that in mining, human-centric design is often secondary to
efficiency-driven automation. While digital technologies like Al and loT are operational, their
deployment lacks a deliberate alignment with Industry 5.0’s transformative values, such as
empowerment, co-creation, and resilience. This study deepens that understanding by quantifying
the maturity gap and showing that although capabilities exist, their integration remains shallow

and fragmented.
Research objective 4: Which concepts have been adopted?

Key concepts partially adopted include human-centric design in safety and limited collaborative
technologies, resilience through digital technologies supporting operational continuity,
sustainability initiatives aligned with ESG strategies, worker upskilling through internal academies
and digital training, and personalisation applied primarily internally for operational decision-
making. These findings align with Muzvondiwa (2024), who noted a rising trend in digital
workforce development strategies. However, concepts like holistic adaptability and bioeconomy

integration are largely absent or driven by compliance rather than innovation.

Concepts such as holistic system adaptation and bioeconomy principles remain underdeveloped,
with adoption driven by compliance rather than proactive integration. This reflects critiques from
the Mandela Mining Precinct (2023), which argues that most South African mining innovations
are compliance-triggered rather than strategically planned for future resilience. While some
concepts have been adopted, the approach remains technocentric, reinforcing the feedback by
Ndlovu et al. (2022) that Industry 5.0 is often misapplied as advanced automation rather than a

socio-technical transformation.
Research objective 4: What components (enabling technologies) have been adopted?

Enabling technologies adopted include artificial intelligence for predictive maintenance and real-
time decision support, 0T sensors for fleet and process monitoring, digital twins for scenario
testing and optimisation, SCADA integration and data lakes, automation technologies in mining
equipment and logistics, and gamified and digital training platforms. These findings are in line
with PwC South Africa (s.a.), which reported that digital technologies are gaining traction,
especially in larger mining houses. However, this study reveals that these technologies are
predominantly used for control, monitoring, and operational efficiency, not to support human-
centric or adaptive system goals. Technologies like blockchain and 5G remain in pilot or
exploratory phases, with infrastructural and financial limitations cited as key constraints.
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The results reiterate those of BDO LLP (2025), which found that smaller firms, in particular, lack
the digital infrastructure necessary to adopt transformative technologies at scale. This reinforces

the need for sector-wide digital equity to ensure inclusive adoption of Industry 5.0.

Research objective 5: What are the main challenges in adopting Industry 5.0 concepts and

components?

The main challenges identified by interviewees in adopting Industry 5.0 concepts and components
include a lack of a human-centred approach in technology strategies, with technology adoption
often driven by top-down decisions rather than worker needs, and fragmented infrastructure and
legacy systems limiting the deployment of advanced technology. These challenges were also

raised by the Mandela Mining Precinct in 2023.

Other challenges include digital literacy gaps and limited access to training for large segments of
the workforce, limited awareness of Industry 5.0 concepts at operational levels, which hinders
integration, and financial and technical limitations that constrain customisation and
personalisation. These findings support the concerns raised by Onwuegbuzie and Combs (2010)
regarding the failure to integrate human and technical subsystems in complex organisations. This
is further supported by the observations from Pelders & Schutte (2021), which indicate that
resistance to change, inadequate training or skilled personnel, and high upfront costs significantly

hinder the adoption of Industry 5.0.

Moreover, the study shows that most adoption is driven top-down, often overlooking the insights
and needs of frontline workers. This replicates the risk highlighted by the Indeed Editorial Team
(2025), who warn that without inclusive design and feedback mechanisms, transformation efforts
may entrench disengagement and resistance. The compliance-first sustainability mindset
observed in this study also aligns with the findings of the Minerals Council South Africa (2018),
which criticised the mining sector for adopting reactive, rather than proactive, approaches to

environmental and social governance.

Research objective 6: What recommendations can be made to support the South African mining

industry in the transition?

Based on the interviewees' responses, to support the Industry 5.0 transition, it is recommended
that organisations adopt co-development models with employee participation in technology
design and implementation and develop inclusive and scalable training programmes to improve
digital fluency across all workforce levels. Ambhore (2024) supports this statement by focusing

on creating environments that attract talent, upskill the workforce, and foster a culture of
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continuous improvement. The development of scalable training programmes across all
organisational levels aligns with Ndlovu et al. (2022), who emphasise the role of inclusive

capacity-building in bridging technological and social gaps.

Other recommendations include upgrading digital infrastructure and implementing robust data
governance to facilitate the integration of advanced technologies. Proactive integration of
sustainability and bioeconomy principles beyond mere compliance is necessary to align with the
broader vision of Industry 5.0, as outlined in European Commission policy papers. Asif et al.

(2023) further promote the use of technology to enhance sustainability and social value.

Organisations should proactively integrate sustainability and bioeconomy principles into their
business models, linking them to long-term objectives. Organisations should utilise artificial
intelligence, loT, and digital twins to enable tailored product customisation, focusing on niche
areas for competitive advantage, and establish structured change management frameworks to
address resistance and facilitate smooth technology transitions. Collaboration with OEMs,
regulators, and technology providers should be fostered to ensure consistent and efficient

implementation.

In conclusion, while the South African mining industry demonstrates a growing awareness and
adoption of Industry 5.0 concepts, significant gaps exist between the importance and maturity of
these concepts across all dimensions, requiring focused interventions. Addressing these gaps
will enable the industry to transition towards a sustainable, resilient, and human-centric
operational model aligned with Industry 5.0 principles, securing competitiveness in an evolving

global landscape.
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CHAPTER 7 VERIFICATION & VALIDATION

7.1 Introduction

This chapter aims to ensure that the methods used and results obtained are accurate and reliable.
Verification confirms that the appropriate techniques are used correctly, whereas validation
ensures that the process is applicable to answer the question. The following research questions
were formulated to guide the study. Figure 7.1 illustrates the study's progress, indicating that it is

currently in phase 5 of the 5-phase approach.

5.
VERIFICATION

& VALIDATION

Verify and
validate the
findings from the
empirical
investigation.

Figure 7.1:  Overview of the study's progress: Phase 5/5
7.2 Verification process

Different verification methodologies are discussed in depth in Chapter 3 Methodology. Member
checking was selected as the most appropriate method for the verification process, as it enhances
the credibility and accuracy of the findings by allowing participants to review and confirm the

interpretation of their contributions. The process consists of the following steps:
7.21 Steps

o Identify participants: 3-4 participants who represent a diversity of perspectives are involved

in the member-checking process.

¢ Timing: The member-checking process is done after initial data analysis for the individual

interview.
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¢ Summarise findings: Concise summaries of the key findings or themes derived from the

interviews are prepared, and the summaries are clear and understandable to participants.

¢ Invitation: An invitation is sent to participants explaining the purpose of member checking

and how their feedback will be used. It is based on voluntary participation.

¢ Instructions: Clear instructions on how participants should review the materials and the type

of feedback provided.

o Feedback methods: The summaries are sent via email, and written feedback is requested.

Participants are guided by asking specific questions such as:
o Accuracy: Do these summaries accurately reflect your experiences?
o Understanding: Are there any inaccuracies or misinterpretations?
o Completeness: Is there anything significant that was missed or misunderstood?

o Analyse feedback: Feedback is reviewed to identify common themes or issues and to
determine if any changes are needed in the data analysis or interpretation based on the

participants' input.

¢ Revise: Findings and interpretations are updated based on the feedback provided by the

participants.
7.2.2 Results

The findings and invitations were shared with all participants, and seven out of the ten responded
by email. This response rate exceeded the initial target of four responses. All participants
indicated that they were satisfied with the summaries of their interviews, with two minor

modifications to the terminology that was used.
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Dear {participant A},

| hope you are doing well. As part of my research on Industry 5.0 in the South African Mining
Industry, | am conducting a process called member checking to ensure that my findings
accurately reflect your experiences and insights.

Attached, you will find a summary of the key themes and findings derived from our interview,
along with selected excerpts. | kindly ask you to review these materials and provide your

feedback on the following:

» Do these summaries accurately reflect your experiences and views?
» Are there any inaccuracies or misinterpretations?

