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Abstract. Industry 5.0 marks a transformative shift in manufacturing by placing humans at the 
center of advanced, intelligent production systems. Human-machine collaboration emerges as a 
cornerstone of this paradigm, yet existing scholarship remains fragmented across technologies, 
collaboration models, and application domains. This study systematically reviews and synthesizes 
literature on human–machine collaboration in Industry 5.0 manufacturing, with a focus on key 
technological enablers, prevailing collaboration paradigms, and implementation challenges. 
Following PRISMA 2020 guidelines, a comprehensive search across seven major databases, 
supplemented by manual reference screening, identified sixty peer-reviewed studies published 
between 2017 and 2025. Using qualitative thematic synthesis, the analysis highlights that 
human-centric manufacturing is driven by the integration of artificial intelligence, digital and 
human digital twins, collaborative robotics, cyber-physical systems, and advanced sensing and 
interface technologies. Dominant collaboration paradigms, such as human-machine interaction, 
human-robot collaboration, human-machine cooperation, and human–cyber-physical systems, are 
applied across manufacturing, improving productivity, safety, ergonomics, trust, and worker 
well-being. However, adoption faces challenges like integration complexity, skill gaps, ethical 
and privacy issues, safety risks, and limited empirical validation, especially in developing 
economies. This review provides a novel structured synthesis by categorizing technological 
enablers into five integrative clusters, mapping collaboration paradigms to applications and 
measurable human-centric outcomes, and synthesizing multi-dimensional implementation 
challenges with associated research gaps, thereby offering an integrated framework that advances 
beyond prior fragmented or technology-isolated reviews and supports framework development for 
sustainable human-centric manufacturing. It further informs policy and managerial 
decision-making, guiding future empirical research toward sustainable, human-centric 
manufacturing systems. 
Keywords: Human-centric manufacturing, Industry 5.0, Human-machine collaboration, Human-
robot collaboration, digital twins, systematic literature review. 

1. Introduction 

The rapid advancement of manufacturing technologies has significantly reshaped industrial 
production systems over the past decade, giving rise to Industry 5.0 as an evolutionary paradigm 
that moves beyond automation-centric efficiency toward human-centric, sustainable, and resilient 
manufacturing models. In contrast to Industry 4.0, which predominantly focused on digitalization, 
interconnectivity, and autonomous operations, Industry 5.0 explicitly reasserts the human role as 
a core contributor to value creation, emphasizing close collaboration between workers and 
intelligent machines, robots, and cyber-physical systems [1]. This paradigm shift reflects an 
increasing awareness that technological sophistication alone is insufficient to resolve modern 
manufacturing challenges, particularly those associated with workforce well-being, system 
adaptability, and broader socio-ethical responsibilities [2, 4]. 

https://crossmark.crossref.org/dialog/?doi=10.21595/amr.2026.26160&domain=pdf&date_stamp=2026-06-01
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Emerging collaboration paradigms, human-machine interaction (HMI), human-robot 
collaboration (HRC), human-machine collaboration (HMC), and human-cyber-physical systems 
(HCPS), are systematically applied across specific manufacturing applications and operational 
environments to support varying levels of task complexity, autonomy, and human involvement. 
Their deployment enables seamless coordination between human expertise and intelligent systems 
in activities such as assembly, inspection, maintenance, and decision support. These paradigms 
enhance adaptability, safety, and operational efficiency while allowing manufacturing systems to 
respond dynamically to changing production demands and human-centered performance 
requirements. 

Human-machine collaboration has therefore become a defining element of Industry 5.0 
manufacturing systems [5]. Recent research emphasizes the significance of enabling technologies, 
such as artificial intelligence (AI), collaborative robots (Cobots), digital and human digital twins, 
and advanced sensing and interface systems, in facilitating closer and safer human–machine 
interactions. These technologies support real-time communication, decision-making assistance, 
ergonomic safety, and adaptive role allocation in production settings [6][7]. Moreover, they create 
new collaboration paradigms where humans act not merely as passive operators but as active 
decision-makers, co-creators, and supervisors of intelligent systems across tasks, including 
assembly, inspection, additive manufacturing, and safety management. Although significant 
progress has been made in smart manufacturing research, studies on Human-Centric Smart 
Manufacturing (HSM) remain relatively limited and dispersed [6], with most contributions 
focusing on isolated technological enablers or specific application domains rather than providing 
a comprehensive and integrated framework for practical implementation. 

Furthermore, literature reveals persistent challenges that hinder the widespread adoption of 
Industry 5.0 principles, including system integration complexity, workforce skill gaps, ethical and 
privacy concerns, safety risks, and limited empirical validation in real industrial environments. 
Notably, there is a lack of standardized frameworks linking collaboration paradigms to measurable 
human-centric outcomes, as well as insufficient attention to longitudinal implementation and 
contexts in developing economies. These gaps limit the practical applicability of current research 
and create uncertainty for practitioners and policymakers seeking to implement human-centric 
manufacturing strategies. 

In response to these limitations, this study conducts a comprehensive review of 
human-machine collaboration in Industry 5.0 manufacturing. By systematically analyzing existing 
literature, the study aims to identify key technological enablers, examine dominant collaboration 
paradigms and their applications, and synthesize critical implementation challenges and research 
gaps. The significance of this study lies in its ability to consolidate fragmented knowledge, provide 
structured insights for researchers and industry stakeholders, and establish a foundation for future 
empirical research and framework development to advance sustainable and human-centric 
manufacturing systems. 

1.1. Research aim 

This study aims to systematically review and synthesize existing scholarly literature on 
human-machine collaboration in Industry 5.0, with a focus on identifying key enabling 
technologies, collaboration paradigms, and implementation challenges that shape the transition 
toward human-centric manufacturing systems. 

