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Abstract

This study investigates how AI-driven innovations are reshaping manufacturing value
chains through the transition from Industry 4.0 to Industry 6.0, particularly in resource-
intensive sectors such as ceramics. Addressing a gap in the literature, the research situates
the evolution of manufacturing within the broader context of digital transformation, sustain-
ability, and regulatory demands. A mixed-methods approach was employed, combining
semi-structured interviews with key industry stakeholders and an extensive review of
secondary data, to develop an Industry 6.0 model tailored to the ceramics industry. The
findings demonstrate that artificial intelligence, digital twins, and cognitive automation
significantly enhance predictive maintenance, real-time supply chain optimization, and reg-
ulatory compliance, notably with the Corporate Sustainability Reporting Directive (CSRD).
These technological advancements also facilitate circular economy practices and cognitive
logistics, thereby fostering greater transparency and sustainability in B2B manufacturing
networks. The study concludes that integrating AI-driven automation and cognitive lo-
gistics into digital ecosystems and supply chain management serves as a strategic enabler
of operational resilience, regulatory alignment, and long-term competitiveness. While
the industry-specific focus may limit generalizability, the study underscores the need for
further research in diverse manufacturing sectors and longitudinal analyses to fully assess
the long-term impact of AI-enabled Industry 6.0 frameworks.

Keywords: AI-driven manufacturing; Industry 6.0; Industry 5.0; digital transformation;
cognitive automation; circular economy; predictive maintenance; smart supply chains;
regulatory compliance; ceramic industry

1. Introduction
The transition from Industry 3.0 to Industry 6.0 signifies a sequence of transformative

changes that have significantly altered manufacturing [1], especially in resource-intensive
sectors like ceramics [2]. Every industrial transition, encompassing automation, digitaliza-
tion, and resilience-oriented sustainable innovation, necessitates that organizations modify
their operational and strategic methodologies to sustain competitiveness [3]. Industry 3.0
introduced automation through electronic systems, enhancing productivity and reducing
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costs, albeit with limited attention to environmental responsibility [4]. Industry 4.0’s digital
integration through the Internet of Things (IoT) and machine-to-machine communication
added transparency and operational efficiency, setting the stage for resource-aware supply
chain management [5]. Industry 5.0 is probably driving this change by looking at how
people interact with robots in a more human-centric way. Sustainability is now a big
focus, both in terms of the environment and society [6]. The transition from Industry 4.0
to Industry 5.0 is not merely an evolution of digitalization; rather, it signifies a paradigm
shift that emphasizes the collaboration between humans and intelligent machines. Tech-
nologies such as artificial intelligence (AI), digital twins, and cognitive automation are
not exclusive to Industry 6.0, but they play a pivotal role in the transition to Industry 5.0.
Artificial intelligence (AI) is transforming advanced manufacturing through predictive
maintenance systems, adaptive resource management, and data integration along the
entire value chain [7]. These tools facilitate more resilient, personalized, and sustainable
manufacturing, bridging the gap between the automated efficiency of Industry 4.0 and the
human-centric approach of Industry 5.0 [8]. Industry 5.0 extends the digital advances of
Industry 4.0 by integrating human–AI collaboration, customization, and sustainability as
core principles. While Industry 4.0 focused on automation, connectivity, and real-time data
processing through IoT and big data, Industry 5.0 redefines value creation by emphasizing
human-centric innovation and sustainable manufacturing [9]. AI-powered systems are
shifting from simply optimizing production efficiency to enabling adaptive, personalized,
and more sustainable manufacturing environments. This transition is particularly relevant
for industries such as ceramics, where advanced automation (Industry 4.0) is now evolving
into AI-driven co-creation and customization (Industry 5.0), ensuring both operational
flexibility and environmental responsibility [10]. Today, Industry 6.0 further advances this
evolution, placing resilience, sustainability, and inclusion at the center of manufacturing
strategies and redefining value generation to prioritize both social and environmental
outcomes as critical to competitiveness [11]. This new paradigm calls for circular business
models, resilient supply chains, and the use of advanced technologies like artificial intelli-
gence (AI) and digital twins [12]. This transition is of consequence for the Italian ceramics
industry, which is renowned for its high energy consumption and complex environmental
impact [13]. The traditional manufacturing roots of the industry present several challenges
in meeting the digital and sustainable demands of Industry 6.0. However, they also offer a
few opportunities [14]. The Italian ceramics sector has the potential to enhance its opera-
tional resilience, reduce its environmental footprint, and create long-term value by adopting
cognitive digital ecosystems and circular economy practices [10]. The rising prevalence of
regulatory directives, including the Corporate Sustainability Reporting Directive (CSRD),
necessitates that firms, especially in the European Union, enhance their reporting on envi-
ronmental, social, and governance (ESG) practices [15]. For resource-dependent sectors like
ceramics, adapting to regulatory and societal demands is essential for sustaining relevance
and compliance [16].

While Industry 4.0 has been extensively explored in terms of automation, predictive
analytics, and digital manufacturing systems [17,18], research on Industry 5.0 [19–21] and
6.0 [22] remains comparatively limited and fragmented. Existing studies on Industry 5.0
have focused on human-centric production models, mass customization, and ethical AI,
while early conceptualizations of Industry 6.0 emphasize decentralized intelligence, hy-
brid ecosystems, and the convergence of digital and biological systems [12,23]. However,
few contributions provide an integrated view that connects these paradigms through the
evolving role of AI in shaping sustainable value chains [24]. This study positions itself at
the intersection of AI-driven manufacturing and industrial sustainability transitions by
proposing a conceptual model that traces the evolution from Industry 3.0 to 6.0. Unlike
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previous contributions that treat these paradigms separately, we emphasize the progressive
transformation of manufacturing value chains, from linear automation to cognitive, sys-
temic ecosystems, enabled by artificial intelligence. Furthermore, we address a critical gap
in the literature by embedding the concept of “systemic sustainability” into the strategic
logic of the Technosphere, a novel lens for understanding socio-technical integration across
industrial ecosystems [25]. This contribution extends current debates on AI-enabled smart
manufacturing [26–28] by situating AI not only as a driver of operational excellence, but
as a strategic enabler of adaptive, co-creative, and regulation-responsive supply chains.
By focusing on the resource-intensive ceramic industry, the paper also enriches empirical
understanding of how Industry 6.0 logic may unfold in traditional manufacturing sectors,
an area still underrepresented in academic discourse.