+ |Is there anything important that we have missed or misunderstood?

Your feedback is invaluable and will help ensure the accuracy and credibility of the research.
Please let me know if you have any questions or need further information. | look forward to

your valuable insights.

Thank you for your time and participation.

Figure 7.2: Email invitation to participants to provide feedback

Figure 7.2 shows the invitation sent to the participants. Figure 7.3 is an extract of the summary of

Participant A’s interview that is provided during the member-checking process as an example.
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Interview: Industry 5.0 in a South African Context

Collaboration between employees and technology is improving through creative approaches
like mixed realities for communication and change management. Al-generated avatars on
department-specific coffee mugs help facilitate interaction between employees and
technology. Neuroscience principles, such as space repetition, have also been used to
improve the adoption of new technologies. However, challenges around data security (e.g.,
BYOD policies) and building trust among employees remain, as they need assurance that their

data and devices are protected.

The organization has implemented restructuring efforts, focusing on critical operations and
managing core activities while controlling labour costs through temporary resources when
necessary. Commodities are sold at set prices based on market trends to ensure stable
production, reflecting a cautious approach to economic fluctuations. However, resilience is
communicated more in terms of sustainability than in a human-centered approach.

Figure 7.3: Participant A summary extract provided for the member checking process

Table 7.1 show the summary of feedback received from participants with the relevant requested
changes based on the three verification questions that were shared. "N/A" indicates that the

participant did not provide any feedback.
e Do these summaries accurately reflect your experiences?
o Are there any inaccuracies or misinterpretations?

¢ |s there anything significant that was missed or misunderstood?
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Table 7.1:

Summary of participant feedback

Participant Do these Are there any inaccuracies or misinterpretations? Is there anything Notes
summaries important that
accurately was missed or
reflect your misunderstood?
experiences
and views?
Participant A | Yes The following changes were requested: Yes Changes were noted
e Graphical Processing Units should change to High-Graphical- apd applied to the
Processing-Units cameras. discussion chapter.
e Add “processing” when describing the plants in the organisation.
o Add “Execution of” strategies that are actively reviewed
Participant B | N/A N/A N/A N/A
Participant C | Yes Yes Yes N/A
Participant D | Yes Yes Yes N/A
Participant E | Yes Yes Yes N/A
Participant F | N/A N/A N/A N/A
Participant G | Yes Yes Yes N/A
ParticipantH | Yes Yes Yes N/A
Participant | N/A N/A N/A N/A
ParticipantJ | Yes “It is AR-Generated avatars and not Al, components of Al were used to Yes Changes were noted
add sound (voice over) automatically as we change the message daily and applied to the
for the end-users and to then translate this message into various other discussion chapter.
languages.”
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7.3 Validation process

Different validation methodologies are discussed in depth in Chapter 3 Methodology. Peer review
was selected as the most appropriate strategy for the validation process, providing an external
and critical evaluation of the research outputs. The validation process consists of the following

steps:
7.3.1 Steps

¢ Identifying reviewers: A selection of 1 or 2 colleagues, field experts, or mentors with relevant
experience was made. Reviewers were chosen to ensure a diverse range of expertise

covering various aspects of the research.

o Preparation of materials: A comprehensive research proposal or draft thesis, consisting of
the research design, methodology, and preliminary findings, was provided to the reviewers.
Specific areas where feedback was sought were highlighted to guide the review process. The

validation presentation is available in Appendix C.
Material outline:
o Research problem, Purpose & Objectives: Summary provided on slides
o Research methodology: Summary provided on slides
o Findings & Discussion: Presenter discussed content in Chapter 6 during the session.

o Feedback: The reviewers were first asked to share their opinion of the current progress before
the findings were shared. The prepared materials were shown to the selected reviewers

during an online interview to initiate a discussion and facilitate feedback.

¢ Incorporating feedback: Common themes and suggestions were identified upon receiving
the input. Appropriate revisions were made to the research design, methodology, and findings

in response to the reviewers' input.

e Documenting the process: Detailed feedback records and subsequent revisions were
maintained. A section in the thesis described the peer review process, outlining how it

contributed to enhancing the validity and reliability of the research.
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7.3.2 Results

Feedback was gathered in three stages: first, participants were invited to share their initial
opinions before the study findings were presented; next, they were encouraged to provide input
during the discussion; and finally, they were asked for concluding remarks once the discussion of

the findings was concluded.
a. Reviewer A's feedback
Stage 1: Pre-findings feedback

e What is your understanding of the South African mining industry's current status in adopting

Industry 5.0 principles?
e What do you think are the challenges and opportunities of the industry?

The reviewer observed that, from their perspective, the mining industry shows very minimal
adoption of Industry 5.0 technologies, with little preparation underway for such advancements.
They noted, “I can't see it being implemented or utilised correctly within the next 5 to 10 years.”
The reviewer further explained that many mining sites lack the foundational elements of Industry
4.0, which are critical to enabling the transition to Industry 5.0. Even with experienced personnel
familiar with site-specific technology, the necessary infrastructure and data resources are often

absent.

A key challenge highlighted by the reviewer is the need for a stronger focus on sociotechnical
systems and systems thinking. In the mining sector, technology adaptation often relies heavily on
the workforce that is actively involved in the demanding physical work underground. For example,
while new drilling technologies may offer improvements in speed, cleanliness, and efficiency, if
these tools are heavier, workers may prefer traditional drills to avoid added strain and effort while
working in these harsh underground conditions. The reviewer emphasised that greater attention
should be given to the human-centric pillar, as well as exploring practical ways to integrate

sociotechnical systems.

In discussing potential challenges and opportunities, the reviewer identified a definite need for
digitalisation in mining. For instance, extracting data from as deep as four kilometres
underground, such as information on compressed air, water reticulation, and ventilation systems,
remains a significant technical hurdle, with no practical solutions currently in place or available to

adopt. On a positive note, the reviewer mentioned that mining companies are increasingly aware
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of the importance of environmental, social, and governance (ESG) aspects, recognising their

growing relevance in the industry.
Stage 2: Discussion during feedback session

The reviewer highlighted that the variation and wide distribution in perceptions of human-centricity
in a mining operation is understandable, as different levels of management tend to prioritise
human-centred initiatives differently. They agreed on resilience-improving examples, such as
implementing "flex capacity” and capability-building initiatives, recognising these principles as
valuable for organisational adaptability. However, they pointed out that Industry 5.0 initiatives face
challenges when they may interfere with production demands. The reviewer also emphasised the
need for tools like digital twins and simulations to assess the potential impact of such initiatives
before full-scale implementation. Additionally, the reviewer commented on challenges related to
digital and general literacy levels within mines. They also noted that these issues, alongside
Maslow’s hierarchy of needs, affect employee engagement in sustainability goals; workers will
prioritise basic needs over broader environmental initiatives. On the topic of customisation, they
noted that, in most commodities, customisation is not critical, and organisations will often prioritise

achieving the highest recovery rates possible.

Further challenges include the fact that many proposed projects are rejected due to limited life-
of-mine. The outsourcing of technology solutions to external experts also introduces gaps
between external recommendations and the internal capabilities available in the organisation to
implement these solutions. This disconnect can be further exacerbated when managerial turnover
occurs during ongoing projects, leading to misalignment in priorities, goals, and strategic vision.
The reviewer also noted a general concern among employees that Al might replace jobs, a fear
particularly prevalent in mining operations. They shared an example of resistance to Radio
Frequency Identification (RFID) tags for locating personnel in mines; while intended for safety,
the unions initially viewed the system as a surveillance measure to track and invade the privacy
of employees. This resistance was only overcome when the perception regarding the technology
was adjusted so that employees’ information would stay anonymous. This example demonstrated

that perception and trust remain critical barriers to the adoption of digital tools in the mining sector.
Stage 3: Does your understanding align with the findings?