1.2. Research objectives, formulated research questions, and identified gaps in literature 

Table 1 presents a structured alignment between the study’s research objectives, corresponding 
research questions, and the key research gaps identified from the reviewed literature. By explicitly 
linking each aim of a specific research question, the table clarifies the study’s analytical focus and 
ensures methodological coherence. Additionally, the identified research gaps highlight critical 
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limitations in existing Industry 5.0 research, thereby justifying the need for this review and guiding 
future investigations toward advancing human-centric manufacturing. 

This study makes a distinct contribution to the field of human-machine collaboration in 
Industry 5.0 by addressing three interrelated objectives that collectively advance knowledge and 
practice. First, by identifying and categorizing key technological enablers, it provides a systematic 
framework that integrates AI, digital twins, cobots, and other technologies, moving beyond 
fragmented analyses to reveal how these tools collectively support human-centric manufacturing. 
Second, by analyzing dominant collaboration paradigms and their applications, the study links 
theoretical models, such as HMI, HRC, HMC, and HCPS, to practical manufacturing contexts, 
highlighting measurable outcomes related to trust, ergonomics, and worker well-being. Third, by 
synthesizing implementation challenges, including technological, organizational, and 
socio-ethical barriers, the research exposes critical gaps in empirical and longitudinal validation, 
especially in real industrial settings and developing economies. Together, these objectives offer a 
comprehensive, evidence-based roadmap for advancing human-centric Industry 5.0 adoption, 
bridging theory, practice, and policy considerations. 

Table 1. Alignment of research objectives, research questions, and identified research gaps 
S/no. Research objectives Formulated research questions Identified research gaps 

1. 

To identify and categorize 
the key technological 
enablers supporting 

human–machine 
collaboration in Industry 

5.0 manufacturing systems. 

What are the key technological 
enablers that support human–

machine collaboration in 
Industry 5.0 manufacturing 

systems, and how can they be 
systematically categorized? 

Existing studies largely examine 
enabling technologies (e.g., AI, digital 

twins, cobots) in isolation, with 
limited integrative frameworks that 

explain how these technologies 
collectively enable human-centric 

manufacturing systems 

2. 

To analyze the dominant 
human–machine 

collaboration paradigms 
and their manufacturing 
applications in enabling 

human-centric production. 

What dominant human-machine 
collaboration paradigms are 

evident in Industry 5.0, and how 
are these paradigms applied 

across different manufacturing 
contexts to support human-

centric production? 

There is a lack of standardized models 
or taxonomies that consistently link 

collaboration paradigms (HMI, HRC, 
HMC, HCPS) to specific 

manufacturing applications and 
measurable human-centric outcomes 
such as trust, ergonomics, and well-

being 

3. 

To synthesize the major 
implementation challenges 
and research gaps affecting 

the adoption of human-
centric manufacturing in 

Industry 5.0. 

What are the major 
technological, organizational, 
and socio-ethical challenges 

hindering the adoption of 
human-centric manufacturing in 
Industry 5.0, and what critical 

research gaps remain? 

Current literature shows limited 
empirical and longitudinal validation 

of human-centric Industry 5.0 
solutions, particularly in real 

industrial environments and in 
developing economies, resulting in 

insufficient evidence to guide scalable 
and context-sensitive adoption 

1.3. Literature review 

1.3.1. Evolution from Industry 4.0 to Industry 5.0 

According to [8, 9], Industry 4.0 largely focused on automation, cyber-physical systems, and 
data-driven optimization as means of improving manufacturing efficiency and productivity. 
Although these technological advancements generated substantial operational benefits, they have 
been criticized for downplaying the human role by positioning operators mainly as system 
overseers rather than key contributors to value creation. In response, Industry 5.0 has emerged as 
a complementary paradigm that places humans back at the core of advanced manufacturing, with 
a strong emphasis on human-centricity, sustainability, and resilience [10, 11]. This transition 
reconceptualizes technology not as a substitute for human labor, but as a facilitator of human 
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creativity, informed decision-making, and worker well-being through effective human-machine 
collaboration. 

1.3.2. Human-machine collaboration in Industry 5.0 

In their study, [12] argue that HMC represents a core principle of Industry 5.0, characterized 
by synergistic interactions in which humans and intelligent machines work jointly by capitalizing 
on their complementary strengths. In this context, humans offer cognitive adaptability, contextual 
awareness, and ethical reasoning, while machines contribute precision, speed, and advanced 
computational capabilities. The existing literature frames HMC as a continuum spanning from 
basic HMI to more HCPS. Nevertheless, much of the research examines these collaboration forms 
in isolation, thereby constraining a comprehensive understanding of how they collectively enable 
human-centric manufacturing objectives. 

1.3.3. Technological enablers of human-machine collaboration 

A broad range of enabling technologies underpins effective human-machine collaboration 
within the Industry 5.0 framework. AI and ML support adaptive decision-making processes and 
provide personalized assistance to human operators, while cobots enable safe, efficient, and 
flexible physical interaction between humans and machines, as demonstrated in [13, 14]. The same 
study further explains that DTs facilitate real-time system visualization, simulation, thereby 
enhancing shared situational awareness and informed decision-making across manufacturing 
operations. Complementary technologies such as augmented and virtual reality, advanced sensing 
systems, edge computing infrastructures, and IIoT platforms further strengthen data acquisition, 
communication, and human-machine integration. In addition, predictive maintenance, which 
combines real-time sensor data monitoring, machine learning techniques, and advanced data 
analytics, significantly improves equipment health management by anticipating failures before 
they occur and enabling timely, targeted interventions that optimize operational performance [15]. 
Despite the extensive discussion of these technologies in the literature, most existing studies 
examine them independently, with limited integrative frameworks explaining how their combined 
deployment enables truly human-centric manufacturing systems. 