Recent reports provide quantitative evidence of the Industry 4.0 and 5.0 transitions.
For example, Eurostat [29] indicates that approximately 29% of EU manufacturing firms
have adopted IoT-enabled machinery, while Italy ranks among the top five EU countries in
terms of Industry 4.0 investment intensity. At the same time, collaborative robots (cobots)
are now present in nearly 8% of European factories, highlighting the increasing relevance of
human–machine collaboration under Industry 5.0 [30]. Looking forward, foresight studies
suggest that Industry 6.0 will extend these trajectories toward cognitive manufacturing and
systemic sustainability, with global market forecasts estimating that the value of AI-enabled
industrial systems could exceed USD 500 billion by 2030 [31].

This study positions itself at the intersection of these industrial transitions. While
Industry 4.0 consolidated digital transformation and Industry 5.0 emphasized human-
centricity, Industry 6.0 is expected to integrate cognitive adaptivity, systemic sustainability,
and regulatory compliance into a unified paradigm. Our research addresses this gap by
(i) empirically exploring how Industry 6.0 technologies intersect with circular economy
models and regulatory pressures in the ceramic industry, and (ii) proposing a conceptual
model that differentiates Industry 5.0 from 6.0 and highlights their implications for value
creation and stakeholder engagement in B2B contexts. Despite the substantial body of
research on manufacturing digitalization and sustainability integration, significant gaps
remain in understanding how Industry 6.0’s combined technological, regulatory, and
sustainability drivers impact value creation [32] within complex Business to Business
(B2B) networks [33]. This study aims to address these gaps by exploring how advanced
digitalization (supported by AI, IoT, and blockchain) interacts with circular models and
regulatory pressures like CSRD to reshape manufacturing value chains [15]. Specifically,
this study focuses on two research questions:

• RQ1: How can the integration of Industry 6.0 technologies (e.g., AI, IoT, digital twins) with
circular economy models enhance value creation and operational resilience in B2B networks,
particularly within energy-intensive industries like ceramics, to meet increasing regulatory
and sustainability expectations?

• RQ2: How does the shift to Industry 6.0 reshape stakeholder engagement and strategic
decision-making in B2B marketing, influencing the development of sustainable and transparent
relationships across the ceramic industry’s value chain?

The first question explores how the convergence of Industry 6.0 technological innova-
tions and circular economy models can generate value in complex value chains, addressing
resilience and sustainability needs, with reference to compliance with regulations such
as CSRD. The second question focuses on how the transition to Industry 6.0 affects stake-
holder engagement strategies and strategic decisions in B2B marketing, helping to build
sustainable and transparent relationships along the value chain in the ceramics industry.
Both questions are designed to examine the synergies between advanced technologies and



Future Internet 2025, 17, 430 4 of 22

sustainable business models in a B2B context, exploring how these transformations can
redefine value and sustainability in interorganizational relationships in the ceramics sector.

2. Theoretical Background
Porter’s (1985) value chain concept serves as the cornerstone for comprehending

the process by which organizations establish a competitive edge [34]. In the manufac-
turing sector, value creation has historically been centered on the optimization of costs,
the enhancement of efficiency, and the exploitation of synergies [35,36]. Nevertheless, the
technological transition from Industry 3.0 to Industry 6.0 necessitates a thorough reassess-
ment of these mechanisms. This must encompass social responsibility, sustainability, and
digital transformation. Each industrial revolution has introduced new opportunities and
challenges for value chains [37]. To confront these obstacles, novel theoretical frameworks
have been devised.

2.1. Industry 4.0 and the Digital Transformation of Value Chains

Cyber-physical systems (CPS), the Internet of Things (IoT), and big data analytics have
revolutionized manufacturing processes because of Industry 4.0’s unprecedented level of
integration between the physical and digital worlds [38]. Transparent operations, predictive
maintenance, and real-time decision-making have been enabled by these innovations, which
have revolutionized the way value is generated along global supply chains. Lasi et al. [39]
are correct in their assertion that Industry 4.0 technologies have enabled businesses to
become more adaptable and responsive to market demands, thereby enhancing operational
efficiencies and reducing lead times. Nevertheless, the literature on Industry 4.0 remains
excessively preoccupied with the operational advantages, with inadequate consideration
given to its broader implications for the integration of sustainability objectives and the
creation of strategic value [40].

• Proposition 1 (P1): The integration of Industry 4.0 technologies enables increased operational
efficiency and flexibility but requires rethinking value creation frameworks to account for
long-term sustainability.

2.2. Industry 5.0: Sustainability and Human-Centric Innovation

Industry 5.0 has altered the emphasis from digital transformation to human-centric
manufacturing, emphasizing collaboration between humans and machines [41]. Industry
5.0 aims to achieve a harmonious equilibrium between technological advancement and
human well-being, with a greater emphasis on environmental and social sustainability. The
research of Ghobakhloo et al. [42] indicates that this transition is prompting organizations
to implement more inclusive and ethically responsible practices throughout the value chain.
Organizations are being compelled to reevaluate their value creation strategies considering
the human-centric nature of Industry 5.0, which transcends economic advantages to en-
compass societal benefits. Nevertheless, as Kumar et al. [43] have pointed out, the ethical
and social aspects of Industry 5.0 are promising; however, there is still a dearth of empirical
research on the extent to which these practices are translated into tangible value along
global supply chains.

• Proposition 2 (P2): Industry 5.0 shifts the focus from operational efficiency to human-centered
innovation, requiring firms to integrate social sustainability and ethical practices into their
value chains to enhance long-term competitiveness.

2.3. Industry 6.0: Resilience, Sustainability, and Circular Business Models

Industry 6.0 will address resilience and sustainability more thoroughly, transcending
traditional industrial paradigms [44]. The focus is on integrating contemporary technolo-
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gies, such as artificial intelligence (AI), blockchain, and the Internet of Things (IoT), with
circular economy principles that prioritize resource regeneration, waste reduction, and
sustainable value creation [45]. Resilience is a fundamental element of Industry 6.0. It
encompasses not just operational adaptability, but also an organization’s ability to with-
stand and respond to disruptions such as social unrest, climate change, or regulatory
pressures [46]. The integration of artificial intelligence in Industry 6.0 is not limited to oper-
ational optimization but acts as a strategic enabler for predictive supply chain management.
Advanced AI algorithms analyze data in real time to optimize logistics, predict disruptions,
and dynamically adapt production to market demand [47]. At the same time, AI-driven
regulatory analytics is helping companies comply with environmental and ESG regulations
by automating the reporting of sustainability parameters [47] required by directives such
as CSRD [48]. In this context, AI not only ensures production efficiency, but also becomes a
critical factor in the resilience and regulatory compliance of manufacturing companies. A
key distinction between Industry 5.0 and Industry 6.0 lies in the role of cognition. Whereas
Industry 5.0 emphasizes human-centric collaboration and ethical AI, Industry 6.0 advances
toward cognitive adaptivity, an integration of human–machine symbiosis with autonomous
learning systems. This cognitive dimension enables anticipatory decision-making, proac-
tive risk management, and dynamic reconfiguration of value chains, moving beyond the
collaborative logics of Industry 5.0.