The reviewer noted that the findings closely align with their own observations within the industry,

offering no surprising insights. They highlighted how current priorities and trends often shape

perceptions of maturity levels; for instance, with sustainability and ESG being the centre stage

focuses now, mines may rate these areas as more mature due to increased awareness of
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stakeholder interests and ESG ratings. In contrast, aspects that receive less attention may be
rated lower in terms of maturity. They suggested that future research could investigate how these
maturity levels fluctuate in relation to industry trends and shifts in perceived importance. Overall,
they agreed that the study accurately reflects the current state of Industry 5.0 adoption in South
African mining, providing a foundation for policymakers and industry leaders to develop actionable

strategies.
b. Reviewer B feedback
Stage 1: Pre-findings feedback

o What is your understanding of the South African mining industry's current status in adopting

Industry 5.0 principles?

e What do you think are the challenges and opportunities of the industry?

The reviewer's initial assessment highlighted the industry's struggle to embrace and adopt
Industry 4.0 and its corresponding technologies fully. They pointed out that there is an initial
awareness of the importance of human-centeredness and sustainability in the development of
these technologies. Human centricity refers not only to the operator but also to the broader
landscape of communities. The reviewer noted that the conventional way of doing things will
change with Industry 5.0 and that a value system is needed to facilitate this change. It creates
more complexity in an already complex environment, where the human-centric side remains very
primitive. This adds to the fact that it will be difficult to enforce and integrate into the mining

industry.

On resilience, the reviewer noted significant challenges stemming from the mining sector's
reactive rather than proactive approach to market fluctuations. There are no formal structures in
place to guide the industry in navigating these instabilities. The interviewee also observed that
organisational practices often focus on immediate economic drivers rather than long-term
resilience-building measures. As soon as the market or share prices decline, the values and
priorities of the mining industry shift, and noble causes are forgotten. In terms of sustainability,
there was recognition of the growing awareness of environmental considerations and that the
current resources are finite. Environmental limitations are considered in design parameters and
system creation. However, the industry remains compliance-driven rather than proactive when it

comes to environmental initiatives such as rehabilitation, re-mining and repurposing.

Overall, challenges include the lack of skilled workers who are able to use and adopt these

technologies. The reviewer highlighted that with the transition towards Industry 5.0 comes a lot of
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upfront costs that do not necessarily relate to or increase productivity. The dependence on
government-related services and support, such as power, connectivity and transport, also plays

a significant role in the advancement of the South African mining industry.
Stage 2: Discussion during feedback session

During the feedback session, the reviewer engaged in a deeper discussion of the findings, offering
critical insights and validating many of the identified challenges. They underlined the systemic
issues within the mining sector, particularly the outdated infrastructure and siloed organisational
structures that hinder horizontal and vertical integration. Connectivity challenges, especially in
rural mining areas, were highlighted as a significant barrier to adopting digital tools such as loT
and digital twins, which require reliable infrastructure. Furthermore, the lack of a unified enterprise
architecture was identified as a key obstacle to sustained progress. The reviewer also elaborated
on the importance of leadership in shaping the industry's direction. They observed that many
human-centric and sustainability initiatives depend heavily on the CEQ's vision and personal
motivation, leading to inconsistent implementation across organisations. This leadership-
dependent model creates volatility, where strategies initiated under one leader often lose

momentum or are reversed under another.

In discussing sustainability, the reviewer provided an interesting perspective on circular economy
principles, arguing that a largely unskilled workforce might unintentionally contribute to circular
practices through activities such as salvaging and repurposing materials to sustain themselves.
While not formalised, these efforts represent a potential entry point for promoting circular
economy practices in the sector. However, the lack of structured frameworks to guide these
initiatives limits their scalability and impact. The reviewer also agreed that sustainability initiatives
will always take a back seat to production. Typically, in engineering, it does not always come
naturally, but rather is enforced through compliance and measures. Lastly, it was noted that the
low and wide distribution of the customer perspective category strengthened the reasoning that

Industry 4.0 has not been fully integrated into the industry.
Stage 3: Does your understanding align with the findings?

In the final stage, the reviewer reflected on the findings presented by the interviewer, broadly
aligning with the identified challenges and gaps. They appreciated the structured approach to
evaluating Industry 5.0 readiness and acknowledged the validity of the observed issues,
particularly the fragmented adoption of human-centric and sustainability principles. The reviewer
emphasised the importance of addressing these challenges through long-term strategies rather
than short-term, compliance-driven actions.
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Additionally, they raised a thought-provoking critique of the concept of Industry 5.0, questioning
whether it represents a genuine industrial revolution or simply an evolution of existing principles
from Industry 4.0. They argued that the shift toward human- and environment-focused practices
might be better understood as a natural progression rather than a distinct revolution, and how it
correlates to systems thinking and engineering. This perspective provides a recommendation for

future studies regarding how Industry 5.0 is conceptualised and implemented.
7.4 Conclusion

The chapter has systematically demonstrated the credibility and reliability of this research. The
member-checking process, with a response rate exceeding the initial target, confirmed the
alignment of the findings with reviewers’ experiences, addressing key feedback and refining
interpretations where necessary. Similarly, the validation process, which relied on peer review,
provided expert insights and critical evaluations that helped refine the findings and

recommendations for future research.

The analysis of the reviewers’ feedback across the three stages revealed a comprehensive
understanding of the challenges and opportunities facing the South African mining industry in its
transition toward Industry 5.0. Stage 1 emphasised the industry's struggle to fully adopt Industry
4.0 principles fully, thereby highlighting significant barriers to Industry 5.0 adoption, such as
outdated infrastructure, limited digital literacy, and the reactive nature of market responses. The
discussions during Stage 2 deepened these insights, particularly regarding the fragmented
integration of sustainability initiatives, the dependency on leadership vision, and the systemic
challenges stemming from siloed organisational structures. Stage 3 confirmed alignment with the

study’s findings while introducing recommendations for future studies.

The chapter concludes that while Industry 5.0 holds significant promise, its adoption within the
South African mining sector remains in its infancy, with substantial systemic and operational
challenges that need to be addressed. Nonetheless, the feedback gathered through verification
and validation confirms the study’s contribution to understanding these dynamics. It provides a

foundation for future research to refine and expand Industry 5.0 frameworks in the mining context.
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CHAPTER 8 CONCLUSION

8.1 Introduction

The global transition to Industry 5.0 has become a critical focus for industries, emphasising the
integration of advanced technologies like artificial intelligence (Al), robotics, and the Internet of
Things (IoT) with a human-centric approach. This shift holds particular importance for the South
African mining industry, a critical aspect of the country’s economy. As the sector struggles with
ageing infrastructure, high reliance on labour, and global pressures to become more sustainable,

understanding the progress and challenges in adopting Industry 5.0 is critical.

This study aimed to bridge the knowledge gap by evaluating the current status of Industry 5.0
maturity and adoption in the South African mining industry, identifying key challenges and
opportunities, and providing a foundation for policymakers and industry leaders to form strategic
actions. The study contributed to the gap in the literature regarding general industry 5.0
frameworks as well as the gap in the overall progress of the South African mining industry towards
industry 5.0. The thesis is structured around a systematic five-phase process, ensuring a logical
progression of the study while comprehensively addressing the research objectives and

questions. A summary of the thesis layout is shown in Table 8.1.

Table 8.1: Chapter division according to the research questions and objectives
Chapter Research objectives Research questions
Chapter 2: To explore current Industry 5.0 e Whatis Industry 5.0?
Literature study research in the mining industry. e What current research exists on the
transition of the mining industry
towards Industry 5.0?
Chapter 2: To explore existing Industry 5.0 e What Industry 5.0 maturity

assessments exist?
o What is the theory underlying the

Literature study frameworks and theoretical models.

study?
Chapter 4: To develop a conceptual Industry 5.0 e What are the key concepts of the
Scoping review & | framework. Industry 5.0 framework?
Chapter 5: e What are the key components of the
Industry 5.0 Industry 5.0 framework?
framework e What is the Industry 5.0 framework?

Chapter 6: Results
& Discussion

To assess the current level of
Industry 5.0 adoption in the South
African mining industry.

What is the current state of the
Industry 5.0 application in the South
African mining industry?

Which concepts have been adopted?