1.3.4. Collaboration paradigms and manufacturing applications 

Reports by [16] and [17] show that dominant human–machine collaboration paradigms, HMI, 
HRC, HMC, and HCPS, are applied across diverse manufacturing activities such as assembly, 
maintenance, quality inspection, and production planning, yielding benefits like improved 
productivity, reduced ergonomic risks, enhanced safety, and greater worker satisfaction. However, 
literature consistently highlights a persistent gap: the absence of standardized taxonomies and 
evaluation frameworks that systematically link collaboration paradigms to application domains 
and measurable human-centric outcomes such as trust, cognitive workload, and well-being. This 
lack of consistency results in fragmented and non-comparable findings, undermining cross-study 
validation and limiting the generalizability of reported results, thereby underscoring the urgent 
need for integrative and comparative analyses that bridge conceptual and empirical perspectives. 

1.3.5. Implementation challenges and research gaps 

Despite increasing interest in Industry 5.0, several challenges continue to impede the 
large-scale adoption of human-centric manufacturing. From a technological perspective, key 
issues include system interoperability, data security, and the development of reliable human-aware 
AI models [18, 19]. According to these studies, organizational challenges further complicate 
implementation, particularly skills shortages, resistance to change, and the absence of robust 
training and reskilling frameworks. In addition, socio-ethical concerns, such as worker autonomy, 
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data privacy, and trust in intelligent systems, remain prominent. The authors also note that much 
of the existing literature is predominantly conceptual or based on laboratory-scale studies, with 
relatively few empirical and longitudinal investigations conducted in real industrial settings, 
especially within developing economies. These limitations highlight the need for systematic 
reviews that consolidate existing evidence and offer practical, evidence-based guidance for 
scalable and context-sensitive implementation. 

1.3.6. Summary of literature review and positioning of this study 

The reviewed literature collectively positions HMC as a foundational pillar of Industry 5.0, 
marking a deliberate shift from the automation-dominant, efficiency-oriented focus of Industry 
4.0 toward synergistic, value-driven interactions that leverage complementary human and 
machine strengths (Section 1.3.2-1.3.5). 

While the literature robustly establishes HMC as central to Industry 5.0, it exhibits clear 
fragmentation: isolated examinations of technologies, paradigms, and challenges; descriptive 
rather than integrative analyses; and insufficient standardized models linking theoretical 
constructs to practical, human-centric outcomes. Prior reviews have advanced understanding in 
narrower scopes, e.g., assessing human-centered claims [8], scoping human-robot interaction 
toward Industry 5.0 workplaces [16], or synthesizing human-cyber-physical perspectives [12], yet 
they rarely integrate across enabling technologies, collaboration paradigms, applications, and 
multi-dimensional barriers within a single systematic framework. 

Unlike prior reviews that focus predominantly on conceptual pillars [8,9], human-robot 
interaction scoping [13], or tensions/resolution strategies [19], this SLR uniquely provides an 
integrated synthesis across enabling technologies, paradigms, applications, and multi-faceted 
challenges, with explicit taxonomies (Tables 3-5) to guide framework development and context-
sensitive adoption. By consolidating fragmented scholarship through thematic synthesis of sixty 
peer-reviewed studies (2017-2025), this study clarifies how human-centric manufacturing is 
technologically enabled, paradigmatically applied, and practically constrained, thereby advancing 
a more coherent, actionable understanding of Industry 5.0 manufacturing systems and laying a 
foundation for future empirical validation, standardized metrics, and inclusive implementation, 
particularly in underrepresented industrial contexts. 

2. Methodology 

2.1. Review design and PRISMA framework 

This study employed a systematic literature review (SLR) explicitly guided by the PRISMA 
2020 (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) framework to 
ensure methodological transparency, reproducibility, and completeness. PRISMA principles 
informed all stages of the review process, including literature identification, screening, eligibility 
assessment, inclusion, and synthesis. 

The review was designed to address three predefined research objectives focused on 
identifying technological enablers, analyzing human-machine collaboration paradigms and 
applications, and synthesizing implementation challenges and research gaps in Industry 5.0 
human-centric manufacturing. A structured review protocol was developed before data collection 
to minimize selection bias and ensure consistency in study identification and analysis. 

2.2. Information sources and literature search strategy 

Consistent with PRISMA recommendations for comprehensive coverage, a systematic search 
was conducted across multiple high-quality bibliographic databases to capture interdisciplinary 
research spanning manufacturing systems, robotics, AI, cyber–physical systems, and 
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socio-technical studies relevant to Industry 5.0. The search strategy employed predefined 
keywords combined using Boolean operators, limited to peer-reviewed publications in English 
from 2017 to 2025, to reflect the emergence and maturation of Industry 5.0 research. In addition, 
reference lists of key review articles were screened to identify further relevant studies, in line with 
PRISMA guidance on supplementary search strategies. Table 2 summarizes the specific search 
strings applied across databases. 

