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ABSTRACT ARTICLE HISTORY

This paper presents the Adaptive Social Manufacturing (ASM) as a strategic framework for inte-Received 6 November 2024
grating emerging technologies, such as artificial intelligence, into manufacturing in a socially Accepted 1 September 2025
responsible, economically viable, and practically feasible manner. Building on Industry 4.0 foun-KEYWORDS

dations, ASM addresses the need for a balanced, human-centric framework that aligns techno-j,qstry 5.0; Industry 4.0;
logical advancements with the ethical, social, and environmental values central to Industry 5.0. gigitalisation; human-centric;
The framework introduces core enabling capabilities, such as Digitalization Strategic Managementsustainability; resilience
and Resource Readiness, to drive responsible technology adoption, while preventive capabilities,

including Technology Governance and Sustainability Performance Management Systems, mitigate

potential socio-environmental risks. To validate the feasibility and practicality of the framework, the

study incorporates a longitudinal case study of a medium-sized healthcare product manufacturer.

This case demonstrates how ASM facilitated real-time monitoring, process integration, and sustain-

able innovation, achieving measurable operational improvements while balancing economic, social,

and environmental objectives. The findings highlight how ASM enables feasible, stepwise digital

transformation, ensuring that economic gains are leveraged to promote social inclusion and envi-

ronmental responsibility. ASM offers a structured pathway for manufacturers seeking to transition

beyond efficiency-driven digitalisation toward value-driven innovation, and holds promise as a guid-

ing framework for policy design, workforce development, and cross-sectoral collaboration in future

industrial ecosystems.

1. Introduction resulted in fragmented sustainability e orts, with eco-

Industry 5.0 and the shift toward human-centricity is nomic gains often prioritised over environmental stew-
a recent and signi cant development that has gainedardship and workforce well-being (Ghobakhloo et al.
substantial attention (Maddikunta et a2022). This is 2024). Under such circumstances, Industry 5.0 arises as
notable given that Industry 4.0 is still evolving, with man- a response to the shortcomings of Industry 4.0 in xat-
ufacturers investing in emerging technologies such a#1g on productivity and economic e ciency, often at the
Arti cial Intelligence (Al) and the Industrial Internet of expense of broader social issues (Grosse 20aB). In
Things (1loT) (Yang et al2023). The shift to Industry the same vein, the European Commissiones 2022 policy
5.0 re ects concerns that Industry 4.0 has often failedhighlights that Industry 4.0 is no longer su cient to pro-

to address, or even worsened, social and environmentanote a sustainable future for European industry (Renda
issues (Rana et &022). While Industry 4.0 has brought et al.2022).