What components (enabling
technologies) have been adopted?
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Chapter 6: Results
& Discussion

Chapter 6: Results
& Discussion

To identify the challenges and
barriers hindering the transition
towards Industry 5.0 within the sector.

To generate strategic
recommendations for industry leaders

What are the main challenges in
adopting Industry 5.0 concepts and
components?

What recommendations can be made
to support the South African mining

accelerate the transition to Industry
5.0.

8.2 Research objectives and questions

This study was guided by an overarching research question: What are the factors influencing the
state of technological adoption of the South African Mining Industry towards Industry 5.07 The
findings across each objective are summarised below, highlighting the specific contributions this

study makes to academic knowledge and industrial practice.
8.2.1 Objective 1: To explore current Industry 5.0 research in the mining industry

This study addressed the questions: What is Industry 5.0? and What current research exists on
the transition of the mining industry towards Industry 5.07 This study contributes to the limited but
evolving body of knowledge on Industry 5.0 within the mining sector by contextualising global
theoretical discourse within the realities of the South African mining industry. It advances the
understanding of what Industry 5.0 is by articulating it as a human-centric, resilient, and
sustainable evolution from Industry 4.0, foregrounding the role of technological integration in

improving human-machine collaboration rather than replacing human input.

In addressing the current research on the transition of the mining industry towards Industry 5.0,
the study identified fragmented and often generic insights in the global literature, highlighting a
significant gap in localised applications. This research contributes by providing empirical evidence
of how Industry 5.0 principles align with the labour-intensive, infrastructure-constrained South
African mining environment, offering insights that other emerging economies can adapt for their

contexts.

The investigation of current Industry 5.0 research in the mining industry revealed that research is
both evolving and fragmented. While global studies have focused on technological advancements
and human-centric approaches, the unique challenges of the South African mining sector, such
as labour intensity and infrastructure limitations, remain unexplored. This research addressed

these gaps by providing localised insights into Industry 5.0's application within South Africa.
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8.2.2 Objective 2: To explore existing Industry 5.0 frameworks and theoretical models

The research examined existing maturity assessments and theoretical foundations to answer the
question: What Industry 5.0 maturity assessments exist? and What is the theory underlying the
study? The study advances theoretical contributions by systematically reviewing and synthesising
existing Industry 5.0 frameworks and maturity models to determine their relevance for mining.
Addressing what Industry 5.0 maturity assessments exist and what is the theory underlying the
study, it integrates sociotechnical systems theory and human-centric design principles with
Industry 5.0 dimensions, demonstrating the need for frameworks that consider the mining sector’s

operational complexities and workforce structures.

The development of a conceptual Industry 5.0 framework rooted in these theories contributes a
structured lens through which mining organisations can assess their current state and plan their
transition, filling a gap in practical tools for strategic alignment towards Industry 5.0 in heavy

industry contexts.
8.2.3 Objective 3: To develop a conceptual Industry 5.0 framework

To answer the questions: What are the key concepts and components of the Industry 5.0
framework? and What is the Industry 5.0 framework?, a new framework was developed. The
research contributes a contextualised Industry 5.0 framework specifically tailored for the mining
sector, answering what the key concepts and components of the Industry 5.0 framework are, and
what the Industry 5.0 framework is. The developed framework integrates dimensions of human-
centricity, resilience, sustainability, and the perspectives of workers, systems, and customers,
aligning these with enabling technologies such as Al, 10T, and digital twins within mining
operations. This framework serves not only as an academic artefact but as a practical tool for
industry leaders, enabling structured evaluation and continuous improvement towards Industry

5.0 readiness, while

Through a scoping review and investigating existing Industry 5.0 frameworks, a general Industry
5.0 framework was developed, consisting of key dimensions such as human-centricity,
sustainability, resilience, worker, system, and customer perspectives. This framework served as
a baseline for evaluating the industry's progress. It helped identify specific areas that needed

further development, such as integrating human-centric design principles into mining operations.
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8.2.4 Objective 4: To assess the current level of Industry 5.0 adoption in the South

African mining industry

The study investigated: What is the current state of Industry 5.0 application in the South African
mining industry? and Which concepts and components have been adopted? The empirical
investigation provided a detailed understanding of how Industry 5.0 principles are being applied
in the South African mining sector. It highlighted the difference in adoption and maturity levels
across different organisations, emphasising the need for more tailored strategies to bridge the
gap between leadership-level initiatives and operational-level implementation. The findings also
highlighted the importance of including employees in decision-making processes to cultivate a

culture of ownership and engagement with new technologies.

By empirically assessing the current state of Industry 5.0 applications in the South African mining
industry and identifying the concepts and components that have been adopted, this study
contributes a structured measurement of Industry 5.0 adoption maturity within the South African
mining industry, using weighted category analysis. The findings reveal that while organisations
recognise the importance of Industry 5.0 principles, actual maturity lags, particularly in human-
centric design and holistic system adaptation, with enabling technologies deployed in fragmented
silos. This contribution highlights the disparity between strategic intent and operational execution,

providing industry-specific evidence critical for informing targeted interventions.

8.2.5 Objective 5: To identify the challenges and barriers hindering the transition

towards Industry 5.0 within the sector

The study identifies context-specific challenges in adopting Industry 5.0 concepts, addressing the
main challenges associated with implementing Industry 5.0 concepts and components. It
contributes by detailing barriers such as the lack of employee inclusion in technology strategy,
digital literacy gaps, infrastructure constraints, and the limited proactive integration of
sustainability and human-centric principles in technology adoption. These findings are significant
as they provide evidence-based insights into the socio-technical barriers unique to the South
African mining context, highlighting areas where targeted change management and strategic

alignment are required to enable a meaningful transition to Industry 5.0.
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8.2.6 Objective 6: To generate strategic recommendations for industry leaders and

policymakers to support and accelerate the transition to Industry 5.0

Addressing recommendations that can support the South African mining industry in its transition,
this study provides actionable, evidence-based recommendations grounded in empirical findings.
Recommendations include the adoption of co-development technology strategies that actively
involve employees, investment in robust digital infrastructure and governance, and the

prioritisation of inclusive training initiatives aligned with Industry 5.0 skills needs.

Furthermore, the study recommends embedding sustainability and bioeconomy principles within
operational and strategic frameworks, leveraging advanced technologies for customisation and
decision-making, and developing comprehensive change management frameworks to overcome
resistance and build trust. These recommendations aim to operationalise the Industry 5.0
transition, providing a pathway for leaders and policymakers to align technology strategies with

human-centric and sustainability goals.
8.3 Implications of the study

The study's findings have significant implications for the South African mining industry, providing
key insights for transitioning to Industry 5.0. The insights can help industry leaders identify critical
areas for improvement and understand the importance of a balanced approach that combines
technological innovation with human-centric values. For policymakers, the study offers a strategic
perspective on how to support the mining sector's transition through targeted incentives,
regulatory frameworks, and infrastructure development. The study also contributes to the broader
academic landscape of Industry 5.0, offering an understanding that can inform and help shape

future research and practical applications in similar industries.
8.3.1 Theoretical underpinning

This study is grounded in the principles of Sociotechnical Systems Theory (STS), which
emphasises the interdependence between technology and human elements within an
organisational context. STS provides a holistic lens through which the complexities of Industry
5.0 adoption in the South African mining industry can be examined, particularly in terms of human-
centric design, adaptability, and resilience. By highlighting the interactions between workers,
organisational structures, and emerging technologies, the study underscores how successful
digital transformation and technological integration are not solely about technology but require

alignment with human factors.
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The findings of this study align closely with the principles of STS, which emphasise the balance
between social and technical aspects within complex work environments. Specifically, the insights
gained on human-machine collaboration, organisational resilience, and the need for robust
change management reflect STS’s focus on creating systems where technology supports, rather
than undermines or replaces, human input and effectiveness. As observed, resistance to new
technologies often stems from a lack of inclusion in decision-making processes and a lack of
alignment between organisational goals and employees' day-to-day realities. This reinforces
STS's argument that for technology to be effectively implemented, it must be accompanied by

systems that consider worker needs, organisational culture, and existing structures.