Table 2. Search strings used across databases 
Database Search string 

Scopus 

(“Industry 5.0” OR “human-centric manufacturing”) AND (“human-machine 
collaboration” OR “human-robot collaboration” OR “human-machine interaction” OR 

“human-cyber-physical systems”) AND (manufacturing OR production OR “smart 
factory”) AND (“artificial intelligence” OR “digital twins” OR “collaborative robots” OR 

“cyber-physical systems”) 

Web of 
Science 

TS=(“Industry 5.0” AND “human-machine collaboration”) OR TS=(“human-centric 
manufacturing” AND (“collaborative robots” OR “digital twins” OR “cyber-physical 

systems”)) OR TS=(“human-robot collaboration” AND “Industry 5.0” AND 
manufacturing) 

IEEE Xplore 
(“Industry 5.0” AND “human-machine interaction”) AND (“artificial intelligence” OR 
“cyber-physical systems” OR “collaborative robots” OR “digital twin” OR “machine 

learning”) AND (manufacturing OR assembly OR automation) 

Science Direct 
(“Industry 5.0” OR “human-centric manufacturing”) AND (“human-machine 

collaboration” OR “human-robot collaboration” OR “collaborative robots”) AND (“digital 
twin” OR “artificial intelligence” OR “cyber-physical systems”) AND manufacturing 

SpringerLink 
(“Industry 5.0”) AND (“human-machine collaboration” OR “human-robot collaboration” 
OR “human-cyber-physical systems”) AND (“digital twins” OR “cobots” OR “artificial 

intelligence”) AND (manufacturing OR production) 

MDPI Open 
Access 

(“Industry 5.0” OR “human-centric manufacturing”) AND (“human-machine interaction” 
OR “human-robot collaboration” OR “collaborative robots” OR “cyber-physical systems”) 

AND (manufacturing OR “smart manufacturing” OR “Industry 5.0”) 

Google 
Scholar 

“Industry 5.0” “human-machine collaboration” manufacturing | “human-centric 
manufacturing” “collaborative robots” “digital twins” | “human-robot collaboration” 

“Industry 5.0” “cyber-physical systems” 
Note: Search strings were adapted to the syntax and field-tag conventions of each database. All searches 
were restricted to peer-reviewed English-language publications. Google Scholar and reference screening 

served supplementary roles consistent with PRISMA 2020 guidance. Boolean operators AND / OR / NOT 
were applied throughout; phrase searches used double quotation marks. Field tags: TS = Topic (Web of 
Science); no field restriction applied in Scopus (all fields default); IEEE Xplore Full Text and Metadata 

2.3. Eligibility criteria 

Clear inclusion and exclusion criteria were established a priori in accordance with PRISMA. 
Studies were included if they explicitly addressed human-machine, human-robot, or human-cyber-
physical collaboration, were situated within manufacturing or closely related industrial contexts, 
and examined enabling technologies, collaboration paradigms, applications, or implementation 
challenges aligned with Industry 5.0 human-centric principles. Conversely, studies were excluded 
if they focused solely on Industry 4.0 automation without human-centric considerations, addressed 
non-industrial domains exclusively, or lacked sufficient conceptual or methodological clarity 
relevant to the study objectives. 

2.4. Study selection and screening process 

The study selection process adhered to the PRISMA four-phase flow, comprising 
identification, screening, eligibility, and inclusion. In the identification phase, all records retrieved 
from the database searches were aggregated, and duplicate entries were removed to ensure 
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accuracy. During the screening phase, titles and abstracts were examined to exclude studies that 
were clearly irrelevant. This initial screening was conducted by the first author, with cross-checks 
performed by co-authors to minimize bias. 

In the eligibility phase, full-text articles of potentially relevant studies were assessed against 
the predefined inclusion and exclusion criteria. This step ensured that only studies directly 
addressing human–machine collaboration in Industry 5.0 manufacturing were considered. Finally, 
in the inclusion phase, sixty studies met the eligibility criteria and were incorporated into the final 
synthesis. These studies are comprehensively documented in Appendix A, providing traceability 
and transparency of inclusion decisions. The overall selection process is visually summarized in 
Fig. 1, which presents the PRISMA flow diagram. 

 
Fig. 1. PRISMA 2020 

2.5. Quality appraisal of included studies 

The credibility of the included evidence was evaluated in accordance with PRISMA 
recommendations through a qualitative quality appraisal of all selected studies. Unlike numerical 
scoring systems, this appraisal employed qualitative criteria, which are more appropriate for an 
interpretive systematic literature review. Each study was assessed based on its relevance to the 
research objectives, the clarity of its aims, the coherence of its methodology, and its contribution 
to theory or practice in human-centric manufacturing. 

Given the exploratory and interdisciplinary nature of Industry 5.0 research, both empirical and 
conceptual studies were retained, provided they demonstrated analytical rigor and relevance. This 
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inclusive approach ensured comprehensive coverage of the field while maintaining quality 
standards appropriate for a systematic review. 

To enhance transparency, the quality appraisal was guided by four explicit criteria: 
(1) Relevance to Industry 5.0 human-machine collaboration, (2) Methodological rigor, including 
clarity of research design and data analysis, (3) Theoretical or practical contribution, particularly 
in advancing human-centric manufacturing, and (4) Clarity and coherence of reported findings. 

Studies meeting these criteria were retained to ensure analytical robustness and alignment with 
the study objectives. 

2.6. Data collection and extraction 

A standardized data extraction form was developed before analysis, consistent with PRISMA. 
For each included study, the following data were systematically extracted: author(s) and year, 
study focus, enabling technologies discussed, type of human-machine collaboration, 
manufacturing application domain, key findings, and identified implementation challenges. 

The extracted data formed the basis of Appendix A, which serves as the primary evidence table 
linking individual studies to the synthesized results presented in the main text. 

