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Introduction: The fourth industrial revolution, or Industry 4.0 (I.D. 4.0), has radically empowered professionals to revamp skills and technologies, to match ever-evolving industry demands. Education 4.0 (E.D. 4.0) is an integral education framework, strategically designed to align with I.D. 4.0 needs. The present work presents high-level insights on mapping I.D. 4.0 to E.D. 4.0, by successfully analyzing the four key existing components of E.D. 4.0, namely, learning methods, competencies, infrastructure and information and communication technologies (ICT).

Methods: Research questions are formulated along themes aiming to standardize the E.D. 4.0 framework and identify effectiveness and implementation challenges. These posed questions are addressed by performing an exhaustive bibliometric analysis on the associated literature, by clustering relevant publications by field, year, and geography. We employed the search engines Scopus, Science Direct, and IEEE in a period between January and June of 2022.

Results: Network maps evidence the implementation of E.D. 4.0 elements with no formal and universally adopted framework to map with I.D. 4.0. There is an increasing interest and support from researchers and education institutions in preparing a skilled workforce for I.D. 4.0. Trends of E.D> 4.0-related published articles reveal more implementation efforts in developed countries compared to developing countries.

Discussion: Our results demonstrate a lack of any currently existent, standardized, and universally accepted framework for mapping I.D. 4.0 to E.D. 4.0, despite trends showing a sharp rise towards incorporating E.D. 4.0 initiatives recently into university curricula. Our analysis procedure can serve as a protocol to define E.D. 4.0 in a more specific context, in an ever-changing global workspace. While unbalanced implementation attempts on how extensively E.D. 4.0 components have been defined and adopted (including discrepancies in implementation policies among countries, and across disciplines), further rigorous assessments are needed to critically assess the necessary requirements and effectiveness, for standardization and implementation a global mapping framework.
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1. Introduction

Professionals are expected to continue developing skills, technologies, and knowledge, adaptable toward assimilating fast-paced, swiftly changing innovations, driven by the fourth industrial revolution or Industry 4.0 (hereafter, I.D. 4.0), which impact products, services, and production systems (Bauer et al., 2015; Hirschi, 2018; Kipper et al., 2021). Strategic attempts toward identifying these key competencies, as required by future professionals, have been reported in recent years; and has resulted in the identification of “competency clusters.” From an extensive literature review, Hecklau et al. (2016) grouped these competencies into four clusters: technical, methodological, social, and personal. A more recent survey conducted across industries and industry representatives (Mian et al., 2020), have classified clusters by disciplines (engineering, business, design, and transversal). Yet, another survey-based study (Hernandez-de-Menendez et al., 2020) performed across several industries, interpreted these necessary trends to be predominantly technology-driven, and recognized particularly paradigm advances in the field of Artificial Intelligence (AI), owing to the increasing globalized availability of big data, which in turn, propels industry growth. ChatGPT, an AI based chatbot, which was launched in November 2022, has quickly attracted global hype for its promise of enhancing both supervised and reinforcement-based learning techniques across both industry and academia. Despite having some obvious current limitations (such as monitoring and calibration of factual inaccuracies), the parent firm (OpenAI) has been valued at US $29 billion, as of 2023. An overwhelming majority of recent technologies incorporated into the present global industrial market (expectedly) values Machine Learning (ML) as the most utilized skill (87%), followed by user/entity big data analytics (84%), the Internet of Things (IoT) (82%), and cloud computing (76%) (AnTosz, 2018). A major finding from this work is that skills gaps in the local labor market accounts for 59% of the barriers that exist toward the adopting of new technologies. Therefore, it is the need of the hour to swiftly revamp global education to address I.D. 4.0 driven innovation(s), and expand worker competencies/skills, to match industry requirements (Neaga, 2019; Uhlemann et al., 2019; Kipper et al., 2021).