many economic gains (Sarla022), it has also negatively At the core of Industry 4.0 lies smart manufactur-
impacted employment, social inequality, and individual ing. Smart manufacturing emphasises the integration of
autonomy (Agarwal et aR022; Passalacqua et2025). advanced technologies to enhance production e ciency
Socially, the technology-driven nature of Industry 4.0and optimise processes (Singh, Madaan, and Kumar
transformation has led to job polarisation, skill gaps, and2023) while also reshaping traditional business models
technostress, disproportionately a ecting lower-skilled and operations (Wen et ak023). However, despite its
workers (Grybauskas, Stefanini, and Ghobaki2682).  contributions, smart manufacturing is associated with
Moreover, the absence of comprehensive governance h&o critical shortcomings in the Industry 4.0 framework.
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First, smart manufacturinges emphasis on productiv-real-time monitoring, process integration, and sustain-
ity often overlooks societal values, especially in manable innovation, ensuring that economic gains were lever-
ufacturers without strong corporate social responsibil-aged to advance social and environmental objectives.
ity (Ghobakhloo et al.2023a). As a result, the push By developing and validating the ASM framework,
for digitalisation has shaped workforce dynamics, somethis study provides valuable contributions to both
times to the detriment of employeese career developmernesearch and practice. The conceptual insights can stimu-
and well-being (Agarwal et a2022). This pro t-driven late interdisciplinary collaborations, integrating evolving
orientation created a disconnect between manufactursocietal dynamics into manufacturing processes under
ing systems and societal and environmental well-beinglndustry 5.0. Meanwhile, the empirical ndings o er
which are pressing concerns in the modern world (Gry- pragmatic guidance for manufacturers seeking to imple-
bauskas, Stefanini, and GhobakhR@22). Furthermore, ment sustainable digital transformation strategies, fos-
the rigid focus on technological advancements withouttering resilient, human-centred operational models that
equal emphasis on human and ecological consideraalign technological progress with societal well-being.
tions has hindered the ability of manufacturing systems
to adapt to the rapidly changing socio-economic land-
scape (ChiarinR021). As global challenges like regional
con icts, climate change, and rising social inequalitiesThe study used a dual-objective, content-centric review
become urgent (Agrawal et &024), the smart manu- to explore the literature and develop the ASM frame-
facturing model of Industry 4.0 has proven inadequate towork. This approach provided both a broad understand-
address these more signi cant systemic issues (Xu et ailhg of how Industry 4.0 has in uenced sustainability in
2021). manufacturing and a focused identi cation of the key
These two shortcomings highlight why Industry 5.0 concepts, technologies, and principles underlying ASM.
critiques Industry 4.0¢s narrow focus on technology andThe methodological process followed the steps shown in
productivity (Abdel-Basset, Mohamed, and Ch&@@5.  Figurel and was organised around two systematic liter-
As a result, scholars and socio-industrial experts arguature review (SLR) objectives. The rst objective exam-
that the smart manufacturing model must evolve to pri- ined the sustainability impact of Industry 4.0 in manu-
oritise human needs over technological advancementfacturing. The second extracted ASM-related concepts,
in line with Industry 5.0es human-centric philosophy including its technologies, principles, and objectives.
(Zhang et al.2023). Additionally, it should emphasise  The rst objective aimed to explain the emergence of
adaptability and resilience, enabling manufacturing sysASM by assessing how Industry 4.0 has performed in
tems to handle disruptions while advancing environmen-terms of sustainability. While Industry 4.0 has improved
tal sustainability (Sindhwani et @029. This new frame- manufacturing e ciency, its impact on sustainability has
work termed Adaptive Social Manufacturing (ASM) in been inconsistent. Reported bene ts are often accompa-
this study, is an evolution of the smart manufacturing nied by negative consequences, especially in relation to
model that aligns with Industry 5.0s goals by incor-social inclusion and environmental outcomes (e.g. Dieste
porating social values and adaptive resilience into itet al.2024; Ghobakhloo et &024). To examine this, a
operational framework (Renda et 2022). systematic search was conducted in Scopus and Web of
Despite its relevance, the concept of ASM remainsScience using a prede ned string with terms related to
theoretically underdeveloped and empirically unvali- Industry 4.0, sustainability, environment, and social or
dated, primarily because Industry 5.0 itself is still in human factors. This search returned 1,281 documents.
its formative stages (Panagou, Neumann, and Fruggierdhese were screened based on criteria that excluded non-
2024). This study addresses this gap by taking a foundanglish texts, documents with no full-text access, and
tional step toward de ning, developing, and validating studies lacking practical insights into Industry 4.0 and
the ASM concept. It explores how ASM can be delin-sustainability. This narrowed the list to 391 documents.
eated as a practical manufacturing framework that lever- To expand coverage, backward and forward review
ages advanced digital technologies, governance mecktrategies were applied. The backward review examined
anisms, and human-centric approaches to create sugeferences within the 391 documents and identi ed 103
tainable, adaptive manufacturing ecosystems. To operaadditional candidates. The forward review used Google
tionalise the framework and demonstrate its feasibility,Scholar to nd 130 newer documents citing the short-
the study incorporates a longitudinal case study of alisted studies. All new documents were screened again
medium-sized healthcare product manufacturer, whichusing the same criteria, resulting in a nal set of 461
implemented ASM principles across multiple transfor- documents. These formed the basis for in-depth content
mation phases. The case highlights how ASM facilitatecnalysis, where documents were coded and categorised

2. Methodology
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Step 1a: Systematic identification

Objective: To identify related documents in Scopus and Web of

Science for SLR goal 1.

Search query: ( TITLE ( "Industry 4.0") OR TITLE ( "Industrie 4.0"
) OR TITLE ( "fourth industrial revolution" ) OR TITLE ( "4th
industrial revolution" ) AND TITLE ( sustainable ) OR TITLE (

sustainability ) OR TITLE ( environment ) OR TITLE ( social ) OR

TITLE ( human ) )

Total number of documents identified = 1281

Step 1b: Systematic identification
Objective: To identify related documents in Scopus and Web of
Science for SLR goal 2.