2.7. Data organization, coding, and analysis 

Extracted data were organized thematically and analyzed using a qualitative thematic synthesis 
approach. An inductive-deductive coding strategy was adopted, in which initial codes were 
derived from the research objectives, while additional themes emerged iteratively from the data. 
Studies were systematically coded and clustered into thematic categories covering technological 
enablers of human-machine collaboration, collaboration paradigms and manufacturing 
applications, as well as implementation challenges and research gaps. This structured coding 
process facilitated cross-study comparison and supported the development of integrative summary 
tables (Tables 2-4), in line with PRISMA guidance on transparent and reproducible data synthesis. 

2.8. Synthesis of results 

In accordance with PRISMA, a narrative synthesis was employed to integrate findings across 
heterogeneous study designs. This approach facilitated the identification of recurring patterns, 
convergent evidence, and unresolved issues in human-centric manufacturing for Industry 5.0. 

The synthesis emphasized qualitative human-centric outcomes, such as trust, safety, 
ergonomics, cognitive workload, and well-being, alongside technological and operational 
considerations, reflecting the core principles of Industry 5.0. 

2.9. Methodological rigor and transparency 

Methodological rigor was reinforced through adherence to PRISMA guidelines, explicit 
documentation of search and screening procedures, and transparent reporting of inclusion 
decisions. The use of structured extraction templates, thematic coding, and cross-referencing 
between Appendix A and synthesized tables enhanced reliability and reproducibility. 

Although this review did not involve quantitative meta-analysis due to heterogeneity in study 
designs and outcome measures, the systematic and transparent approach ensures robustness 
appropriate for a PRISMA-compliant qualitative SLR. 

2.10. Tools and software used 

Reference management was conducted using Mendeley, facilitating citation tracking and 
duplicate removal. Data extraction, coding, and synthesis were performed using Microsoft Excel 
and Microsoft Word to support structured qualitative analysis. 
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No bibliometric or automated text-mining tools were used, as the study prioritized interpretive 
depth and contextual understanding consistent with the human-centric orientation of Industry 5.0 
research. 

3. Results and discussion 

3.1. Identification and categorization of technological enablers of human-machine 
collaboration 

The reviewed studies (Appendix A) reveal that human-centric manufacturing in Industry 5.0 
is underpinned by a convergence of advanced digital, cognitive, and physical technologies rather 
than isolated automation tools. Analysis of the “technology/tools discussed” field across the 
dataset indicates five dominant technological clusters. 

Table 3 summarizes key technological clusters supporting human-machine collaboration, 
detailing the enabling technologies, their roles in facilitating interaction, and the human-centric 
contributions they provide, including enhanced decision-making, safety, productivity, situational 
awareness, and adaptive, intuitive collaboration. 

Table 3. Technological enablers of human-machine collaboration in Industry 5.0 
Technological 

cluster Key technologies Role in human-machine 
collaboration Human-centric contributions 

Artificial 
intelligence and 

intelligent 
algorithms 

ML, deep learning, 
large language models 

(LLMs), vision-
language models 

(VLMs) 

Enable adaptive 
decision-making, 
natural language 

interaction, emotion 
recognition, and 
intelligent task 

allocation 

Augments human capabilities 
by interpreting intent, 

workload, and emotional 
states; supports intuitive 

human-robot communication 
and real-time collaboration 

Digital twin and 
human digital 

twin technologies 

Digital twins, human 
digital twins (HDTs), 

simulation and 
modeling tools 

Replicate machines, 
processes, and human 
physical and cognitive 

characteristics 

Support ergonomic 
assessment, cognitive 

workload monitoring, safety 
simulation, and training; 
enable system designs 

centered on human needs 

Collaborative 
robotics 

Collaborative robots 
with force sensing, 
vision systems, and 
safety mechanisms 

Enable safe physical 
interaction and shared 
workspaces between 
humans and robots 

Enhance productivity while 
preserving human control; 
reduce physical strain and 

repetitive tasks; support task 
co-execution rather than 

replacement 

Cyber-physical 
and human-

cyber-physical 
systems 

CPS architectures, 
HCPS frameworks, 
embedded control 

systems 

Integrate sensing, 
computation, 

connectivity, and 
human-in-the-loop 

control 

Position humans as active 
decision-makers rather than 

supervisory agents, 
reinforcing human-centric 

system design 

Sensing, 
interface, and 
connectivity 
technologies 

Wearable sensors, 
EEG systems, AR/VR 

interfaces, IoT/IIoT 
platforms, wireless 

communication 

Enable real-time 
perception, feedback, 

and interaction between 
humans and machines 

Facilitate context-aware 
collaboration, adaptive task 

scheduling, continuous 
monitoring, and enhanced 

situational awareness 

The analysis demonstrates that human-centric manufacturing emerges from the coordinated 
integration of intelligent cognition, digital representation, physical collaboration, and systemic 
orchestration rather than from isolated technological deployment. Artificial intelligence enables 
adaptive decision-making and contextual awareness; digital twins provide virtual representations 
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of both human and machine states; collaborative robots support safe physical interaction; and 
human-cyber-physical systems orchestrate these elements in real time. Together, these 
technologies create synergistic, adaptive manufacturing environments that enhance productivity, 
safety, trust, and worker well-being while reinforcing the central role of humans in Industry 5.0 
systems. 

A critical observation emerging from the cluster analysis is the contrast between studies that 
treat AI capabilities and digital twin technologies as standalone performance enhancers versus 
those that examine their integrative potential. While studies such as [14] and [16] demonstrate 
discrete benefits of cobots and predictive maintenance, respectively, studies employing HCPS 
frameworks [13, 63] reveal distinctly superior human-centric outcomes when these clusters are 
combined, particularly in relation to adaptive task allocation and cognitive workload reduction. 
This divergence suggests that fragmented technology adoption, though common in practice, may 
systematically underperform compared to architecturally integrated deployments, a finding with 
direct implications for investment prioritization in SMEs. 