The necessary integral education framework that aligns with I.D. 4.0 requirements is Education 4.0 (hereafter, E.D. 4.0). Several components and defined characteristics are captured in the E.D. 4.0 framework; these have been identified rather recently by some prior researchers (Fisk, 2017; Himmetoglu et al., 2020; Kipper et al., 2021; Miranda et al., 2021). It is imminent that such a standardized pathway needs to be identified and incorporated to approach such problems, as a current lack of standardization negatively impacts the reliability, consistency, and reproducibility of any findings. An unreliable process is difficult to properly analyze, and any associated bias at any step of the analysis procedure ultimately delays a tangible mapping of E.D. 4.0 techniques with I.D. 4.0 requirements, further augmenting an already existent, and progressively increasing, skilled labor shortage.

Even today, there appears to be no universally agreed upon definition or terminology of E.D. 4.0 (Das et al., 2020). Thus, to address the need for having a standardized protocol that can identify, define and shape an effective E.D. 4.0 pedagogical framework, and identify key elements, we performed an exhaustive literature review on the currently existent I.D. 4.0 competencies and compared several approaches, ultimately choosing to merge the most up to date factors identified by Kipper et al. (2021) and Miranda et al. (2021). Once merged, we hypothesized the global need for obtaining a standard E.D. 4.0 definition, as the currently incomplete, scattered framework for I.D. 4.0 will very likely lead to scattered solutions when mapped with I.D. 4.0. A major highlight of our work is to identify and track the most recent E.D. 4.0 competencies, which allows the analysis procedure to be as generic as possible, to ensure maximal success and universality for future mapping efforts. From a comparative study of these competencies, four research questions (RQs) are formulated, which are centered along themes of the extent of successful implementation of the E.D. 4.0 framework, its effectiveness (both perceived and actual), and its associated challenges. Therefore, the objectives that characterize our proposed framework are: (a) identifying the extent to which E.D. 4.0 is presently adopted as a formal educational framework for mapping with I.D. 4.0 requirements, (b) identifying the extent to which E.D. 4.0 components have been already adopted from the formal E.D. 4.0 framework present in the relevant literature; and (c) analyzing implementation trends and challenges of the E.D. 4.0 framework and its associated core components globally, over the last decade. Previous research in this sector has always been limited by the very fact that I.D. 4.0 requirements change over time as industries evolve globally (Wallner-Drewitz and Wagner, 2016): therefore, we recognize that E.D. 4.0 competencies must also change with time to map I.D. 4.0 needs. Thus, to succinctly capture these competences and associated insights, we performed a rigorous bibliometric analysis using VOSviewer, on several research databases, which provided straightforward, simple, objectively unbiased, reliable indicators of the impact, importance, and emerging future trends of this research field. In addition to shaping the proposed E.D. 4.0 framework, our findings are also valuable toward identifying curriculum changes and current pedagogical lacunae, such as modifications in existing course syllabi, the design of new, relevant, strategic programs and courses, etc. Such initiatives are extremely likely to guide the commensurate acquisition and targeted training of precious human capital to drive industry desired changed, as one is easily able to track the evolution and effectiveness of E.D. 4.0 implementation. This paper is structured into the following sections: section “2. Literature review” presents the currently existent E.D. 4.0 framework, and its associated indicators and competencies via a detailed literature review, section “3. Materials and methods” presents the mapping strategy and methodology employed to complete the integral E.D. 4.0 framework, formulates the relevant RQs arising out of this integrated framework, describes the relevant protocols employed toward our bibliometric analyses, and describes the platform that was employed to create these network maps, arising from the bibliometric data. Section “4. Results” presents our results, and section “5. Discussion” thoroughly interprets the results obtained, providing detailed discussion, context, and trends on the visualization and exploration of network maps and graphs, which provides answers to our previously postulated RQs. From the conclusions arising from bibliometric analyses, we propose a more holistic, universally applicable, and representative (and, updated) definition of E.D. 4.0, that is most applicable to the current world. Finally, in section “6. Conclusion,” we present our conclusions, and identify scope for future research work toward mapping E.D. 4.0 to I.D. 4.0 needs in the future.