Search query: ( TITLE-ABS-KEY ( "Industry 5.0" ) OR TITLE-ABS-
KEY ("Society 5.0" ) AND TITLE-ABS-KEY ( manufacturing ) OR
TITLE-ABS-KEY ( production ) AND TITLE-ABS-KEY (
sustainability ) OR TITLE-ABS-KEY ( sustainable ) OR TITLE-ABS-
KEY (economic ) OR TITLE-ABS-KEY ( environment ) OR TITLE-
ABS-KEY (social ) OR TITLE-ABS-KEY ( human ) OR TITLE-
ABS-KEY ( societal ) OR TITLE-ABS-KEY ( performance ) )

Total number of documents identified = 406

I

Step 2a: Defining exclusion criteria
e ExCI1: The document is not available in English.
o ExC2: The full text of the document is not accessible.
e ExC3: The document does not provide any practical insights into
Industry 4.0's impact on or contribution to sustainability.

'

Step 3a: The initial screening
Objective: Subjecting documents identified in step la to exclusion
criteria.
e Documents excluded due to (ExC1= 19, ExC2= 6, ExC3= 865).
Total number of documents excluded = 890
Total number of documents shortlisted = 391

!

Step 2b: Defining exclusion criteria
e ExC1: The document is not available in English.
e ExC2: The full text of the document is not accessible.
e ExC3: The document does not address any concepts related to the
ASM framework like underlying technologies.

'

Step 3b: The initial screening
Objective: Subjecting documents identified in step la to exclusion
criteria.
e Documents excluded due to (ExC1= 7, ExC2= 3, ExC3=338).
Total number of documents excluded = 348
Total number of documents shortlisted = 58

Step 4a: Backward review process
Objective: Performing a backward review by examining the references
cited in the 391 documents identified in Step 3a to identify preceding
relevant documents for consideration based on the relevance of their
title.
Total number of documents identified = 103

Step 4b: Backward review process
Objective: Performing a backward review by examining the references
cited in the 58 documents identified in Step 3b to identify preceding
relevant documents for consideration based on the relevance of their
title.
Total number of documents identified = 42

Step Sa: The second round of screening
Objective: Subjecting documents identified in step 4a to exclusion
criteria.
e Documents excluded due to (ExC1= 4, ExC2= 3, ExC3= 62).
Total number of documents excluded = 69
Total number of documents shortlisted = 34

Step Sb: The second round of screening
Objective: Subjecting documents identified in step 4b to exclusion
criteria.
e Documents excluded due to (ExC 1= 1, ExC 2= 0, ExC 3= 25).
Total number of documents excluded = 26
Total number of documents shortlisted = 16

Step 6a: Forward review process
Objective: Performing a forward review process by using Google
Scholar to identify newly relevant documents (based on title relevance)
that reference (cite) the eligible documents discovered in Steps 3a and
Sa.
Total number of documents identified = 130

Step 6b: Forward review process
Objective: Performing a forward review process by using Google
Scholar to identify newly relevant documents (based on title relevance)
that reference (cite) the eligible documents discovered in Steps 3a and
Sa.
Total number of documents identified = 85

Step 7a: The third round of screening
Objective: Subjecting documents identified in step 6a to exclusion
criteria.
e Documents excluded due to (ExC1= 0, ExC2= 2, ExC3= 89).
Total number of documents excluded =91
Total number of documents shortlisted = 39

!

Step 7a: The third round of screening
Objective: Subjecting documents identified in step 6b to exclusion
criteria.
e Documents excluded due to (ExC1= 3, ExC2= 2, ExC3= 58).
Total number of documents excluded = 63
Total number of documents shortlisted = 22

i

Step 8a: Content-centric assessment
Objective: The content assessment of the 461 shortlisted documents to
extract insights on the Industry 4.0 contributions to sustainability.

Step 8b: Content-centric assessment
Objective: The content assessment of the 96 shortlisted documents to
extract insights on the constituents of ASM.

¥ v
Step 9a: Evidence mapping of Industry 4.0 contributions to
sustainability. Step 9b: Operationalization of ASM concept

Objective: Evaluating the strengths and weaknesses of Industry 4.0 in
driving sustainability, including whether its impact is positive or
negative.