Singh et al. [49] make it clear that resilient value chains are essential for long-term
sustainability, particularly in a context where corporations must reconcile social and en-
vironmental responsibilities with efficiency [50]. The best way to achieve these aims is
through circular business models. Geissdoerfer et al. [51] are clear that circularity allows
organizations to complete material loops and reduce their environmental impact, thereby
promoting sustainable value creation. Integrating these concepts into global manufac-
turing value chains is challenging. It often requires systematic operational and strategic
practice modifications.

• Proposition 3 (P3): Industry 6.0 promotes resilient and sustainable value chains by integrating
advanced digital technologies with circular business models, allowing firms to create value
while addressing environmental and social challenges.

2.4. Sustainability and Value Chains Under the Corporate Sustainability Reporting
Directive (CSRD)

The European Union’s introduction of the Corporate Sustainability Reporting Direc-
tive (CSRD) marks a pivotal shift in regulatory policy [52]. It demands that companies
provide more comprehensive reporting on their environmental, social, and governance
(ESG) performance [53]. The CSRD will enhance corporate transparency and account-
ability, aligning business practices with sustainability goals. The literature on corporate
sustainability reporting, such as the work of Hahn & Kühnen [54], has long been clear in
its advocacy for greater integration between financial performance and ESG metrics. The
CSRD requires firms to provide detailed accounts of their ESG impact across the entire
value chain, prompting a reevaluation of traditional business models. Adams [55] and
Eccles et al. [56] are clear that companies must adopt a more integrated approach to sus-
tainability. They must move beyond compliance and align their corporate strategies with
long-term value creation. The regulatory landscape introduced by the CSRD forces firms
to monitor and report on their ESG performance and rethink their value creation models.
In this context, firms must integrate sustainability into their strategic decision-making
processes, leveraging technologies and circular practices to meet stakeholder expectations
for transparency and accountability [57].
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• Proposition 4 (P4): The CSRD compels firms to integrate ESG considerations into their value
chains, pushing them toward more transparent, accountable, and sustainable business models.

2.5. A Holistic Framework for Value Creation in Industry 6.0

As we move from Industry 4.0 to Industry 6.0, we will focus less on practical efficiency
and new technologies and more on putting human-centered practices, sustainability, and
resiliency into value chains [58]. If companies want to make this shift smoothly, they need
a theoretical framework that blends advanced digital technologies and circular business
models and follows the rules. This framework makes it clear that technical progress alone
is no longer enough to create value in modern industry [58]. Now it is up to the company
to make sure that social duty, longevity, and resilience are built into every step of the value
chain [59]. This all-around strategy shows the move toward Industry 6.0, where companies
need to balance the needs of stakeholders, government rules, and new technologies to stay
competitive and sustainable in the long run [60].

• Proposition 5 (P5): The transition from Industry 4.0 to Industry 6.0 requires an integrated
approach to value creation that combines digital transformation, circular business models, and
compliance with sustainability regulations, ensuring that firms can adapt to future challenges
while maintaining competitiveness.

• Proposition 6 (P6): Industry 6.0 advances cognitive adaptivity by integrating human–
machine symbiosis with autonomous learning systems, enabling anticipatory decision-making
and systemic value creation across industrial ecosystems.

2.6. Theoretical Integration: Toward a Conceptual Model

The evolution from Industry 4.0 to Industry 6.0 is a paradigm shift in how manufac-
turing firms create value. As previously stated, each industrial revolution introduces new
technologies, strategies and operational frameworks that build on each other, leading to
a comprehensive and integrated approach to value creation. This section will synthesize
these insights into a conceptual model, providing a structured framework for manufactur-
ing firms to navigate the complex landscape of Industry 6.0. The theoretical integration is
based on four fundamental pillars:

1. Digital Transformation (Proposition 1): Industry 4.0 was built on advanced digital tech-
nologies like IoT, cyber-physical systems, and big data analytics. These technologies
enable real-time optimization of processes and interconnectivity along the value
chain. However, digital transformation alone is not enough to guarantee long-term
competitiveness. The evolving industrial landscape now requires firms to embed
sustainability considerations into their value creation strategies.

2. Human-centric innovation (Proposition 2): Industry 5.0 built onto the digital infrastruc-
ture of Industry 4.0 and made it clear that human-centric innovation is essential. As
firms incorporated human creativity and ethics into their value chains, they began to
integrate social sustainability, focusing on employee well-being, ethical manufactur-
ing practices, and societal impact. This step makes it clear that value creation is not
just about technology. It is also about society and inclusivity.

3. Resilience and Circularity (Proposition 3): Industry 6.0 makes it abundantly clear that
business models that are resilient and circular are more important than ever. It is
crucial that supply lines are robust and resilient to economic, social and environmental
challenges. By following the rules of the circular economy, businesses can be sure that
their value chains are not only efficient but also self-regenerating. This cuts down on
waste and ensures long-term sustainability.

4. Regulatory Compliance (Proposition 4): The Corporate Sustainability Reporting Directive
(CSRD) and other outside forces require companies to be open and honest about their
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ESG (Environmental, Social, and Governance) performance. Regulatory compliance
forces businesses to rethink how they create value, integrating sustainability and
openness into their strategy decisions.

These concepts are interdependent, forming a network of interconnected elements
that challenge companies to rethink their value creation strategies in today’s manufactur-
ing landscape. Proposition 5, the final pillar, provides a comprehensive framework for
monetizing these principles. It is a clear path to profitability that emerges when digital
transformation, human-centric innovation, resilience, circularity and regulatory compli-
ance converge. Compared with existing frameworks for Industry 4.0 and 5.0, which focus,
respectively, on digital integration and human-centric sustainability, the proposed model
advances novelty by embedding systemic sustainability and regulatory compliance (CSRD)
as integral components of value creation. This integration moves beyond efficiency- and
ethics-oriented models to conceptualize Industry 6.0 as a cognitive-technological paradigm
where resilience and governance are equally central. In this respect, the Technosphere lens
adds a distinctive contribution not found in previous frameworks.