2. Literature review

Efforts to comprehensively map E.D. 4.0 to I.D. 4.0 needs, have predominantly focused on approaches that typically integrate competency and capability function domains (Wilke and Magenheim, 2017; Das et al., 2020; Jerman et al., 2020; Maisiri and van Dyk, 2020; Agrawal et al., 2021; Silva et al., 2021). Survey-based approaches (Grzybowska and Łupicka, 2017) have identified major E.D. 4.0 components to be decision making, entrepreneurial thinking, efficiency orientation, problem solving, conflict resolution, and analytical skills (in decreasing rank order). More recently, a more “integrated alignment model” was proposed (Lin and Low, 2021) to capture a more synergistic alignment between educational activities, and the I.D. 4.0 demands, as applicable to the Singapore Smart Industry Readiness Index (SIRI). In their approach, road mapping and architecture planning for progressive phases for the integrated alignment model, was linked to four key pillars: connectivity, automation, operation, and intelligence. This exercise was jointly performed alongside an industrial partner, thereby allowing for the identification of E.D. 4.0 tasks per phase. While this approach is definitely synergistic, we hypothesize that in fact, a more clustered approach toward identifying E.D. 4.0 competencies (rather than approaching from a more task-based format), allows for more efficient mapping between these two areas, while also capturing their shared dependencies. From our hypothesis, it follows that the definition and clustering of E.D. 4.0 competencies and their subsequent mapping with I.D. 4.0 requirements, must be approached using a more systematic format; one that strategically aims to list/map them, and then, standardize these requirements cohesively and comprehensively. It is evident that I.D. 4.0 must serve as the starting point for the mapping process, as skills, requirements, and demands of I.D. 4.0 are much more robustly defined by employers and industries (and are also, constantly evolving). In this context, we have already successfully incorporated a specific I.D. 4.0 demand, of understanding “Standards, Codes, and Recommended Practices,” in the chemical engineering sector, at our university (Galatro et al., 2022). Owing to the ever-changing nature of I.D. 4.0 needs, it is not surprising that some prior researchers (Beke et al., 2020) have attempted to identify these competencies by conducting detailed interviews with industries, and surveys with students, to list some identifiable I.D. 4.0 requirements and expectation. Interestingly, some shared requirements also emerged from the expectations of students and industries; these are: complex problem solving, coordinating with others, people management, critical thinking, negotiation, quality control, service orientation, judgment and decision making, active listening and creativity (ranked in 2020, in decreasing order of perceived importance). Eight of these parameters were also ranked important in 2015 (with the exception of quality control and active listening). As the authors themselves state, this work (while commendable) suffers from some limitations, such as the lack of industry representation (interviews limited to the car industry), geographic limitation (student interviews were conducted only at one university in Hungary) and a drastic lack of representation among disciplines (survey limited to mechanical engineering). Additionally, there was no attempt to systematically categorize any identified competencies, which reinforces the need for analyzing this problem through a more structurally rigorous yet sound lens.

Hernandez-de-Menendez et al. (2020) have identified key competencies for I.D. 4.0, by analyzing various models that assess the maturity and readiness of companies to shift to I.D. 4.0 frameworks. Through a global-centric assessment, identified competencies were grouped into three broad categories: methodological, social, and personal. But it must be noted that these competencies were identified only for three disciplines (engineering, business, and design); therefore, no insight about desired competencies in other disciplines such as science, humanities, etc. were obtained. The work concludes by recognizing that there remains no universal consensus on required I.D. 4.0 competencies, and there may in fact be other more systemic economic/social barriers at play which prevent its successful incorporation (firms may choose not to shift toward I.D. 4.0, fearing higher economic expenditure; and employees may prefer not to adapt to newer, ever changing industry demands).