¥

Objective: Defining the abstract principles and ideas underlying to
ASM.

+

Step 10: Structuring the ASM framework
Objective: Clearly defining the key concepts and variables that will be integrated into the framework, as well as illustrating the relationships

between the defined concepts.

Step 11. Case study-based validation
Objective: To assess the practical feasibility, impact, and effectiveness of the ASM framework in enabling a balanced, sustainable digital

transformation.

Figure 1.Steps undertaken for the content-centric review of the literature (Source: Authors).
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Figure 2.Sustainability impact of Industry 4.0 in the manufacturing context (Source: Authors).

based on whether the sustainability impacts of Indus- The study further moved to the nal phase, where
try 4.0 were mostly positive, negative, or mixed acrossesults from both SLR objectives were combined to
environmental, social, and economic dimensions. construct the ASM framework. This included de ning

The second objective focused on identifying core con-ASMes core components, mapping their relationships,
cepts, technologies, and principles needed to build thend showing how they respond to Industry 4.0 challenges
ASM framework. This was shaped by the ndings from while aligning with Industry 5.0 goals. A longitudinal
the rst review, which showed gaps in Industry 4.0es sus-case study was then conducted to validate the framework.
tainability performance and the need for a more adaptive Jt documented ASMes application across several transfor-
socially conscious model. A new systematic search wasation stages at a case company, assessing its feasibility,
conducted in Scopus and Web of Science using terms ectiveness, and sustainability impact.
related to Industry 5.0, manufacturing, sustainability,
and performance. This search produced 406 document .

After applying the same exclusion criteria, the list was%' From industry 4.0t0 ASM
reduced to 58 relevant documents. Backward and forASM has emerged as a response to the limitations of
ward reviews added 42 and 85 more documents, respedadustry 4.0es smart manufacturing model, especially
tively. Following a second screening, 96 documents weris inconsistent sustainability outcomes. While Industry
retained for detailed content analysis. These were coded.0 has transformed manufacturing through technolo-
to identify enabling technologies, social and sustainabilgies like Al, IoT, and cyber-physical systems, its impact
ity principles, and ASMes strategic goals. on sustainability has been uneven (Dieste e28R4).