By using graph theory [61], we can visualize the conceptual model (Figure 1) as
a directed graph, where the nodes represent the key components of the value creation
process (Digital Transformation, Human-Centric Innovation, Resilience & Circularity, and
Regulatory Compliance). The arcs represent the interdependencies and directional flow
between these components, demonstrating how they influence one another and ultimately
lead to integrated value creation.

Figure 1. Conceptual model of Industry 6.0 value creation with five interconnected. pillars (P1–P5),
illustrated through graph theory.

The conceptual model shows in a very straightforward way how the five propositions
about paradigm shifts related to Industry X.0 theoretically combine. It strongly underlines
interdependencies of Digital Transformation with human-centric innovation, resilience,
and sustainability, and with external regulatory pressures exerted by frameworks such
as the CSRD. The technological base has Digital Transformation (P1). Advanced IoT, big
data analytics, and cyber-physical systems enable real-time optimization of processes
with increased flexibility in value chains. Still, the industries are developing, and all
this calls for integration of Human-Centric Innovation (P2). Advancement in technology
must go hand in hand with humanity and society for sustainability. Industry 5.0 points
toward ethical practices and social responsibility. After all, value creation does need
to be extended into social and ethical dimensions alongside operational effectiveness.
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Going a step further, Resilience and Circularity in Industry 6.0 (P3) develops the concept
of sustainability that covers not only environmental concerns but also resilience from
disruptions, which companies are increasingly applying in their operations to embrace
circular economy principles that favor regenerative practices and long-term sustainability.
At this stage in development, human-centered innovation and digital transformation are
pursued whereby advanced technologies are combined with social inclusion to come up
with a value chain that is resilient and able to be sustained. As this remains, P4, Regulatory
Compliance, mostly from an external perspective under frameworks such as the CSRD,
builds up demand on firms to ensure transparency and accountability exist within the
firm’s ESG performance. This regulatory force influences all the value creation stages by
requiring firms to align their digital technologies, human-centered strategies, and circular
models with demanding standards for sustainability reporting.

Finally, these various factors come together in Integrated Value Creation (P5), which
embodies all the above in the form of an integrated strategy bringing together digital
innovation, sustainability of humans and the environment, resilience, and adherence to
regulation. The creation of value is integrated and no longer based on efficiency or profit per
se but integrated into systemic approaches to value creation that are sustainable, adaptable,
and in line with the expectations of the various stakeholders, both internal and external.
Interconnected nodes underpin those firms that continuously adapt to digital technologies,
enhance ethical and social responsibility, build resilient models for circularity, and ensure
full compliance with evolving regulations, the underlying ingredients toward Industry 6.0
for sustainable value creation.

3. Methodology
3.1. Research Setting

This research employs a mixed methodology, integrating qualitative analysis with an
abductive research strategy [62]. The objective is to examine the Industry 6.0 framework
at the sectoral level within the ceramic industry, utilizing the ceramic industry as a single
case study [63]. The abductive approach was selected for its malleability, enabling the
continual refinement of theoretical propositions based on empirical observations and
iterative engagement with the data [64]. This approach is particularly pertinent when
examining emergent paradigms such as Industry 6.0, where extant theories may prove
inadequate in encompassing the technological, regulatory and sustainability complexities
inherent to a resource-intensive sector such as ceramics.

3.2. Data Collection

To investigate the Industry 6.0-driven transformation within the ceramic industry,
the study employed a mixed-method approach that integrates primary and secondary
sources. Semi-structured interviews constituted the core of the primary data collection [65].
These were conducted with key stakeholders along the ceramic value chain, including
tile manufacturers, raw material suppliers, glaze and ink producers, machinery providers,
and industry associations. Participants were selected based on their strategic involvement
in sustainability, technological innovation, and regulatory compliance (e.g., CSRD, ESG).
Selection criteria included formal roles in innovation or ESG-related decision-making,
seniority, and representativeness across different segments of the ceramic value chain. The
final sample comprised 86 participants, with distribution and focus areas summarized in
Table 1.



Future Internet 2025, 17, 430 9 of 22

Table 1. Overview of interview themes and focus areas.

Stakeholder Category Sample Size Key Themes of Inquiry Sample Questions

TILE
MANUFACTURERS

67/125
(53.6%)

Adoption of Industry 6.0
technologies (IoT, AI), impact

on production systems.

How do Industry 6.0 technologies
enhance production resilience? How do
you address the demands of sustainable

value creation?

RAW MATERIAL
SUPPLIERS 5/9 (55.6%)

Circular economy practices,
resource efficiency, regulatory

compliance.

How does CSRD influence your material
sourcing practices? How are you
addressing waste reduction and

resource optimization?

GLAZE AND INK
PRODUCERS 6/10 (60%)

Material sustainability,
innovation in product

formulation, environmental
impact.

What sustainable practices are being
implemented in glaze and ink

production? How are you adapting to
regulatory changes in

environmental impact?

MACHINERY
MANUFACTURERS 5/9 (55.6%)

Operational resilience, value
chain integration, digital and

sustainability challenges.

How are new technologies like AI and
IoT reshaping machinery design? What
challenges do you face in adapting to

Industry 6.0 standards?

INDUSTRY
ASSOCIATIONS 3/3 (100%)

Sectoral overview, policy
implications, and macro and

meso-level sustainability
trends.

What support do you offer to members
regarding Industry 6.0 transition? How

are sector-wide policies influencing
sustainability practices?

Although the final sample of 86 participants is substantial, it presents an unbalanced
distribution across stakeholder groups, with tile manufacturers representing the majority.
This reflects their central role in the ceramic value chain but also implies that perspectives
from suppliers, machinery providers, and associations are relatively underrepresented.
While this imbalance highlights the dominant influence of manufacturers, it limits the
generalizability of the findings to the broader ecosystem. This issue is acknowledged
further in the Limitations section.