3.2. Analysis of human-machine collaboration paradigms and manufacturing applications 

Table 4 provides a comprehensive overview of human-machine collaboration paradigms in 
Industry 5.0 manufacturing, mapping each paradigm to its primary applications, associated human 
roles, and key human-centric outcomes. It highlights the progression from basic interface-level 
interactions to fully integrated, adaptive, and co-learning systems, demonstrating the expanding 
cognitive and creative involvement of humans. The framework emphasizes qualitative 
dimensions, such as trust, well-being, and skill development, alongside productivity, underscoring 
the shift toward human-centered, intelligent production ecosystems in modern manufacturing. 

Table 4. Collaboration paradigms, manufacturing applications,  
and human-centric outcomes in Industry 5.0 

Collaboration 
paradigm 

Primary manufacturing 
applications Human roles Key human-centric 

outcomes 

Human-machine 
interaction 

Assembly systems, control 
rooms, inspection 

dashboards 

Operator, system 
monitor 

Improved situational 
awareness, reduced error 
rates, enhanced usability 

Human-robot 
collaboration 

Assembly, inspection, 
material handling, 

maintenance 

Co-worker, task 
executor 

Reduced physical 
workload, improved 

safety, increased 
productivity 

Human-machine 
collaboration 

Production planning, 
logistics, quality control, 

decision support 

Decision maker, 
cognitive partner 

Enhanced decision 
quality, trust in AI 
systems, balanced 

cognitive workload 

Human-cyber-
physical systems 

Smart factories, adaptive 
production lines, predictive 

maintenance 

Active system 
agent, supervisor 

of intelligent 
agents 

System resilience, 
transparency, improved 

worker well-being 

Human-machine co-
evolution and 

reciprocal learning 

Personalized manufacturing, 
skill-intensive production, 
continuous improvement 

systems 

Learner, 
innovator, co-

evolving partner 

Skill development, 
reskilling, long-term 

human-machine trust and 
adaptability 

The matrix illustrates a clear evolution from basic interface-level interaction to advanced, 
adaptive, and co-learning collaboration models, reflecting Industry 5.0’s transition from purely 
efficiency-focused automation to human-centered value creation. Higher collaboration stages 
correspond to wider application areas, enriched cognitive roles for humans, and qualitative 
outcomes such as trust, well-being, and skill enhancement, factors often overlooked in 
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conventional manufacturing metrics. The reviewed literature indicates that Industry 5.0 does not 
replace human workers but rather positions them at the heart of intelligent production systems, 
promoting cooperation, empathy, and adaptability as core characteristics of human-centric 
manufacturing. 

The reviewed literature reveals an asymmetry in paradigm maturity: while HMI and HRC are 
comparatively well-documented with empirical validation, HMC and HCPS frameworks remain 
largely conceptual or confined to laboratory demonstrations. This gap is significant because these 
latter paradigms, those involving the highest degree of human cognitive involvement, are precisely 
the ones most central to Industry 5.0’s human-centric ambitions. The paradox thus exposed 
highlights a systemic research priority misalignment that future studies must urgently address. 
Moreover, the evolution of collaboration paradigms is not merely technological but fundamentally 
socio-technical, reflecting a shift toward systems that emphasize adaptability, trust, and human 
agency over pure automation efficiency. Yet, inconsistencies across studies in measuring these 
outcomes underscore the need for standardized evaluation metrics to ensure comparability and 
practical implementation. 

3.3. Synthesis of implementation challenges and research gaps 

Table 5 presents a synthesized overview of the key implementation challenges and associated 
research gaps affecting the adoption of human-machine collaboration in Industry 5.0 
manufacturing systems. The table consolidates findings from the thematic analysis by categorizing 
recurring technological, organizational, ethical, and economic barriers and linking them to their 
implications for human-centric manufacturing. By explicitly mapping these challenges to 
unresolved research gaps. 

Table 5. Synthesis of implementation challenges and research gaps  
in human-machine collaboration for Industry 5.0 

Category Key challenges/barriers 
Implications for 
human-centric 
manufacturing 

Identified research gaps 

Integration 
complexity 

Difficulty integrating AI, 
cobots, digital twins, and 

legacy systems 

Limits seamless 
collaboration and 

system interoperability 

Need for integrative 
frameworks and modular 
architectures for HMC 

Workforce skills 
and adaptation 

Skills gaps, resistance to 
change, high training 

demands 

Slows adoption and 
reduces human–
machine synergy 

Lack of longitudinal studies on 
workforce adaptation and 

upskilling strategies 

Ethical, privacy, 
and trust issues 

Concerns about AI 
transparency, data privacy, 

and algorithmic bias 

Reduces human trust 
and acceptance of 
intelligent systems 

Limited exploration of socio-
ethical frameworks for HMC 

evaluation 
Safety and 

human–robot 
interaction risks 

Collision avoidance, 
system reliability, 

certification challenges 

Affects worker safety 
and limits co-working 

in shared spaces 

Understudied real-world safety 
validation, especially in 
developing economies 

Data scarcity and 
model reliability 

Limited availability of 
high-quality, human-

centric datasets 

Impairs AI 
performance and 

adaptive collaboration 

Early-stage application of 
LLMs and cognitive adaptation 

lacks industrial validation 

Cost and 
infrastructure 

constraints 

High implementation costs 
and uneven technological 

readiness 

Restricts adoption, 
particularly in 

resource-limited 
contexts 

Underrepresentation of Global 
South manufacturing contexts 

in empirical studies 

The table demonstrates that realizing human-centric manufacturing extends beyond mere 
technological maturity. Effective implementation requires the simultaneous consideration of 
organizational structures, ethical concerns, socio-technical interactions, and economic factors. 
Addressing these dimensions in isolation limits scalability and practical impact. Consequently, 