To ensure reliability, the content analysis (steps 8a and\s shown in Figure2 and con rmed by the system-
8b) followed established guidelines (Drisko and Maschiatic review under SLR objective one, both positive and
2016). Two independent assessors applied a standaretegative sustainability e ects have been identi ed across
ised assessment protocol to minimise bias. Disagreeeconomic, environmental, and social dimensions. Indus-
ments were resolved through discussion and joint reviewiry 4.0 o ers the potential to enhance sustainability at
ensuring consistent categorisation. This process proboth rm and sector levels. It enables more e cient
duced key insights for both review objectives. For theproduction, leaner supply chains, and cleaner opera-
rst, it mapped Industry 4.0+s sustainability performance, tions (Narkhede et al2024a). Advances in predictive
identifying both contributions and limitations. For the maintenance, process optimisation, and energy-e cient
second, it established the essential components, teclproduction have improved factory-level sustainability
nologies, and principles that form the foundation of the (Samadhiya, Agrawal, and Garza-Re®@24). Reduced
ASM framework. waste, optimised resource use, and cleaner technologies
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have contributed to environmental gains at the micro manufacturing model. Recognising that these technolo-
level (Rossini et aR022). At the macro level, Industry gies have both positive and negative e ects, ASM is built
4.0 has supported circular economy practices and inteen responsible technology governance. This involves
gration of renewables into manufacturing (Mastrocinque managing bene ts like workforce development, resource
et al.2022). e ciency, and social inclusion while avoiding harms
However, these bene ts are often undermined by neg-such as automation without retraining and unsustainable
ative externalities. High energy use from loT devicesesource use. ASM emphasises data-driven adaptability,
and real-time systems has become a growing concerallowing manufacturers to adjust operations dynamically
(Kunkel et al2023). E-waste from rapidly obsolete hard- for e ciency and resilience. Itincorporates circular econ-
ware adds to the environmental burden (Shittu, Williams, omy principles to support environmental sustainability
and Shaw2021), while reliance on rare earth materi- and promotes a proactive, structured approach to tech-
als and resource-intensive recycling strains global supplyology adoption. In doing so, ASM helps rms align
chains (Meinhold, Wagner, and Dh@024). These issues with Industry 5.0 objectives by combining operational
often stem from weak governance and strategic mismanperformance with human and ecological priorities.
agement. Without e ective sustainability oversight, the Designed as a practical and actionable vision, ASM
gains from Industry 4.0 remain fragile and incomplete addresses the reality of manufacturers navigating a com-
(Narkhede et al. 2025). petitive and disruptive business environment. It acknowl-
The most serious limitations appear in the socialedges the need to enhance productivity and nancial
dimension, which reinforces the need for ASM. Asoutcomes while ensuring that digitalisation is optimised
shown in Figure2, smart manufacturing under Indus- to avoid socio-environmental risks. ASM emphasises the
try 4.0 has prioritised productivity over workforce well- strategic balancing of economic goals with sustainabil-
being and equity (Nara et aR021). While safety has ity, preventing negative externalities and protecting long-
improved and some employees have beneted fromterm viability. Accordingly, ASM is de ned in this study
upskilling (Zorzenon, Lizarelli, and de A. Mou2022), as:
these gains are overshadowed by widespread skill 0bso- 4 hyman-centric and sustainability-focused framework
lescence, job complexity, technostress, and declining that integrates advanced technologies into manufactur-
autonomy (Dieste et aR024; Ghobakhloo et al. 2024; ing. It emphasizes responsible technology governance to
Grybauskas, Stefanini, and Ghobakhla622). Tradi- balance e cigncy with social well-being and resilience.
tional roles have been displaced or reshaped into pre- ~SM dynamically adapts processes to enhance produc-
. iy tivity while systematically addressing the social and eco-
carious, tech-dependent posmo_ns (Hoque et%)ZZ), logical values of Industry 5.0.
while income gaps and unequal job access have widened
social divides (Silva et &022). At the broader societal
level, automation has displaced many low ... and middle: - .
skilled jobs, while high-tech employment has favoured4'1' ASMVs. Existing paradigms
those with advanced education (Grybauskas, StefaninASM bridges the gap between Industry 4.0¢s technology-
and Ghobakhlo®022; Hoque et al. 2022). This deepended transformation, smart manufacturing practices, and
digital inequality and strati es opportunity along socio- Industry 5.0¢s sustainability goals. While these paradigms
economic lines (Castelo-Branco et2023). Unchecked have shaped industrial production, none fully deliver
smart manufacturing can further erode data privacy, balanced or practical sustainability outcomes.
social inclusion, and wealth equality (Saura, Ribeiro- Industry 4.0 represents a major industrial shift driven
Soriano, and Palacios-Marqueg22). by advanced digital technologies. Initially focused on
These combined social and environmental challengesanufacturing digitalisation, it has expanded to sec-
demonstrate the need for ASM as an evolution of smarttors such as healthcare, tourism, and transportation
manufacturing. ASM shifts the focus toward a more (Sarbu2022). Operating across micro and macro levels, it
balanced, inclusive, and human-centred approach thahas reshaped value chains and enabled hyper-connected
aligns technological progress with broader goals of susecosystems (Maretto, Faccio, and Bat2id24). In manu-
tainability and equity. facturing, Industry 4.0 has led to smart factories powered
by real-time analytics and automation (Singh, Madaan,
and Kumar 2023), forming a production model cen-
tred on productivity, e ciency, and optimisation (Mah-
ASM is a digital transformation framework that inte- moodi et al.2024). Despite these bene ts, smart manu-
grates technologies such as Al, lloT, and cyber-physicdacturing has introduced serious sustainability concerns
systems within a human-centric and sustainability-focusg@hobakhloo et al.2024; Grybauskas, Stefanini, and