The interviews explored a range of topics, including the adoption of Industry 6.0
technologies (AI, IoT, digital twins), the evolution of circular economy practices, and the
strategic responses to increasing regulatory demands. Specific attention was given to the
role of AI in predictive maintenance, digital process control, and quality assurance via
computer vision. Several interviewees emphasized how AI-based systems support real-time
decision-making, optimize energy use, and facilitate the transition from Industry 4.0 to 5.0.
The semi-structured format ensured consistency in core themes while allowing flexibility
to adapt to context-specific stakeholders. Interviews continued until thematic saturation
was reached, meaning no new categories or themes emerged from additional interviews.
This confirmed the comprehensiveness of the data collected. To triangulate the primary
data, a structured review of secondary sources was conducted. These sources included
sectoral reports, regulatory guidelines, academic studies, and white papers published by
consulting firms and think tanks.

As outlined in Table 2, these materials provided contextual insight into industry-
wide technological adoption, sustainability trends, and regulatory developments related
to Industry X.0. Although not a systematic review, this structured approach ensured
thematic alignment with the interview findings. This dual-source strategy, combining
direct stakeholder insights with documented sectoral analyses, enabled the construction of
a robust conceptual model. It allowed for iterative refinement of theoretical propositions
in line with the abductive logic of the research design and deepened the understanding
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of how technological, regulatory, and sustainability dynamics intersect in the evolution of
B2B relationships within the ceramic industry.

Table 2. Overview of secondary data sources and focus areas.

Source Type Focus Area Examples

INDUSTRY REPORTS Technological adoption,
sector-specific sustainability.

Annual industry reports, e.g., “Ceramics
Industry Report”.

REGULATORY DOCUMENTS Compliance and reporting
standards, CSRD implications.

European Union guidelines, CSRD
documentation, and ceramic industry-specific

regulatory frameworks.

ACADEMIC LITERATURE Industry 6.0, circular economy,
sustainable value chains.

Scholarly articles on Industry 6.0 applications,
circular business models, and technological

impacts in manufacturing.

WHITE PAPERS Emerging trends and
strategic insights.

White papers by consultancy firms and think
tanks (e.g., Deloitte, McKinsey, Boston

Consulting Group) focused on
manufacturing X.0.

TRADE PUBLICATIONS
Current challenges,

innovations, and market
dynamics.

Articles from ceramic trade journals discussing
challenges in transitioning to sustainable and

digitally integrated models.

3.3. Data Analysis

The interview data were first transcribed and coded, using a [66] approach to iden-
tify recurring themes and patterns related to the adoption of Industry 6.0 technologies,
regulatory pressures, and sustainability practices across different stakeholder categories.
The coding process followed three iterative stages [67]. The coding process followed three
iterative stages. In the open coding phase, broad categories such as “adoption of AI,”
“regulatory pressures,” and “circular practices” were identified across transcripts. Axial
coding then grouped these into higher-order themes, including “Operational Resilience,”
“Systemic Sustainability,” and “Cognitive Integration.” Finally, selective coding refined the
analysis around the five theoretical propositions (P1–P5). Illustrative quotes supported each
theme. For instance, one tile manufacturer noted: “AI is no longer just about efficiency; it
helps us anticipate disruptions and adapt production in real time.” A raw material supplier
emphasized: “The CSRD has forced us to rethink sourcing—waste is not just a cost but
a liability in compliance terms.” These examples increased transparency in linking raw
evidence to theoretical constructs.

Furthermore, insights from the innovation and sustainability managers were catego-
rized and mapped to highlight the unique perspectives and strategic challenges encoun-
tered by each segment of the ceramic value chain. The study also employed AI-based text
and pattern recognition tools to analyze qualitative interview responses, ensuring a more
structured assessment of how companies are adopting AI, cognitive automation, and digital
twins in their transition to Industry 6.0. These methods allowed for enhanced identification
of key industry trends, reinforcing the study’s abductive approach. For the secondary data
(Table 2), a structured review was conducted, focusing on reports, regulatory documents,
and academic literature relevant to Industry 6.0 and the ceramic sector. The information
gathered from these sources was synthesized to contextualize the interview findings, allow-
ing for cross-validation of themes and providing a broader perspective on technological,
regulatory, and market dynamics. Data triangulation between primary and secondary
sources reinforced the robustness of the findings, ensuring alignment with current industry
trends and regulatory developments. The integration of primary interview data with
secondary sources enabled the construction of a holistic framework that captures the inter-
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actions and dependencies within the Industry 6.0 value chain for ceramics. This approach
not only strengthened the validity of the results but also facilitated the development of a
conceptual model that reflects the ceramic industry’s adaptation to digital transformation,
sustainability imperatives, and evolving B2B relationships in the Industry 6.0 paradigm.

4. Results
Empirical validation has confirmed that the Italian ceramic industry, a high-energy and

resource-intensive sector, has successfully integrated technological innovations in response
to increasing regulatory pressures and sustainability requirements. Stakeholders across the
value chain have highlighted key advancements in AI-driven manufacturing, predictive
maintenance, and circular economy practices. These findings provide practical insights
into how different actors within the ceramic industry are leveraging digital transformation
to enhance operational resilience and regulatory compliance. These included:

1. The machinery manufacturers provide the necessary know-how and technology. They
play a very vital role in embracing emerging innovations like IoT, AI, and advanced
robotics that are vital for the transition to Industry 4.0 and Industry 6.0.

2. Glaze and ink manufacturers who are now incorporating sustainability into material for-
mulation in view of the reduction in environmental impact foreseen by new regulations.

3. The suppliers of the raw material are usually confronted with the problems of what is
increasingly called the circular economy and the sustainable management of natural
resources; hence, they would have to be attentive to waste reduction and further
efficient use of resources.

4. Ceramic tile manufacturers are the central entities in the industry and are continuously
expected to update their operational models according to adaptation to environmental
regulations and enhancement of production efficiency. This obviously points out the
crossroads where changes in regulation and technology meet.

5. Industry associations provide a macro-level understanding of the issues faced by
industry, for instance, on new European regulations, such as the latest Corporate
Sustainability Reporting Directive (CSRD), facing increasingly high demands on
Environmental, Social, and Governance (ESG) compliance.

Data collection was facilitated by semi-structured interviews with representatives
of each of these key categories, which allowed flexible but focused exploration of how
businesses in the ceramic industry are embracing Industry 4.0 and 6.0 solutions. It inves-
tigated details related to automation strategies, the use of advanced robotics, connected
systems, and AI-driven innovations. Based on interviews with experts, it has been possible
to trace the technological and product evolution of the ceramics industry, placing it in
the transitions between the different industrial revolutions. To ensure the robustness of
the analysis, data validation techniques, including triangulation and participant feedback
loops, were used in steps 3 and 4 to cross-check findings and reduce potential bias. In
addition, focus group participants were selected based on their expertise and decision-
making roles within the sustainability departments of the trade association representing
the member companies of the ceramic tile industry (Confindustria Ceramica), ensuring that
insights were drawn from individuals with a broad understanding of both the strategic
and operational challenges facing the industry.