More recent characteristics of I.D. 4.0 have been identified more recently by Mian et al. (2020), as customization, real-time monitoring, productivity, flexibility, logistics, product design/prototyping, resource allocation, responsiveness, sustainability, process reliability, and predictive maintenance (and there may be many others that could exist, some of these characteristics may pertain to more specific industries). An attempt to map I.D. 4.0 has recently been performed by Maisiri and van Dyk (2020), who developed a Competence Maturity Model (CMM), with three domains for competency, capability functions, and maturity level. Each domain has two dimension which encompasses both knowledge and skills (technical vs. soft) requirements. While the capability domain has ten dimensions (all related to industrial engineering), and the maturity level has five dimensions (in line with the industrial revolution); all of which were identified by a systematic mapping review of 283 published papers (out of which only 25 papers were included for the purpose of data abstraction). While clearly conceptualized, well-supported, and efficiently implemented, the competencies are exclusively limited to industrial engineering, thereby preventing its global application across other fields/disciplines.

A more thorough (and recent) literature review has been credited to González-Pérez and Ramírez-Montoya (2022) who propose eight key (RQs); and we also follow a similar approach when formulating our RQs in section “3.1. Hypotheses and research questions” to identify components that use the E.D. 4.0 framework, from 113 reports (out of these, 56 are finally analyzed). The data predicts a major shift occurring in pedagogical practices, with case studies and targeted teaching/learning strategies to gain prominence over the 21st century. Learning methods and competencies are found as the most addressed components of E.D. 4.0, while a scarcity of frameworks are identified, which aim to address strategies to strengthen pedagogical innovation, especially at the school level. These limitations, in turn, become the merits of this work, namely: (a) the selection of a robust framework to assess core components in educational initiatives/projects, and (b) the identification of trends in the identified competencies for various crucial players such as researchers, trainers, and decision makers. The initiatives and projects in this study were evaluated using the core components framework, defined by Miranda et al. (2021). The work successfully develops a comprehensive E.D. 4.0 framework, based on four critical components: competencies, learning methods, infrastructure, and information and communication technologies (ICTs). This framework arises from a compilation of research elements, structures, and concepts across several infographic sources that align with E.D. 4.0 concepts (as summarized in Tables 1, 2). However, the case studies reported by Miranda et al. (2021) are localized to Mexico City and surveyed an English/Spanish-speaking student body; and therefore, suffer from geographical and linguistic restrictions.


TABLE 1    A summary of key prior attempts by researchers, to map E.D. 4.0 to I.D. 4.0, and limitations.
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TABLE 2    A chronological summary of E.D. 4.0 competencies as identified by some prior researchers.
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A summary of some important prior works, with their employed methodologies, and limitations toward mapping these competencies effectively, are presented in Table 1. We have focused predominantly on experimental/literature review-based works, which have attempted to characterize and/or map these two factors. While the works listed represent a conscious academic effort toward mapping, Table 1 also justifies the need to perform a more exhaustive bibliometric analysis, which can overcome the inherent/identified limitations in these prior works. For our bibliometric analysis, the Inclusion and Exclusion criteria is kept globally applicable, to ensure that our results are applicable in the broadest possible context, thereby paving the way for pursuing more rigorous, detailed studies in the future.

An extremely detailed approach toward identifying E.D. 4.0 competencies related to the qualification of professionals for I.D. 4.0 has been recently performed by Kipper et al. (2021) by surveying the literature with the SciMAT scientific mapping software on the Scopus, Web of Science, and Science Direct databases. The mapping resulted in the generation of a conceptual map, highlighting the major competencies (leadership, strategic vision of knowledge, self-organization, offering and receiving feedback, pro-activity, creativity, problem-solving, initiative, interdisciplinary teamwork, collaborative teamwork, innovation, communication, adaptability, flexibility, and self-management) and knowledge (information and communication technology, algorithms, automation, software development and security, data analysis, general systems theory, and sustainable development theory) required for the successful transformation of firms toward I.D. 4.0 targets. While this exhaustive search omits “learning methods” and “infrastructure” as core components; it nevertheless identifies some essential elements that may be clustered in the competencies and ICTs components, proposed by Miranda et al. (2021). The work of Kipper et al. is also much more universally applicable, as the bibliometric analysis is not limited to a specific discipline, and therefore, the conclusions hold much more universally. Table 2 presents a summary of E.D. 4.0 competencies, as identified by some prior works.