4. ASM operational definition
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Ghobakhloc2022). As shown in Figur2and supported These approaches are not mutually exclusive. Man-
by SLR ndings, these include increased energy demandjfacturers adopting cloud manufacturing, peer produc-
resource depletion, and e-waste. At the same time, skilion, or SocialM can apply ASM principles to ensure
gaps, job losses, and income inequality have revealed thiat digital transformation supports social responsibility
social limitations of a purely technology-driven approach and environmental goals. ASM draws from Industry 5.0es
(Nadeem et akR024). emphasis on human-centricity and equity (Sindhwani
Industry 5.0 emerged to address these shortcomingst al.2023, complementing the collaborative nature of
by promoting a more human-centric and sustainable SocialM with a governance structure that safeguards
vision for industrial development (Maretto, Faccio, and workforce well-being, inclusion, and regulatory compli-
Battini 2024). Rather than advancing technology forance.
its own sake, it emphasises the governance of transfor- Ultimately, ASM o ers a cross-cutting governance
mation and prioritises social and environmental valuesframework applicable to diverse production contexts.
(Horvat, Jager, and Ler@025). It aims to guide Industry By ensuring that digital transformation aligns with
4.0+s evolution through principles such as inclusivenesgperational, social, and environmental objectives, ASM
resilience, and sustainability (Maddikunta et2022; Xu  helps manufacturers achieve long-term sustainability and
et al.2021). However, Industry 5.0 remains di cult to resilience.
implement. Its wide scope, idealistic goals, and cross-
sector ambitions often con ict with manufacturing real- 5 ASM framework
ities (Mukherjee, Raj, and Aggarw2023). Implemen- ™
tation is hampered by fragmented ecosystems, uneveRigure 3 presents the ASM framework, which out-
digital maturity, and the absence of practical guidanceines the development of a hyper-connected produc-
(Ghobakhloo et al?023h Hein-Pensel et aR023). tion ecosystem where technologies are integrated strate-
ASM addresses this gap by o ering a pragmatic evo-gically to support sustainability. These technologies
lution of smart manufacturing that embeds the goals offall into two categories: foundational information and
Industry 5.0 into the Industry 4.0 transformation pro- operations technologies (IT/OTs) and core emerging
cess. It does not replace either paradigm but integratetechnologies.
their strengths while addressing their weaknesses. ASM Foundational IT/OTs are well-established in manufac-
retains the technological advantages of smart manufacturing and have evolved to meet sector needs. They form
turing while introducing strategic governance mecha-the base for ASMes development and include enterprise
nisms to ensure alignment with sustainability, inclusion, systems and computer-aided manufacturing tools (Nara
and resilience. Tablé summarises how ASM compares et al. 2021). These technologies are essential for inte-
with other digital production models. grating Industry 5.0 innovations e ectively (Huang et al.
In addition to smart manufacturing, ASM can be 2022; Maddikunta et aR022). Manufacturers pursuing
compared with production frameworks such as cloud ASM must already be pro cient in deploying these sys-
manufacturing, peer production, open production, and tems. ASM also incorporates core emerging Industry 5.0
social manufacturing (SocialM). These models focugechnologies to help manufacturers remain competitive.
on decentralised networks, platform-based collabora-These include Cognitive Cyber-physical Production Sys-
tion, and exible value chains. Cloud manufacturing tems (C-CPS) and intelligent automation tools (Gladysz
treats resources as on-demand services, while peer amd al. 2023). While these technologies can boost per-
open production allow distributed contributions via formance, they can also disrupt operations and create
open platforms (Ellwein, Jainczyk, and Ried®23). social challenges if not properly managed (Ghobakhloo
SocialM extends this by creating cyber-physical-sociagt al. 2023b; Narkhede, Dohale, and Mahaj2@24b).
ecosystems where resource communities provide mankabelled semerging,e these tools are moving toward prac-
ufacturing services to prosumers (Jiang, Ding, andtical application, making their industrial impact increas-
Leng 2016). It supports community-driven produc- ingly tangible.
tion coordinated by social platforms (Shi et 2024). The ASM framework highlights that technology can
While SocialM restructures production systems, ASMhave both positive and negative e ects on sustainability.
governs digital transformation within existing setups. Based on dynamic capability theory (Teg14), ASM
SocialM de nes how production is organised (Guo and emphasises the need to integrate, build, and recon gure
Jiang 2018), whereas ASM de nes how transforma- capabilities to adapt to rapid technological change while
tion is managed to ensure sustainable and responsiblmaintaining resilience. Resilience is de ned as the abil-
outcomes. ity to anticipate, absorb, and recover from disruptions



Table 1.Comparative

Analysis of ASM with existing frameworks.