Furthermore, the research reveals how technological initiatives, such as the introduction of
Industry 5.0 technologies, face challenges in adaptation and integration due to the complex socio-
technical landscape of the mining industry. The study suggests that without addressing both
technical and social dimensions, such as skill development, employee engagement, and
communication frameworks, Industry 5.0 initiatives may fail to achieve their intended impact. This
observation is consistent with STS’s view that technological change is most sustainable when it
is integrated into a comprehensive and holistic system that encompasses social structures,

processes, and technologies.

By applying STS as an underlying framework, this study not only maps the current state of
Industry 5.0 readiness in South African mining but also offers a broader understanding and view
of how human and technical elements must collaborate to support sustainable digital
transformation and adoption. This approach provides a foundation for practical recommendations
that benefit both employees and the organisation in this process of moving towards Industry 5.0

in the South African Mining industry.
8.3.2 Summary of key findings

The study found that technological adoption within the South African mining sector is highly
variable, with certain areas of operation, such as plants, showing significant progress in
automation, Al, and loT integration. However, in contrast, many manual processes exist,
especially in rural operations where limited network connectivity hinders the deployment of
advanced digital technologies like 5G and Integrated Operations Centers (IOCs). The integration
of technologies like digital twins, Al for predictive maintenance, and real-time monitoring remains
in its early stages, highlighting the need for more comprehensive strategies to fully embrace
Industry 5.0.
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The key challenges identified in the study include resistance to technological changes among
employees, the lack of structured training programs tailored for Industry 5.0 skills, outdated
infrastructure that requires significant investment for upgrades, and cybersecurity concerns.
Furthermore, market fluctuations and economic downturns lead to budget cuts in research and
development, hindering innovation. Despite these challenges, there are opportunities to leverage
Industry 5.0 principles and improve operational efficiency, enhance safety through automation,
and foster a culture of innovation and collaboration among employees. The sector's move toward
mechanisation, human-centric technologies, and sustainable practices marks a crucial

opportunity for growth and competitiveness.

The study's strategic recommendations centre around prioritising infrastructure investment to
enable digital readiness, especially in remote mining operations. There is a strong need for
tailored training programs to upskill the workforce in Industry 5.0 technologies, thus addressing
the skills gap and reducing resistance to change. Emphasising collaborative change management
practices can facilitate smoother transitions and greater buy-in from employees. Additionally,
policymakers and industry leaders are encouraged to adopt resilience strategies that can mitigate
market risks, such as diversifying commodities and leveraging Al for better scenario planning, as

well as utilising technologies to increase operational effectiveness.
8.4 Limitations of the study

This study has several limitations that should be considered. Given the emerging nature of
Industry 5.0, the limited availability of literature and empirical data presents a constraint. This can
influence the depth and quality of the findings and conclusions. The study is based on available
data and reports, which may not fully reflect the current state of technology adoption and
workforce readiness in the South African mining sector, introducing possible inaccuracies in the
conclusions drawn. Furthermore, developing a general Industry 5.0 assessment framework within
this study carries inherent risks due to the lack of a universally accepted definition of Industry 5.0.
This framework requires further validation and refinement, which falls outside the scope of this
research. The study also might not fully capture the perspectives of the entire workforce, given
the variations in awareness and understanding of Industry 5.0 concepts across different levels
within the industry. Additionally, the rapid pace of technological development and change can
quickly render some findings outdated and irrelevant. This highlights the need for ongoing

research to maintain relevance.

The scoping review may have overlooked relevant studies due to the emerging nature of Industry
5.0, which could lead to biases in developing the Industry 5.0 framework and its application to the

mining sector. Additionally, the review targeted specific key terms, which might have excluded
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research discussing Industry 5.0 principles and components that did not explicitly identify them
as part of Industry 5.0.

8.5 Recommendations for future research

Future research should consider longitudinal studies to track the progress of Industry 5.0 adoption
in the South African mining industry over time. This would provide a more dynamic understanding
of how technological integration evolves and the long-term impact on productivity, safety, and
worker engagement. Comparative studies between different mining regions or industries would
also offer valuable insights into best practices for adapting Industry 5.0 principles. Additionally,
research into the development of sector-specific training programs and change management
strategies would be beneficial in addressing the skills gap and fostering a more inclusive approach

to technological adoption.

Future research could expand this study’s scope by examining Industry 5.0 adoption in various
regions or sectors, providing comparative insights into how these principles are applied under
different circumstances. Additionally, examining perceptions and maturity of Industry 5.0 across
organisational levels would help evaluate differences between leadership and operational blue-
collar workers. Further studies may also explore how current trends affect perceived maturity
levels and compare these perceptions with actual maturity to identify potential gaps in
understanding and implementation. These suggestions aim to build on the findings of this study
and contribute to a deeper understanding of the pathways to successful Industry 5.0 adoption,
not only within the South African mining industry but also across other sectors and industries

undergoing similar transitions.
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ABSTRACT

The term "Industry 5.0" was coined to represent a new phase of industrialisaticn. It builds on
the technological advances of Industry 4.0, with a stronger focus on human centricity,
sustainability, resilience, personalisation and customisation, and bioeconomy. Through
human-machine collaboration, it is shifting the focus from economic value to societal value
and well-being. A scoping literature review was conducted to explore existing studies on the
Industry 5.0 frameworks. The findings reveal key concepts of Industry 5.0 and the key
components that drive these components such as Cobots, Al, Digital Twins, Intermet of Things,
Big Data, Mixed realities, and Blockchain. The study's implications highlight the need for
organisations to integrate these frameworks to enhance productivity and sustainability. This
review offers valuable insights for practitioners and policymakers aiming to navigate the
transition towards Industry 5.0.

Keywords: industry 5.0, human-centric, resilience, sustainability, scoping literature review,
framework
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1  INTRODUCTION

There have been numerous industrial revelutions, from the mechanisation of production and
steam power during the First Industrial Revolution to the ecosystem of ideas and technologies
such as the Internet of Things (loT) and the Cyber-Physical System (CP5) in Industry 4.0 [1].
However, as with any industrial revelution, it has a few shortcomings. Industry 4.0 lacked a
strong emphasis on human interaction and collaboration, sustainable and ethical practices,
and a beneficial drive for business and social success [2] [1]. These shortcomings paved the
way for the emergence of Industry 5.0.

The term "Industry 5.0 was coined by the European Commission to represent a new phase of
imdustrialisation [3]. It builds on the technological advancements of Industry 4.0, with a
stronger focus on human-machine collaboration, customisation, innovation, resilience and
sustainability, shifting the focus from economic value to social value and well-being [4]. It
places the well-being of the industry worker at the centre of focus and emphasises the
collaboration of human skills such as creativity, decision-making, and complex problem-solving
with advanced technologies [1].

As this concept is still emerging, there is a umique opportunity to explore what the key
concepts and components of the Industry 5.0 framework consist of. Most existing papers focus
on specific scenarios or address only one or two elements of Industry 5.0. Therefore, this study
plans to investigate the available literature on the general frameworks and elements of
Industry 5.0 to assist organisations in implementing Industry 5.0.

It s important to clarify the use of framewaorks and models. According to Difference Between
[5], a framework provides an overall structure and shows the relationship between key
different elements. It can help to organise and structure concepts and theories. A model is
typically more prescriptive and detailed and aims to achieve a specific outcome [6].

Im summary, while both frameworks and models are used to structure and organise knowledge,
frameworks are more general and descriptive, focussing on the relationships between
concepts, whereas models are more specific and detailed, aiming to explain or predict specific
behaviours or outcomes. Therefore, a framework is best suited to the nature of the study to
provide a general knowledge structure of Industry 5.0.

2 METHODOLOGY

A scoping review is the optimal methodology for this investigation due to the broad nature of
the research questions [7]. It excels at mapping existing frameworks, clarifying key concepts,
and identifying knowledge gaps - ideal for exploring Industry 5.0 frameworks.