ENABLING HUMAN-CENTRIC MANUFACTURING: A SYSTEMATIC REVIEW OF HUMAN-MACHINE COLLABORATION IN INDUSTRY 5.0.  
AHIAMADU JONATHAN OKIRIE, NYEKACHI OLUMATI OZURU, AZIBOPURU CHURCHILL ONYASI 

12 ISSN ONLINE 2783-6738  

structured implementation frameworks, comprehensive evaluation metrics, and strategies aligned 
with regulatory and policy objectives are essential. These coordinated approaches help bridge 
existing gaps, support context-sensitive deployment, and ensure that Industry 5.0 human-machine 
collaboration delivers sustainable, inclusive, and scalable value across diverse manufacturing 
environments. 

3.4. Implication of the study 

This systematic review presents several key implications that transform the synthesized 
evidence from Tables 2-4 into actionable and theoretical advancements for human-centric 
manufacturing in Industry 5.0. The implications outlined below emphasize the study’s 
contributions to bridging research fragmentation and facilitating real-world transitions. 

1) Theoretical implication (Advancement of human-centric Industry 5.0 frameworks): By 
integrating sixty peer-reviewed studies into comprehensive taxonomies (Tables 2-4), this review 
moves beyond previous fragmented analyses to propose a cohesive theoretical framework. The 
classification of technological enablers into five clusters clarifies their collective roles and 
supports the development of dynamic models that capture human-machine synergies. This 
enriches the conceptual foundations of Industry 5.0 literature and enables future hypothesis-driven 
investigations into co-evolutionary human-system interactions. 

2) Practical/managerial implications (Guidance for industrial implementation): Practitioners 
and manufacturing managers receive evidence-based directives for designing and implementing 
human-machine collaboration systems. The mapping of technological clusters to paradigms 
(discussed further in Section 3.5) provides decision-makers with the tools to select context-
appropriate integrations, such as combining collaborative robotics with advanced sensing for 
human-robot collaboration in assembly lines. These integrations enhance productivity, reduce 
ergonomic risks, and improve worker well-being. This structured guidance minimizes 
implementation uncertainties, encourages informed investment in enabling technologies, and 
supports the scalable adoption of smart manufacturing practices tailored to operational needs. 

3) Policy implication (Support for workforce development and governance strategies): The 
synthesized challenges and gaps identified in Table 4 offer policymakers critical insights for 
developing supportive frameworks. The review emphasizes the need for targeted workforce 
upskilling programs, ethical AI governance protocols, and inclusive technology diffusion policies, 
particularly to address disparities in developing economies. By underscoring the importance of 
aligning regulations with human-centric outcomes (e.g., trust and safety), this study informs 
national and international strategies for sustainable and resilient deployment of Industry 5.0 while 
mitigating socio-ethical risks. 

3.5. Interconnections and practical insights 

The interaction among technological clusters creates a progressive chain that supports the 
evolution of collaboration paradigms. Notably, the synergy between the Artificial Intelligence and 
intelligent algorithms cluster and Digital Twin and Human Digital Twin technologies drives a 
transition from basic HMI paradigms, which focus on simple monitoring in control rooms, to 
advanced HMC and HCPS. AI-driven emotion recognition and adaptive task allocation, enhanced 
by HDTs for real-time cognitive workload simulation, improve transparency and trust. This shift 
elevates human roles from passive operators to active decision-makers and collaborative partners. 
This progression is particularly evident in applications like predictive maintenance and adaptive 
production lines, where these integrations lead to measurable human-centric improvements in 
decision quality and worker well-being, while fostering reciprocal learning that is often lacking in 
isolated technology deployments. 

Additionally, collaborative robotics combined with sensing, interface, and connectivity 
technologies (such as AR/VR and wearable sensors) accelerates the development of HRC 
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paradigms. Force-sensing mechanisms and context-aware interfaces facilitate safe co-execution 
in shared workspaces for assembly and maintenance tasks, resulting in reduced physical workload 
and improved safety outcomes. The architectures of cyber-physical and human-cyber-physical 
systems orchestrate these elements in a holistic manner, ensuring systemic resilience across 
paradigms. 

However, these interconnections are not without practical implementation challenges, which 
reveal deeper insights into adoption barriers. While theoretical synergies suggest seamless 
progression, real-world constraints, such as the complexity of integrating with legacy systems and 
the scarcity of data for training reliable human-aware models, often hinder translation, particularly 
in small and medium enterprises (SMEs) and developing economies. Limited empirical and 
longitudinal validation, as highlighted in Table 4, presents a significant critique: many 
documented benefits (e.g., enhanced trust through AI and Digital Twins in HMC/HCPS) arise 
from controlled laboratory settings, with little evidence of scalability in resource-constrained 
environments where infrastructure deficits and skill gaps amplify ethical concerns like algorithmic 
bias and privacy erosion. Therefore, without modular architectures and targeted upskilling, these 
technological enablers risk exacerbating rather than alleviating human-centric disparities. 

4. Future research direction 

Building on the synthesized evidence and identified gaps (see Tables 2-4 and Section 3.5), the 
following prioritized directions provide a clearer roadmap for advancing human-centric Industry 
5.0 manufacturing. These directions focus on transitioning from conceptual integration to 
rigorous, context-sensitive implementation. 