• The transition from Industry 2.0 to Industry 6.0 has had a significant impact on
the industrial sector. Large-scale manufacturing became possible with the advent
of electrification, which set the stage for modernization during the Industry 2.0 era
(1870–1914). But it was during Industry 3.0 (1970–2013) that automation brought about
a profound change in the ceramic sector. Innovations such as rotary screen-printing
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machines and roller kilns were developed during this period, improving the accuracy
and efficiency of production processes.

• Industry 4.0 (2014–2019) brought digitalization and machine connectivity. With the
launch of the National Plan Industry 4.0 in 2016, Italy increased the adoption of
technologies such as the Internet of Things (IoT) and cyber-physical systems. These
tools have significantly improved the quality and effectiveness of manufacturing
processes by enabling more customized, adaptable and networked production. For
example, a revolution in the quality of digital decoration took place in the ceramics
industry in 2012 with the launch of System Ceramics’ digital printer, which can print
with a resolution of more than 300 dpi.

• The Industry 5.0 paradigm of 2020–2024 shifts the focus to environmental sustainability
and human–machine collaboration. The ceramics sector has been able to reduce energy
consumption and increase worker safety using green technology and collaborative
robots, or cobots. Business models have been rethought with an emphasis on material
recycling and waste reduction because of the incorporation of circular economy ideas.

• Looking to the future, Industry 6.0 (post-2025 perspective) is expected to emphasize
the combination of digital twins, blockchain technology and artificial intelligence with
increasingly circular and resilient business structures. With this new phase, companies
will be able to minimize their environmental impact, maintain high efficiency and
respond quickly to change.

• The evolution of ceramic products has kept pace with technological advancement, with
an expanding range of forms and formats available on the market. In the 1960s, red
stoneware and terracotta floor tiles were the mainstays of manufacturing, but in the
1970s and 1980s, goods such as majolica (double-fired) and clinker floor tiles emerged,
indicating a growing desire for resistant and permanent solutions. From the 1980s
and 1990s, with the advent of single-fired and double-fired tiles, the ceramic industry
saw the introduction of medium and large formats in response to the aesthetic and
functional needs of the market. However, the most significant development occurred
with the advent of huge porcelain stoneware slabs in 2012, which opened new design
and application possibilities. These increasingly big forms are becoming increasingly
popular in both residential and commercial contexts, because of their visual continuity
and less grouting.

4.1. Industry 3.0

Figure 2 illustrates the value chain of the ceramic manufacturing industry under the In-
dustry 3.0 paradigm, characterized by linear flows and limited digital integration. Ceramic
tile manufacturers operate as central nodes, coordinating inputs from machinery manufac-
turers, glaze and ink producers, and raw material suppliers. These upstream actors provide
materials and technical services essential to automated yet isolated production processes.

Downstream, the flow of goods moves through logistics services and specialized
cutting and grinding providers before reaching various retail outlets—large-scale, special-
ized, and flagship stores. Distribution is unidirectional, with minimal data feedback or
co-creation from market actors. Support functions such as graphic studios and display
suppliers serve marketing purposes, while the final link in the chain includes construction
professionals (builders, tile layers, adhesives suppliers) and designers and architects, who
interact only at the point of application. End users are passive recipients of standardized
products, with no influence over design or production. Overall, the Industry 3.0 value
chain operates as a mechanized system with rigid structures, limited collaboration, and a
near-absence of digital feedback loops.
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Figure 2. Value chain framework of the ceramic manufacturing industry under the Industry 3.0
paradigm.

4.2. Industry 4.0

The transition from Industry 3.0 to 4.0 marks a radical shift toward interconnected,
data-driven manufacturing (Figure 3).

Figure 3. Value chain framework of the ceramic manufacturing industry under the Industry 4.0
paradigm.

Core enablers, such as the Internet of Things (IoT), digital twins, and advanced
analytics, transform the ceramic value chain from sequential to integrated. Machinery
manufacturers now provide not only equipment but also embedded IoT systems that
enable predictive maintenance and real-time process control within tile manufacturing.
Glaze and ink producers increasingly adopt digital tools to improve customization and
reduce waste, while raw material suppliers rely on data-sharing platforms to optimize
sourcing and traceability. Two new actor categories, Digital Service Providers and Analytics
Platforms, enter the chain, enabling real-time monitoring and data-driven forecasting
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across operations, logistics, and supply. Customer-centric design gains relevance through
digital configurators, allowing architects and end users to co-design ceramic solutions.
Manufacturers, informed by real-time feedback, rapidly adapt production offerings to
match shifting demand. Logistics processes also become smarter: tracking systems and
AI-assisted inventory management enhance delivery precision, minimizing costs and
emissions. Industry 4.0 builds the foundation for real-time collaboration, tighter integration,
and increased responsiveness across the ceramic manufacturing value chain.

4.3. Industry 5.0

The transition to Industry 5.0 marks a shift from purely technology-driven innovation
to a human-centric and sustainability-oriented paradigm (Figure 4). While maintaining
the digital backbone of Industry 4.0 (AI, digital twins, and IoT), this new stage emphasizes
co-creation, resilience, and ethical innovation.

Figure 4. Value chain framework of the ceramic manufacturing industry under the Industry 5.0
paradigm.

Figure 4 illustrates the reconfiguration of the value chain under Industry 5.0. Tradi-
tional suppliers, machinery manufacturers, glaze and ink producers, and raw material
providers are now integrated into AI-powered digital platforms, enabling real-time coordi-
nation, predictive analytics, and sustainable design strategies. These platforms improve
energy efficiency, facilitate circular flows of materials, and optimize operational adaptability.
A major innovation in this paradigm is the rise of user-centric platforms, enabling designers,
architects, and end-users to collaborate directly with manufacturers. This co-creation logic
fosters product personalization, shortens feedback loops, and aligns production with actual
user needs, reducing waste and overproduction. Logistics platforms also evolve, combining
digital twins with AI-based tracking to enhance visibility, traceability, and emission control
across the entire chain. Meanwhile, supply chain visibility and advanced customization
become strategic levers for competitiveness. The Industry 5.0 value chain moves beyond
efficiency to embed systemic sustainability and human–machine collaboration into every
stage, from sourcing to design, production, and delivery. This holistic integration lays the
groundwork for the even more interconnected and adaptive ecosystem of Industry 6.0.
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4.4. Industry 6.0

The transition to Industry 6.0 marks a strategic shift toward human–machine symbiosis
and systemic sustainability within interconnected industrial ecosystems (Figure 5).