It appears that a very impactful strategy toward the identification of any existent relationships and/or mapping efforts toward linking E.D. 4.0 to I.D. 4.0 is bibliometric analysis (Janik and Ryszko, 2018), and this is the approach we resort to in this work. With the advent of technology, in an increasingly digitized world, it is strategic to resort to computer-based analysis techniques. To ensure that the articles matching the first bibliometric criterion are indeed accurate and relevant, it is customary to refine the results further, to obtain the most accurate results, by implementing an inclusion and exclusion criteria. While this is definitely a robust procedure, which leads to successive refinement of data; it often results in a rather small final set of article database to base analysis/comparison/conclusions on. A summary of past bibliometric analyses performed on the E.D. 4.0/I.D. 4.0 literature, and the effective number of articles finally analyzed, are presented in Table 3.


TABLE 3    A summary of some key prior literature review/bibliometric analyses, that attempt to understand, classify, and/or capture/map E.D. 4.0 to I.D. 4.0.
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The universalization of E.D. 4.0 remains yet another unaddressed challenge, in addition to a lack of standardization in defining and applying an E.D. 4.0 framework, which could then successfully map out I.D. 4.0 requirements. As of 2018, the level of I.D. 4.0 implementation for developing nations was captured at the corporate level, with strategies adopted by separate countries (Bogoviz et al., 2019); and at the national level for developed nations, with state-based strategies of development. Furthermore, major financial barriers exist on the path toward I.D. formation and their consequential implementation, as well as a gap in terms of the readiness of various socio-economic platforms toward the formation of I.D. 4.0 (Costan et al., 2021). Expectedly, the results in ultimately forming I.D. 4.0 targets currently reveal a 5-year gap between developed and developing countries. Such imbalance in implementation strategies must also be considered by researchers, when future attempts to map E.D. 4.0 to I.D. 4.0 are implemented, as specific systemic barriers exist, that hinder the universalization of the E.D. 4.0 framework. Currently, extremely limited works have been conducted to identify these E.D. 4.0 implementation barriers for developing economies, using the number of peer-reviewed publications as an effort indicator, both during the COVID-19 pandemic, or before. In fact, the recent COVID-19 pandemic has categorically highlighted the stark inequality and resource discrepancies between developing and developed nations, at both economic and social strata (Perry et al., 2021; Wakamo, 2022); this has also directly affected education systems. Some other barriers toward E.D. 4.0 implementation for developing economies are the lack of appropriate ICT infrastructure and widespread access; these might significantly deepen inequality. We also recognize the need for rigorous works to assess the global impact of these outcomes, as the United Nations (UN) Sustainable Development Goal (SDG) 4, which ensures quality education for all, might never be realized unless we take imminent swift action in this field.