Aspect Industry 4.0 Smart manufacturing Industry 5.0 ASM

Core Focus Full-scale digital transformation of industries Technology-driven optimisation of Human-centric and sustainability-driven Balanced transformation integrating
through emerging disruptive technologies manufacturing processes within the governance framework aimed at regulating  Industry 4.0s technological advancement,
(e.g. Al) to enable hyper-connected value  factory, focusing on operational Industry 4.0 transformation while ensuring ~ smart manufacturinges operational focus,
chains and business ecosystems across e ciency, productivity, and quality resilience, well-being, and inclusivity. and Industry 5.0es sustainability goals that
sectors. enhancement. are operationally feasible.

Scope of Application Broad, cross-industry application beyond Narrower in scope, focused primarily on Cross-industry governance framework Primarily applied to manufacturing and the
manufacturing, including healthcare, enhancing production processes within addressing sustainability challenges and operations level but expanding to
transportation, and tourism, with impacts  the four walls of the factory rather than  promoting human-centric practices across  stakeholder involvement, ensuring that
across entire value networks. across business networks. industrial ecosystems. manufacturing digital transformation

remains inclusive, sustainable, and socially
responsible.

Environmental
Sustainability Focus

Human-Centric
Approach

Governance Approach

Operational Feasibility

Unique Value Proposition

E ciency-driven with incidental sustainability Primarily focuses on operational e ciencyPromotes environmental sustainability and ~ Embeds sustainability into manufacturing
gains; often overlooks environmental and  often lacking explicit sustainability goals resilience by idealistically pursuing inclusive processes through adaptive governance,

social impacts like energy consumption, or mechanisms to address broader sustainability goals such as renewable energyensuring continuous alignment with
resource depletion, and e-waste. ecological and social challenges. circular economy practices, and sustainable evolving environmental standards, butin
production ecosystems. an economically viable manner.
Technology-“rst approach, oftenleadingto Enhances worker safety and productivity Emphasises worker empowerment, skill Promotes workforce empowerment,
job displacement, skill mismatches, and within factories but lacks structured development, and collaborative environments participatory decision-making, and
reduced worker autonomy due to approaches to workforce well-being, skill requiring that technology enhances rather equitable access to technological
automation-driven production models. development, and socio-economic than replaces human roles. advancements through adaptive
inclusion. governance structures.

Lacks structured sustainability governandégcuses on operational control and Promotes holistic governance but struggles witlmplements “rm and supply chain-level
leading to fragmented implementations and performance monitoring within practical implementation due to its broad adaptive governance frameworks,
unintended social and environmental manufacturing plants, without scope, fragmented ecosystems, and ensuring manufacturing practices align
consequences. addressing broader sustainability or cross-sector complexity. with evolving sustainability standards,

social responsibility frameworks. stakeholder expectations, and regulatory
requirements.

High feasibility for technology adoption buFeasible for factory-level implementation Ambitious but challenging to implement Feasible within manufacturing, o ering
often fragmented due to coordination but constrained by its inward focus, practically due to its broad, cross-industry sector-speci“c governance mechanisms
complexity across value chains. Higher lacking mechanisms to extend bene“ts goals and lack of sector-speci“c operational that balance productivity, sustainability,
operationalise success rate among larger andcross supply chains and ecosystems. models. and social inclusion.
leading “rms.