The review will follow the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses Extension for Scoping Reviews (PRISMA-5cR) guidelines and protocol. The protocol
provides the plam for the scoping review and is important in limiting the occurrence of
reporting bias. After creating the detailed protocol, the eligibility criteria for selecting studies
or evidence sources are clearly defined. The review identifies and searches relevant databases
and search engines to retrieve studies or evidence.

A search strategy is formulated to identify relevant studies, and a systematic process is used
to select sources based on eligibility criteria. Data from the selected sources are extracted

and organised through a charting process. The findings of individual sources are synthesised
to identify common themes, patterns, or gaps in the literature.

The general results of the findings, common themes, and trends are discussed. The review
concludes with a summary of the evidence, a discussion of limitations and implications for
practice, policy, or future research, along with any recommendations. Finally, the resources
allocated and the role of the funders are described.
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Imdustry 5.0, the next iteration of industrial automation, emphasises a human-centred
approach alongside the technological advamces of Industry 4.0, The objective is to identify
key elements in the new industrial revolution through the following research questions.

+* RO 1: What are the key concepts in the Industry 3.0 frameworks?

Concepts are the higher-level ideas and theories that underpin the Industry 5.0 paradigm.
* RO 2: What are the key components of the Industry 3.0 frameworks?

Components are the specific technologies, systems, and approaches that make up the

Industry 5.0 framewaork.

Through this investigation, we can establish a foundation for future Industry 5.0 frameworks,
ensuring that they provide all the necessary guidance for successful industry-wide adoption.
The following inclusion and exclusion criteria are established as part of the protocol.

Table 1: Inclusion & Exclusion Criteria

PRISMA Phase Type of the Description of the criteria

criteria

Identification Inclusion

Publication year = 2016

Title, abstracts, or keywords containing terms: (“Industry
5.0" or “Fifth industrial revolution™ or “5th industrial
revolution™) and “manufacturing”

Exclusion Duplicated Articles
Articles not published in English
Screening Inclusion Industry 5.0 concepts or components are the main or one of
several topics that are reviewed, surveyed, or discussed.
Exclusion Articles out of the scope based om titles and abstract

assessment

Studies solely focused on Industry 4.0 or earlier industrial
revolutions (unless explicitly compared to Industry 5.0)

Full text not available

The following engineering-related databases are used: ScienceDirect, Scopus, |IEEE Xplore,
Web of Sciemce, and Google Scholar. The keywords used in the search strategy are shown in
Table 2. To limit the number of studies relevant to the study topic, no synonyms for
‘Framework” are used in the search strategy.

Table 2: Keywords for Search Strategy

Keywords Synonyms
Industry 5.0 Fifth Industrial Revolution’, '5IR', *5th Industrial Revolution®
Framewaork
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3 RESULTS

The search strategies were drafted by the authors and further refined. The final search
strategy is found in the table below, conducted on 18 May 2024,

Table 3: Search terms and results

Search terms and Science  Scopus  |EEE Web of Google  Total
database Direct Hplore Sciemce  Scholar
(“industry  5.0" OR 9% 447 174 216 Fa 1004
Ufifth industrial

revolution® OR #5%
industrial revolution”
OR SIR)y AND
(framework)

Search terms were used to search the title, abstract and keywords. However, since Google
Scholar is a search engine, not a database, to limit the number of articles, only keywords were
searched. Other sources include publications by the European Commission since they are a key
driver and initiator of this transition.

The final search results were exported to Rayyan, a web application designed to organise,
manage and facilitate the screening process. Based on the search, 1008 resources were
gathered from 5 databases. After the duplicates were removed, a total of 612 citations were
identified from searches of electronic databases and review article references. Based on the
research protocol used to perform an initial screening, 560 were excluded, with 52 full-text
articles to be retrieved and evaluated for eligibility and to ensure they directly address the
research guestions and objectives and provide relevant information about the industry 5.0
framewaorks.

Of these, 22 were excluded for the following reasons:

Unable to retrieve the full article.

Focus on a very specific application of a technology.

Industry 5.0 is only used as a reference and is not discussed in the paper.
* Focus only on challenges, opportunities, advantages, disadvantages or risks.
+ Focus only on industry 4.0 technology frameworks.

The remaining 30 studies were considered eligible for this review.
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3.1 RO 1: What are the key concepts in the Industry 3.0 frameworks?

Figure 1 shows the most common to least discussed concepts in the 30 included articles. Each
of these concepts will be discussed individually to understand the definition and application.
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Figure 1: Humber of articles discussing Industry 5.0 Concepts

3.1.1 Human-centric design

The authors emphasise that techmology is not a replacement for humans, but a collaboration
between people and machines to create more value-added for customers [8], [9]. It enhances
their role in manufacturing by placing more importance on human intelligence and
improvement of quality [10]. Industry 5.0 will eliminate monoctonous and tedious tasks and
pave the way for curiosity, empathy, creativity, and judgment [8], [11]. Humans will take on
greater responsibility and increased supervision of systems [11]. Therefore it is imperative to
hire the right people with the right skills to work safely alongside machines [12].The goal is to
enhance workplace safety, minimise errors, and increase productivity through human-machine
interaction [13].

Human centricity focuses on improving physical and mental well-being and viewing humans as
assets. This includes incorporating principles such as autonomy, development, and
psychological safety [14]. The 5C human-machine relations framework is introduced to
implement the principles of coexistence, cooperation, collaboration, compassion, and
coevolution [15]. A human-centric interaction model is created that consists of three
elements: 1) human-machine understanding (2) human-machine collaborative intelligence,
and {3} human-machine communication [15].

Technology will be used to benefit humanity, generate new employment opportunities, and
increase productivity. This will lead to the upgrading and reskilling of workers [16]. Somroo
[17] also states that modern automated industries are considering adding the human element
back into their technological systems and strategies to get the most value from automation.
It combines the best of both worlds, the speed and precision of automation with the cognitive
abilities and critical thinking of humans [9]. Machines and humans should work as collaborators
and not as competitors [9].
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3.1.2 Sustainability

Organisations concentrating only on profit are finding it increasingly difficult to succeed in a
global, unpredictable, and competitive environment. For companies to be sustainable, they
need to achieve a symbiosis between economic, technological, social, and ecological aspects
[9], [11]. Ahamed [11] states that Industry 5.0 emphasises sustainable supply chain
management, incorporating elements such as “employee education and training, working
conditions, the balance between productivity and wages, technolegy wversus human
redundancy, optimal product quality, sustainable governance, and a business ethics code’.
Sustainability 1s also argued to be driven by the implementation of digital transformation and
pro-social and pro-environmental solutions in organisations [18]. There 1s a shift in typical
economic models to circular economy models to improve overall sustainability considering
social and environmental needs and challenges [18].

There is also a rise in environmental policies to reduce waste material and improve waste
management. More companies are prioritising environmental sustainability, aligning with the
growing demands of international organisations, government regulations, and customer
expectations [8]. The &R principles of upcycling are introduced to accompany Industry 5.0
namely, recognising, reconsidering, realising, reducing, reusing and recycling [17],[18], [19].
Akundi [20] also mentions the 6R principles as a means to promote human values and needs.

1.1.3 Resilience

Resilience is the organisation's ability to return to a stable state after expected and
unexpected conditions such as geopolitical shifts and global crises, ensuring that critical
infrastructure remains operational during challenges [21] [22]. It involves building robust
supply chains, systems, netwaorks, and societies capable of responding quickly to threats and
recovering efficiently from failures [14]. Industry 5.0 improves resilience in manufacturing by
using flexible, agile, and adaptable technologies [18].

There are two types of resilience, "self-resilience” for employees and "system resilience" for
human-machine systems, this emcourages collaboration to reach goals that neither could reach
independently [21]. This allows for a robust system that can adapt to changes [23]. The
European Commission found that enforcing environmental and social governance criteria leads
to better resilience [24]. Resilience in organisations is especially important where they provide
critical services such as healthcare or security [24].

3.1.4 Personalisation and Customisation

A key concept in Industry 5.0 is moving from mass production to mass personalisation and
customisation [8]. This can be achieved through the collaboration between humans and
advanced, intelligent, high speed and precise machines [17]. By including critical thinking
within processes, mass personalisation can be achieved based on customer needs and
expectations.