Figure 5. Value chain framework of the ceramic manufacturing industry under the Industry 6.0
paradigm.

Building on the human-centric principles of Industry 5.0, Industry 6.0 envisions a
digitally integrated environment—referred to as the Technosphere—where technology,
society, and industrial systems co-evolve. This paradigm recognizes the multidimensional
nature of sustainability, extending beyond circular economy principles to encompass envi-
ronmental, social, economic, and technological resilience [68,69]. In this context, Systemic
Sustainability becomes the guiding principle, promoting value creation through the inte-
gration of digital twins, AI, cognitive automation, and adaptive supply chains [70,71]. The
Technosphere functions as both a conceptual and operational space, where dynamic inter-
actions among stakeholders are continuously optimized to address double materiality, i.e.,
the combined impact of environmental and social risks [25]. Key features of the Industry
6.0 value chain include:

• Human–Machine Symbiosis and Cognitive Manufacturing: AI-enhanced machines collab-
orate in real time with humans, enabling anticipatory decision-making and adaptive
production processes.

• AI-Powered Supply and Distribution: All upstream and downstream actors, including
raw material suppliers, energy providers, and logistics firms, operate through AI-
driven platforms that enhance efficiency, resource optimization, and risk anticipation.

• Cognitive Logistics: Enabled by digital twins, logistics systems become predictive,
self-adjusting, and capable of simulating scenarios to manage disruptions across the
supply chain.

• User-Centric Co-Creation: Advanced interfaces allow end users, architects, and builders
to co-design products in real time, aligning production with individual preferences
and sustainability goals.

• Time-Based Risk Monitoring: A dedicated layer tracks dynamic environmental and
social risks, reinforcing strategic planning through real-time, AI-powered assessments
of double materiality.
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Industry 6.0 redefines the ceramic value chain as a techno-socio-industrial ecosystem,
where systemic sustainability and cognitive automation become the pillars of competitive
and regulatory alignment.

4.5. From Human-Centric to Systemic Sustainability in Industry 6.0

The transition from Industry 5.0 to Industry 6.0 entails a shift from human-centered
innovation to a systemic perspective that integrates technological, social, and environmental
dimensions [72,73]. Based on our empirical findings, this transformation can be articulated
across four key axes:

1. From Human-Centric to Human–Machine Symbiosis: While Industry 5.0 focused on
augmenting human capabilities through collaborative robotics and AI, Industry 6.0
introduces adaptive, co-evolutionary collaboration between humans and machines
within real-time digital ecosystems.

2. From Operational Transparency to Cognitive Automation: The emphasis on visibility
and control through digital twins in Industry 5.0 evolves into predictive, learning-
based systems in Industry 6.0, capable of autonomous decision-making and proactive
resource management.

3. From Circular Economy to Systemic Sustainability: Industry 6.0 expands the focus
from material recirculation to a broader model of sustainability, integrating environ-
mental stewardship with social resilience and technological innovation.

4. From Fragmented Platforms to the Technosphere: Industry 6.0 introduces a unified
digital infrastructure, which the recent literature defines as the Technosphere, that
supports end-to-end orchestration of data, processes, and stakeholder interactions.

This evolution is not merely conceptual. Our qualitative evidence reveals that ceramic
industry stakeholders are already anticipating this shift. Beyond traditional sustainability
goals, they emphasize the integration of AI-powered platforms, co-creation interfaces, and
predictive analytics as enablers of systemic resilience. This perspective aligns only partially
with existing academic literature, which often remains anchored to circular economy prin-
ciples. Practitioners, instead, envision a transformation that redefines how value is created
and sustained—socially, technologically, and economically. The proposed model (Figure 1)
reflects this shift and offers a foundation for future empirical exploration. Translating it
into a structured assessment tool would support companies in mapping their Industry 6.0
readiness and identifying gaps in their sustainability strategy.

4.6. Toward a Systemic Value Creation Model in Industry 6.0

Building on the foundational framework proposed in Figure 1, the refined model
illustrated in Figure 6 presents an integrated and dynamic configuration of five interdepen-
dent pillars.

The updated conceptual model (Figure 6) introduces a sixth pillar (Cognitive Adaptiv-
ity), highlighting the role of autonomous learning systems and anticipatory intelligence in
Industry 6.0. This addition marks a clear evolution from Industry 5.0, where human-centric
collaboration is key but not yet fully integrated with self-adaptive cognitive systems. The
six propositions (P1–P6) together define a dynamic framework for systemic, ethical, and
resilient value creation. Each pillar contributes to a holistic and ethically grounded system,
orchestrated by the Industry 6.0 Paradigm (P6), which serves both as a strategic enabler
and a guiding principle.

• P1—Cognitive Digital Ecosystem: Evolves from traditional digital transformation to in-
clude AI, digital twins, and cognitive automation. It enables real-time optimization of
processes and resource flows, anchoring technological intelligence within the broader
Industry 6.0 vision.
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• P2—Human–Machine Collaboration: Extends the human-centric logic of Industry 5.0
by enabling continuous co-evolution between workers and adaptive AI systems. It
ensures that technological advancement is aligned with human values, safety, and
capabilities.

• P3—Systemic Sustainability: Moves beyond circularity by integrating environmental,
social, economic, and technological dimensions. It promotes resilience, low-impact
design, and inclusive growth across the value chain.

• P4—Ethics and Governance: Reinterprets regulatory compliance considering ESG im-
peratives. It embeds ethical responsibility into innovative processes and supports
transparent, accountable governance structures.

• P5—Holistic Value Ecosystem: Synthesizes the outcomes of the previous pillars by
fostering inclusive, sustainable, and long-term value creation for all stakeholders, from
producers to end-users and communities.

 

Figure 6. Extended Industry 6.0 model with six pillars, adding Cognitive Adaptivity (P6). As the key
differentiator from Industry 5.0.