Enhances productivity and e ciency via Improves production e ciency, quality, ~Promotes human-centric and resilience-driverintegrates the technological strengths of
advanced automation and digitalisation, and productivity within the factory but  industrial transformation but lacks Industry 4.0 and smart manufacturing with
creating hyper-connected industrial without holistic governance to sector-speci“c operational models for practicallndustry 5.0es sustainability ideals (those
ecosystems and o ers unique purposefully address environmental or  implementation or rigid economic feasibility — practical and feasible), providing a
competitiveness and monopolisation societal impacts. for implementation. framework for balanced, adaptive
opportunities. manufacturing.
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lg Digitalization Strategic Management Capability ! Positive impacts to achieve
I'E |Enabling role: I
}_—5‘ e Implementing change management strategics for sustainable digitalization transition: } e Manufacturing resilience
I 8, |* Integrating transparency and reporting mechanisms within digitalization strategies. | e Operational scalability
} S |* Developing strategic roadmaps to align digitalization with sustainability goals. } e Operational efficiency and
L I productivity
I.g e 7 I | e Resource productivity
(e Digitalization Resource Readiness I -
US | Enabling role: | e Labor productivity
15 : . . . ! e Improved demand forecasting
I |® Adequate resource allocation for digital transformation. I . R
R . . - P . | e Risk management optimization
2 |e Infrastructure readiness to support the integration of core digital technologies. . o
B - o p - : I e Manufacturing adaptability
N Skill development to leverage digital technologies responsibly and effectively. I I d - .
I . I e Improved product managemen
\ | R D e e
(,::::::::::::::::::::::::::::::::::::::::::::::::::::::‘ ‘r Environmental values |
}@ Enablmg role: Real-time Capability } } e Renewable integration }
= e Waste reduction I
}E Operational visibility to identify inefficiencies and sustainability opportunities. } } o hreden e I
'S | Improved efficiency of production processes and optimization of resource usage. M o Crmlerbnsines meikdl }
} S| Agi}e decisioln-making, quick response to disruptions, and adjustability of supply } } o Environmental product |
k] [y chain dynamics. e e e !
% (S L e Fl Social values i
= }"é Enablmg role: Integration Capability | } e Improved work-life balance }
£ ! e Increased Job Satisfaction I
E } E Seamless data flow and streamlined holistic decision-making for sustainable } } o Improved ]workplace safety }
S 15 digital transformation o o I | le Employment growth I
= |'S | Sharing of best practices both within the organization and across partners. ! |1e Employee empowerment I
| & |* Collaboration with stakeholders at all levels, facilitating co-creation of } l'e Customer orientation }
1R sustainable digital solutions. Ul Customer satisfaction |
I
| . ) U |
Technological )
echno o%;c_a . Hyper-connected
constituents driving smart production
transformation .
_“Core Emerging .
P Technologies
~ (Artificial Intelligence,
Intelligent Automation,
Cognitive Cyber-Physical
Systems, and Extended
Reality.)
Fundamental information and
- operations technologies
) (Blg data analytics, Could computing, Communication
~infrastructure and technologies, Execution systems, Enterprise
- systems, Sensors, 3D printers, Actuators, Control systems,
o Human-machine interface, Computer-integrated production
S systems, etc.)
= = >
£
= 0> £ Vs
]
= . .
= Negatlve impacts to prevent

Stakeholder Collaboration and Involvement
Preventive role:

o Early identification of digitalization misalignments with sustainability values.
e Comprehensive assessment of digitalization risks and uncertainties.

e Development of targeted strategies to mitigate specific negative impacts
LI

Sustainability Performance Management System
Preventive role:

e System complexity and unreliability

e Market and innovation consolidation
e Data security and privacy risks

e Extensive maintenance and upgrading
e Operational risks and fragility

e Disruption vulnerability

e Goal alignment and linking digital transformation goals to sustainability values. |m———— = —————————————————————

e Real-time monitoring and quick detection of adverse technological effects.
e Predictive analysis of adverse technological impacts for proactive risk

management.
L]

Preventive role: Technology Governance

e Conducting thorough assessments of technologies' potential impacts.

Enforcing robust data privacy and security measures.

L]
e Conducting audits of technology implementations and performance compliance.
- ..

Preventive role: Sustainability Orientation

o Ethical decision-making for preventing negative societal impact of technologies.
e Prioritization of social and environmental values alongside economic gains.
e Planning for resilience and adaptability against potential negative impacts of

technologies.
- ..

Figure 3.The proposed ASM framework.

without compromising long-term objectives (Sindhwani

Environmental Concerns }
e Increased energy consumption I
e E-waste Generation |
e Circularity complexity I
e Complex lifecycle impact !

Social Concerns |
Customer privacy concerns I
Job displacement |
Job loss I
Job uncertainty |
Employee privacy and discomfort I
Workplace inequality |
Workforce safety risks I
Customer service disruptions }
Digital divide |
Technostress !

it, digitalisation may lead to fragmented systems, social

et al.2022). In Industry 5.0, which prioritises social and inequality, or environmental harm (Leng et 2022).
environmental goals, resilience is critical for sustaining ASM operationalises this framework through two

innovation and continuity (Leng et ak023a). Without

types of organisational capabilities. First, senabling capa-
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