The demand for human touch is expected to grow as customers increasingly seek to express
their individuality through their purchases. This trend reflects a new level of personalisation
and a sense of luxury that businesses must address [11]. Kovari [13] states that the
combination of human skills and smart factories will enable companies to respond guickly to
market changes and demands.

31.1.5 Biceconomy

The biceconomy is described as one of the wvisions for Industry 5.0 by focussing on
breakthroughs in agriculture, healthcare, and biosciences [25]. Sindhwani [25] defimes a
bioeconomy as ‘the conversion and production of remewable biological sources into value-
added products such as food, bioenergy and biobased products'. This includes a wide variety
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of industries such as agriculture, forestry, fisheries, techmology, energy, and manufacturing
industries.

Bioeconomy will act as an enabler for the symbioses between ecology, industry, and econamy
through the use of bicinspired technologies [14], [21]. The demand for bioinspired
technologies = expected to increase due to the growing need for clean, affordable, and
sustainable energy. These technologies will be part of bioinspired systems [26].

3.2 RO2: What are the key components of the Industry 5.0 frameworks?

A recent report by the European Commission outlines six desired characteristics of
technologies that support the concept of Industry 5.0 [27]:

Human-Centric Solutions

Bio-Inspired Techmologies

Real-Time Digital Twins

Cyber-Safe Data Transmission

+ Artificial intelligence

* Technologies for Energy Efficiency and Trustworthy Autonomy

Figure 2 shows the components most common to least discussed in the 30 articles included.
Each of these components will be discussed individually to understand the definition and
application.

Cobots I, ¢
Al |, | ©
Digtial twins NG 15
Internt of things |GG 14
Big Data 12
Mixed Realites 10
Blockchain &
5G and beyond 4
a 5 10 15 20

Figure 2: Humber of articles discussing industry 5.0 Components

3.2.1 Collaborative Robots (Cobots):

According to George [B], the definition of a cobot is a robot designed to physically interact
with people in a shared workplace where safety is priontised. These robots collaborate with
humans on the production line and learn from them. Cobots can recognise and adapt to the
activities of their colleagues, creating a safer and more efficient work environment [13].

Specifically in a manufacturing setup, there are two concepts: a) Allowing humans to work on
customised, personalised and creative tasks. b) Utilising robots for repetitive and labour-
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intensive tasks. This can help mitigate risks on the job [20]. By integrating human intelligence
and cognitive processes into computers through copnitive computing, they can create more
value add. Cobots are also discussed when describing smart factories and improved
communication between components and humans [17]. Humans are connected to smart
factories through intelligent devices [9].

Another author discussed cobeots' role in intelligent healthcare, where cobots can monitor
patients' conditions and assist doctors in performing surgeries and handling routine medical
tasks allowing doctors to focus on more complex tasks [13]. In manufacturing, consider an
example where a technician is performing maintenance on a piece of machinery. The cobot,
equipped with a camera, observes the technician's actions, analyses the images using machine
learming, and predicts the technician's next steps using fHIRS (functicnal Mear-Infrared
Spectroscopy) and deep learming. The cobot then provides the necessary tools and parts to
assist the technician when needed [21].

3.2.2 Artificial Intelligence (Al):

Al is a collection of technologies based on Al models and technigues, including machine
learming and natural language generation. It is designed to provide services or insights that
are challenging or impossible to attain solely through human effort or conventicnal
technologies [28].

By leveraging Al technology together with human-centred digitalisation, we can increase the
productivity and sustainability of an organisation. It is the responsibility of organisations to
realise the benefits of Al by adopting, extending, and implementing Al tools [29]. For example,
artificial intelligence is used to improve predictive forecasts and, therefore, reduce excess
manufacturing [18]. According to Akundi [20], Al can meet the personalisation needs of
customers in the manufacturing industry and provide faster feedback [30].

3.2.3 Digital Twins

Digital twins are virtual replicas of physical devices or systems that collect real-time data and
are used to gather insights and analytics [28]. These twins assist organisations in developing
and optimising production processes and can improve predictive maintenance in the
manufacturing industry [13]. In the banking sector, Digital Twins can customise products and
services, improve the accuracy of automated financial statements, guickly identify technical
issues, improve risk management, and avoid investments in high-risk projects [17].

3.2.4 Internet of Things (loT)

It refers to the network of interconnected software, sensors, and devices that communicate
data with other devices, systems, applications, and users to create a comprehensive network
infrastructure [28]. It connects different people, systems, data, devices and processes [30].
With the use of smart sensors, loT devices, and human insights, organisations can gather and
analyse data to gain insight into processes [13] [14]. loT data gathering and analysis are useful
when monitoring products and machinery to achieve predictive maintenance [30]. In the
banking sector, loT is used to address challenges related to customer retention and
satisfaction [17].

3.2.5 Mixed Realities (Augmented Reality (AR) and Virtual Reality (VR))

Augmented reality integrates digital information with the physical world through computer-
generated content such as text, video, or amimated 3D models [28]. Virtual reality provides a
fully virtual experience that completely isclates the user from the real world, utilising
advanced user-computer interfaces for simulation and real-time interacticn [28].
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This type of technology allows workers to interact and engage with processes and eguipment
im virtual envirgonments [13]. Since the operator is in a safe envirgnment, this makes it a great
tool for training and education and is cost-effective and time-saving [31] [32].

3.2.6 Big Data Analytics

Big data is large volumes and a variety of data sets that need to be handled and processed
accordingly [14] [28]. Using big data can support decision-making strategies and automation
[30]. Big data analytics helps to understand customer behaviour, product promotions, and
process customisation thus improving production efficiency, and reducing costs [17]. It enables
organisations to develop successful business strategies and maintain their competitive edge.
The use of human creativity and data insights is vital for optimising the value derived from big
data [10].

1.2.7 Blockchain

Blockchain creates transparency and provides secure storage for encrypted data [30].
Blockchain technology is used to improve energy efficiency and resource use through process
management [18]. It is used to create secure and transparent transactions when improving
ESG reporting [14]. Blockchain also has significant potential to improve supply chains by
imcreasing transaction efficiency, reducing costs, and improving security [10].

31.2.8 Other Technologies

Other technologies mentioned or briefly discussed in the articles include exoskeletons, drones,
additive technology, edge computing, cloud computing, cyber security, multilingual speech
and gesture recognition, tracking technologies, bicinspired safety and support eguipment,
decision support systems, smart grids, machine learmning, federated learning, internet of
intelligence, guantum computing, cognitive robotics, bicinspired technology, smart cities,
holography, bionics, hybrid intelligence, radio frequency identification (RFID)}, cognitive
cyber-physical systems, human interaction and recognition technologies, intelligent energy
management system (IEMS5), industrial smart wearable (I5W), horizental and vertical system
integration, and 5G and beyond.

4  DISCUSSION

While Industry 4.0 is focused on technology, Industry 5.0 is focused on value. Industry 4.0
provides the tools and technologies, and Industry 5.0 uses them to create a positive impact on
societal and environmental levels. This scoping review has identified key concepts and
components essential for the successful implementation of Industry 5.0 frameworks, offering
valuable insights into the future of industrial practices. Based on the results above an Industry
5.0 framework is created and visualised in Figure 3.
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System perspective: Bioeconomy
UORIESIWOISN) B UONESITRUOSIaG (aatadsiad Jawoisn)

Worker perspective: Training, Quality, Working Conditions,Govemance, Ethics

Figure 3: Industry 5.0 Framework: Key Concepts & Components

Industry 5.0 places human well-being at its core, emphasising the collaboration between
humans and machines using the 5C principles (Coexistence, Cooperation, Collaboration,
Compassion, Coevolution). Integrating human skills such as creativity, decision-making, and
problem-solving with advanced technologies like collaborative robots (cobots) enhances
workplace safety, reduces errors, and leads to the reskilling and upskilling of the workforce.
Humans still need to make certain immediate or unscheduled decisions that robots will not be
able to.