The Industry 6.0 Paradigm (P6) sits at the center of this model, enabling synergistic
feedback loops among the pillars. Rather than acting as a static classification, the model
defines a strategic and operational framework for advancing sustainable transformation.
It invites future empirical validation to test how these interdependencies manifest in
practice and how they can be leveraged to address complexity, uncertainty, and ethical
accountability in industrial value chains.

5. Final Remarks
5.1. Discussion of Results

This study shows how the ceramic industry is transitioning from efficiency-driven au-
tomation to a systemic integration of AI, sustainability, and human–machine collaboration.
The evolution from Industry 3.0 to 6.0 is not linear but cumulative, progressively building
an ecosystem where predictive analytics, circularity, and strategic foresight converge. While
Industry 4.0 laid the groundwork with IoT and automation, Industry 5.0 introduced per-
sonalization and human-centricity. Industry 6.0 amplifies these with cognitive capabilities,
embedding sustainability and ethical governance into all value-generating processes. A key
theoretical contribution is the articulation of the Technosphere and Systemic Sustainability
as interpretive lenses for Industry 6.0. Unlike prior paradigms, the Technosphere concep-
tualizes industrial value creation as an entangled network of social, technological, and
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ecological elements. Systemic Sustainability reframes circular economy logic by integrating
digital ethics, real-time risk assessment, and AI-driven responsiveness across the value
chain. At the operational level, the results show how AI facilitates predictive maintenance,
energy optimization, and cognitive logistics. Stakeholders in the ceramic sector are al-
ready embedding these capabilities within digital twins, smart kilns, and advanced quality
control systems, validating the centrality of cognitive automation. These transformations
are not merely technological upgrades, but strategic enablers for regulatory compliance,
resource efficiency, and adaptive B2B collaboration.

The empirical findings can be explicitly mapped to the theoretical propositions de-
veloped earlier. For example, the evidence of predictive maintenance systems and IoT
adoption validates Proposition 1 (Digital Transformation). Insights on human–AI collabora-
tion and worker safety reinforce Proposition 2 (Human-Centric Innovation). References to
circular flows of raw materials and regulatory adaptation by suppliers support Proposition
3 (Resilience and Circularity). The strong role of the CSRD, repeatedly emphasized by
both manufacturers and associations, substantiates Proposition 4 (Regulatory Compliance).
Finally, the integration of these elements into a systemic framework aligns with Proposition
5 (Holistic Value Creation). Table 3 summarizes these linkages.

Table 3. Summary of key empirical findings and their supported research propositions.

Empirical Evidence (Findings) Proposition Supported

Predictive maintenance, IoT-based monitoring P1—Digital Transformation
Human–AI collaboration, safety and customization P2—Human-Centric Innovation

Circular sourcing, waste reduction practices P3—Resilience and Circularity
CSRD compliance, ESG reporting mechanisms P4—Regulatory Compliance

Integrated systemic approach across stakeholders P5—Holistic Value Creation

Our findings also contribute to the Sustainable Development Goals (SDGs). By demon-
strating how AI-driven logistics reduce energy use and emissions, the study aligns with
SDG 12 (Responsible Consumption and Production) and SDG 13 (Climate Action). The
emphasis on circular flows and cognitive adaptivity supports SDG 9 (Industry, Innovation,
and Infrastructure), highlighting how Industry 6.0 can contribute to sustainable industrial
ecosystems at both the firm and sectoral levels.

5.2. Addressing Research Questions

The results of the study directly address its research questions (RQs):

• RQ1 explored how Industry 6.0 technologies integrate with circular economy princi-
ples to enhance resilience and value creation in B2B networks. The findings confirm
that digital twins, AI, and IoT create interconnected supply systems that optimize
performance and comply with demanding ESG frameworks like the CSRD.

• RQ2 focused on the impact of Industry 6.0 on stakeholder engagement and strategic
decision-making in industrial marketing. The research reveals how cognitive plat-
forms and AI-driven ecosystems foster transparency, co-creation, and customization,
reshaping traditional B2B interactions into trust-based, value-driven networks.

5.3. Conclusions

This study offers one of the first comprehensive models of Industry 6.0 applied to a
resource-intensive manufacturing sector. It advances theory by moving beyond isolated
digital or circular strategies and proposing an integrated framework grounded in cognitive
ecosystems, systemic sustainability, and ethical value creation. From a managerial perspec-
tive, the research suggests that Industry 6.0 technologies are not optional innovations but
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strategic imperatives. Cognitive automation, risk monitoring, and human–machine symbio-
sis enable companies to reconcile regulatory pressures with operational performance. For
industries navigating the shift from Industry 4.0 to 6.0, these findings provide a roadmap
for adaptive and resilient value chain transformation. It is important to stress that Industry
6.0 remains a largely conceptual paradigm. The findings presented here should therefore
be interpreted as indicative trends rather than definitive outcomes. The evidence illustrates
emerging trajectories but requires further empirical testing to validate their generalizability
beyond the ceramic sector.

Overall, our study not only advances the theoretical debate on Industry 6.0 but also
offers practical pathways for aligning industrial transformation with global sustainability
agendas. By explicitly linking Industry 6.0 to the SDGs, we highlight its potential as a
strategic enabler of long-term competitiveness, resilience, and societal value.

5.4. Limitations and Future Research Directions

As a single-case study in the ceramic industry, the findings require further empirical
validation across different manufacturing contexts. Another limitation concerns the compo-
sition of the sample. Tile manufacturers dominated the interviews, which, while justified
by their pivotal role in the industry, reduced the diversity of perspectives. Future research
should aim for a more balanced distribution of stakeholders to capture a richer spectrum
of viewpoints across the value chain. For future research, attention should be directed
towards cross-sectoral applications of the proposed model and its scalability within small
and medium-sized enterprises. Longitudinal studies are essential to examine how cognitive
technologies evolve and influence decision-making, sustainability, and competitiveness
over time. Furthermore, quantitative validation of the conceptual framework in various
manufacturing sectors (such as steel, cement, or automotive) would allow for assessment
of its external validity. Comparative analyses across industries and over extended periods
would provide deeper insight into the impact of cognitive automation and regulatory
compliance on sustainable value creation. Finally, future research should also explore how
cognitive adaptivity (P6) can be operationalized and measured in practice, for example,
through maturity models or quantitative performance indicators. Cross-sectoral studies in
energy-intensive industries such as steel, cement, or chemicals would help assess the scala-
bility of our conceptual model. Longitudinal studies are particularly relevant to capture
the evolving role of cognitive systems and their interaction with regulatory frameworks
and sustainability outcomes.
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