Empirical and longitudinal validation of human-centric industry 5.0 models: Future research 
should prioritize large-scale, longitudinal case studies and field experiments that monitor socio-
technical performance over extended periods (e.g., 2-5 years). This approach will validate the 
proposed synergies among technological clusters (e.g., AI and digital/human digital twins 
enhancing trust in HMC/HCPS) and measure outcomes such as worker well-being, cognitive 
workload, and system resilience. Special emphasis should be placed on moving beyond laboratory 
evidence to include diverse operational environments, particularly in high-variability production 
lines. 

1) Development and validation of standardized, multi-dimensional evaluation metrics and 
frameworks: There is a pressing need for consensus-based, quantifiable metrics that systematically 
link collaboration paradigms (HMI, HRC, HMC, HCPS) to human-centric outcomes (trust, 
ergonomics, skill development, emotional states) alongside operational KPIs (productivity, safety 
incidents). Future efforts should focus on creating and empirically testing hybrid frameworks that 
integrate qualitative (e.g., perceived trust scales) and quantitative (e.g., physiological monitoring 
via wearables) indicators, allowing for consistent benchmarking and maturity assessments across 
organizations. 

2) Context-sensitive implementation strategies for SMEs and developing economies: Given 
the significant underrepresentation of resource-constrained contexts in current empirical research, 
dedicated studies should explore low-cost, modular, and incremental adoption pathways tailored 
to SMEs and manufacturing ecosystems in the Global South. This research should investigate 
barriers such as infrastructure deficits, financial constraints, skill gaps, and cultural resistance 
while testing context-adapted interventions (e.g., hybrid human-AI training programs or 
affordable cobot integrations). Comparative studies between developed and developing regions 
would reveal transferable versus localized enablers, facilitating inclusive and equitable diffusion 
of Industry 5.0. 

3) Integration of human-centricity with sustainability, resilience, and ethical governance: 
Emerging research emphasizes the importance of intertwining human-centric collaboration with 
Industry 5.0's other pillars (sustainability and resilience) through ethical, transparent AI systems. 
Future studies should investigate hybrid human-AI decision architectures (e.g., explainable LLMs 
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in HMC) that maintain human agency while addressing algorithmic bias, data privacy, and long-
term societal impacts. This direction could also explore reciprocal learning models and 
connections to Society 5.0, where consumers and communities co-create resilient, circular 
manufacturing ecosystems. 

5. Limitations of the study 

Several limitations should be considered when interpreting the results: 
1) Reliance on secondary literature: This review synthesizes existing research rather than 

generating new primary data through industrial experiments, case studies, or longitudinal 
observations. Consequently, it limits the ability to establish causal relationships or validate 
proposed synergies (e.g., enhancing trust in HMC/HCPS through AI and digital twins) in real-
world contexts. This may lead to an overemphasis on conceptual or lab-derived benefits versus 
practical implementation challenges. 

2) Heterogeneity of studies: The reviewed studies exhibit significant methodological diversity, 
including conceptual frameworks, simulations, small-scale experiments, and qualitative analyses, 
along with varying outcome measures and levels of empirical rigor. This diversity precludes meta-
analysis or statistical aggregation, restricting the review to qualitative thematic synthesis and 
narrative integration. As a result, precise quantification of effect sizes for human-centric outcomes 
(e.g., trust, ergonomics, well-being) is not possible. 

3) Narrow scope of sources: The search was limited to English-language, peer-reviewed 
articles from seven major academic databases, potentially excluding relevant non-English 
publications, regional journals, conference proceedings, industry reports, and grey literature. This 
may introduce a bias towards Western or high-income contexts, underrepresenting perspectives 
from developing economies and manufacturing environments in the Global South-contexts 
identified as lacking representation in the literature (see Table 4 and Section 3.5). Additionally, 
excluding non-peer-reviewed sources may overlook emerging insights from practitioners or policy 
documents that influence Industry 5.0 adoption. 

4) Subjectivity in thematic synthesis: Despite employing structured inductive-deductive 
coding and cross-author validation, the thematic analysis and categorization of technological 
clusters, paradigms, and challenges involve interpretive judgment. While this approach is suitable 
for an exploratory systematic literature review in a developing field, it introduces a degree of 
subjectivity that could affect the definition of themes or their emphasis, particularly when 
integrating fragmented research on rapidly evolving topics like large language models in HMC or 
human digital twins. 

6. Conclusions 

This study systematically reviewed sixty peer-reviewed contributions on human-machine 
collaboration in Industry 5.0, employing a PRISMA-compliant methodology to clarify how 
human-centric manufacturing is enabled, applied, and constrained. The review establishes a 
structured taxonomy of five enabling technology clusters, artificial intelligence, digital and human 
digital twins, collaborative robotics, cyber-physical systems, and advanced sensing/interface 
technologies, that collectively enhance human-machine collaboration. It further maps dominant 
paradigms (HMI, HRC, HMC, HCPS) to concrete manufacturing applications and measurable 
human-centric outcomes, including trust, ergonomics, safety, and worker well-being. 

By synthesizing implementation challenges such as integration complexity, workforce skill 
gaps, socio-ethical concerns, and limited empirical validation, the study identifies critical research 
gaps and outlines a roadmap for future investigations. Its core contribution lies in consolidating 
fragmented scholarship into a coherent, taxonomy-driven framework that bridges theory and 
practice. Unlike prior reviews that focused narrowly on isolated technologies or conceptual pillars, 
this work provides a comprehensive, evidence-based foundation for advancing sustainable, 
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human-centric manufacturing systems. In doing so, it strengthens academic understanding while 
equipping practitioners and policymakers with actionable insights for context-sensitive adoption, 
particularly in underrepresented industrial environments and developing economies. 
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