Sustainability in Industry 5.0 encompasses economic, technological, ecological and social
dimensions. It involves sustainable supply chain management practices, circular economy
models, and the application of the éR principles (recognising, reconsidering, realising,
reducing, reusing, and recycling). Organisations need to work within the limits of our planet.
Companies must balance profit with social and environmental responsibilities to succeed in a
global, unpredictable environment. Resilience is critical for organisations to withstand and
recover from disruptions. Industry 5.0 enhances resilience through flexible, agile, and
adaptable technologies. Building robust supply chains and systems capable of quick response
and recovery is essential. Enforcing Environmental and Social Governance (ESG) criteria
further strengthens organisational resilience.

Resilience is the ability of an organisation to maintain stability during crises, ensuring critical
infrastructure remains operational. It involves building robust supply chains, systems, and
networks that respond quickly and recover efficiently. Industry 5.0 enhances resilience
through flexible, agile, and adaptable technologies. The two types of resilience are "self-
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resilience” for employees and "system resilience” for human-machine systems, promoting
collaboration for achieving shared geoals.

From a customer perspective moving from mass production to mass personalisation and
customisation 15 key in Industry 5.0. Advanced technologies like Al and digital twins enable
companies to tailor products and services to individual customer needs, enhancing satisfaction
and loyalty. From a system perspective, the bioeconomy focuses on the sustainable production
and conversion of renewable biological resources. Bioinspired technologies, driven by the need
for clean, affordable, and sustainable energy, promote the symbiosis between ecology,
industry, and the economy.

Lastly, Industry 5.0 will positively impact employees by exploring different and alternative job
roles and training through reskilling and upskilling. It will enhance the quality and health of
their working envirgnment through innovative solutions and better organisational governance
and ethics. The review identified several critical components supporting the Industry 5.0
framework, including collaborative robots, artificial intelligence, digital twins, the Internet
of Things, mixed realities (AR and VR), big data analytics, blockchain, and other emerging
technologies. These components collectively enhance human-machine interaction, improve
operational efficiency, and drive innovation.

The transition to Industry 5.0 presents several challenges, including legal, psychological,
regulatory, and social issues. The evelving roles of HR and IT departments will need to address
these challenges by fostering a culture that supports human-machine collaboration and
continuous learning. Additicnally, integration and technological challenges, such as ensuring
interoperability between systems and maintaining data security, require robust leadership and
strategic planning.

3 COMCLUSION

Industry 5.0 represents a transformative phase in industrialisation, focusing on human-centric,
sustainable, and resilient practices. By integrating advanced technologies with human skills,
organisations can achieve greater productivity, customisation, and sustainability. The
concepts and components identified in this review provide a foundational framework for the
successful implementation of Industry 5.0, guiding organisaticns towards a future where
technological advancements and human well-being are harmoniously balanced.

This study is limited by the scope of the available literature and the rapidly evolving nature
of Industry 5.0 technologies and frameworks, Future studies should focus on developing
comprehensive implementation strategies for Industry 5.0, considering the unigue needs of
various industries. This paper lays a robust foundation for future empirical investigations
acrgss various industries. Imdustrial engineers can utilise this framework to assess the
transition and implementation of Industry 5.0 within different sectors. Research should also
investigate the long-term impacts of Industry 5.0 on workforce dynamics, environmental
sustainability, and economic growth. Recommendations to organisations include investing in
employee training and development, fostering innovation through collaboration, and adopting
flexible, adaptive technologies to improve resiliemce. Additicnally, policymakers should create
supportive regulatory emvironments that encourage sustainable practices and technological
integration.
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|

Figure B.5 Participant G verification feedback

Re: Request for Feedback on Interview Findings

]

Thu

4. Due by Fric

Hilzelle,

All good.

Good luck with the remaining interviews.

Figure B.6  Participant H verification feedback

RE: Request for Feedback on Interview Findings

& o ]

Mon

NWU-ENG-REC_Informed consent form_Template 2019-09_V2_WE Muller.pdf -
344 KB

Good morning, Izelle.

Just one small change in the summary - it is AR-Generated avatars and not Al, components of Al was used to add sound (voice over) automatically as we change the message daily for the end-users
and to then translate this message into various other languages.

Also signed the other doc for you.
Have a great day and week.

Kind regards

Kind Regards,

Figure B.7  Participant J verification feedback
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ANNEXURE C: VALIDATION PRESENTATION

EVALUATING THE PROGRESS OF THE SOUTH
AFRICAN MINING INDUSTRY IN THE

TRANSITION TOWA&DS INDUSTRY 5.0

WE MULLER ——— 30238072 ——— NWU

4 NOVEMBER 2024

METHOD  FINDINGS  DISCUSSION

Introduction =R

Research problem

The global rise of Industry 5.0 introduces significant challenges and

s opportunities for industries, emphasizing the integration of advanced
technologies like Al, robotics, and loT with a focus on human-centric,
sustainable production. The South African mining industry must
adopt these principles to remain competitive. However, the industry's
current progress towards Industry 5.0 is not well understood, making
it challenging to allocate resources, develop strategies, and prepare
the workforce effectively for this transition.

NEXT-SLIDE
 —
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METHOD  FINDINGS  DISCUSSION

Introduction e

ST Purpose. il LoV Eospl R B AN BT me Bt A DU TRG TR < S e A e Y Rk
¢ The primary purpose of this research is to evaluate the progress of the South African mining industry in its transition
Sy%  towards Industry 5.0. This study aims to assess the current state of technological adoption, identify the challenges and
Vaur opportunities faced by the industry, and to enable policymakers and industry leaders to provide strategic
recommendations to facilitate this transition. Assessing current technological adoption.

Objectives

1. To explore current industry 5.0 research in the mining
industry.

2. Explore existing Industry 5.0 frameworks through a
scoping literature review and develop a general Industry
5.0 framework.

3. Empirical investigation - Evaluate the application of
Industry 5.0 in the mining industry.

4. Conduct verification & validation.

m FINDINGS  DISCUSSION

Method

¢ In summary, this research employs a pragmatic, inductive approach to explore the South African
mining industry's transition to Industry 5.0. X

 The methodology integrates a scoping literature review, guided by PRISMA, to identify key themes
and develop a structured framework.

« This is followed by a qualitative case study, utilising semi-structured interviews with industry
stakeholders to gather in depth insights.

« Data collection involves both convenience and snowball sampling, with interviews conducted in
person or virtually, and analysed through thematic analysis.

« This comprehensive approach ensures a thorough understanding of the complex interplay between
technology and social factors in the industry’s evolution.
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Validation Questions for
Reviewers

4
’ What is your understanding of the South African mining
industry's current status in adopting Industry 5.0 principles?

7NN
LSS A b “‘ %
’f{ /1 LNY

’ What do you think are the challenges and opportunities of
the industry? 7 i N

INTRODUCTION  METHOD m DISCUSSION

______ Findings

...... 4,00

é!.
' =

Weighted Maturity Level
o
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o

M Human centered M Resiliency B Sustainability

B Worker persepctive | | System Perspective B Customer Per spective
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185




METHOD  FIN

o O

Human-Centric Resiliency
Design
Worker
Perspective
System Customer
Perspective Perspective

Industry 5.0
elements

1 Human-Centric Design: Varied implementation of
collaboration between human workers and machines, with
a focus on change management

2 Resiliency: Mixed strategies focused on maintaining
operational stability during market fluctuations, often
relying on digital tools for real-time monitoring

3. Sustainability: High maturity, with a focus on reducing CO2
emissions, renewable energy use, and waste management.

4 Worker Perspective: \While some training initiatives exist,
there are gaps in digital literacy, with only a small portion of
the workforce having access to Industry 5.0 training.

5. System Perspective: Lower maturity, reflecting challenges
in adopting comprehensive frameworks for integrated
digital systems.

6. Customer Perspective: Limited focus on product
customization, with efforts directed at internal process
improvements and meeting specific customer needs in
niche areas.

INTRODUCTION

Challenges

’ Technological Integration and Infrastructure

4

W2V W

Cultural and Org;nisational Challenges
Employee Engagement and Training
Systemic and Market Challenges
Operational and Market Pressures

Change Management
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