3. Materials and methods


3.1. Hypotheses and research questions

Our literature review reveals no existent unanimous consensus toward accurately defining a current E.D. 4.0 framework. This lack of a standardized framework results in the existence of several scattered approaches/solutions toward mapping I.D. 4.0, which creates more imbalance toward tackling these lacunae, from a strategy-oriented perspective. Following a deep dive into the literature, we propose to merge the frameworks of Kipper et al. (2021) and Miranda et al. (2021), since both studies are: (a) fairly exhaustive, (b) based on systematic literature reviews, and (c) extremely recent, thereby ensuring up-to-date completeness of required competencies, since the fields of E.D. 4.0 and I.D. 4.0 continually evolve. We refer to this combined framework as the “reference framework” for our analysis. The reference framework is identified by incorporation of a set of E.D. 4.0 elements identified by Kipper et al. (2021), which are then assimilated into the core components’ competencies (transversal and disciplinary) and ICTs (technology-based and tools and platforms) of Miranda et al. (2021), as presented in Table 4. The identified elements in the reference framework are used as keywords or search parameters, when applying the inclusion and exclusion criteria set for our database. A systematic literature search (SLS) is conducted first to analyze these articles, supported by a bibliometric analysis performed using VOSviewer. The software analyzes databases, based on the Visualization of Similarities (VOS) algorithm, as proposed by Van Eck and Waltman (2007), which visualizes both direct and indirect connections between entities, by classifying these relationships into one of three categories: network, overlay, or density (Ejsmont et al., 2020). The strongest clusters typically appear in the center of the generated color-coded plot, and signify a contribution/factor that relates strongly, and more diversely (Waaijer et al., 2011), among the papers analyzed in the database. The exact refinement criteria employed for our review arise from the protocol detailed by Verner et al. (2012), which begins by posing appropriate RQs, executing the search process to obtain an initial number of articles. The articles identified from this first search are further refined through the inclusion and exclusion criteria (to obtain a smaller number of even more relevant articles), and then, selecting and extracting the relevant data. Section “3.1. Hypotheses and research questions” describes these details in more detail, as applied in the context of this work. From this refined dataset, we aim to capture the most updated mapping tendencies of E.D. 4.0 to I.D. 4.0, by formulating a set of RQs, after identifying the key objectives this work seeks to address; these are as follows,


TABLE 4    Additional elements incorporated into the core components of E.D. 4.0 presented by Miranda et al. (2021) to obtain the combined reference framework.
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(a)Identify the extent of E.D. 4.0, adopted as a formal framework toward mapping I.D. 4.0,

(b)Identify the extent of adopting E.D. 4.0 components from the “formal” E.D. 4.0 framework: and

(c)Analyze trends toward implementing the E.D. 4.0 framework and its core components, over the last decade.



Having identified our “reference framework,” the above three objectives are investigated as follows. Objective (a) is assessed by identifying the generated clusters, weight attributes, and skewness of E.D. 4.0 elements, from the visual network information generated by VOSviewer. Objective (b) is studied by identifying E.D. 4.0 components from our reference framework, which currently exhibit a lack of standardization. As a direct consequence, this exercise results in the identification of novel elements which can ensure a complete, updated mapping framework. Finally, objective (c) is studied by investigating trends in implementing our reference framework over the last decade and identifying major indicators of implementation and/or mapping efforts. It is noted that our proposed three objectives focus on two thematic issues: the standardization of the E.D. 4.0 framework, and its effectiveness and progress made toward implementing it. An additional theme is also recognized as scope for future work, namely, the challenges which exist toward implementing E.D. 4.0 between developed and developing countries. We hypothesize that implementation trends our reference framework might be considerably different across these two socio-economic groups.

To realize our identified objectives, four RQs are formulated, as summarized in Table 5. These are as follows:


TABLE 5    Themes and research questions formulated to test the objectives, in the reference framework.

[image: Table 5]

 





	

	RQ1: To what extent has E.D. 4.0 been integrated as a framework for mapping with I.D. 4.0?




This question aims to identify the VOSviewer generated plots, which can provide insights on how much of E.D. 4.0 currently aligns toward I.D. 4.0 targets, and how much mapping work remains to be performed. RQ1 is primarily aimed at addressing objective (a), and these insights generated from the bibliometric analysis will strategically identify the scope of future mapping endeavors that should be performed.







	

	RQ2: Which E.D. 4.0 components are successfully identified in the literature, out of the composite E.D. 4.0 framework?




The purpose of this RQ is to identify objective (b) and recognize two important factors: the components which have been successfully mapped out from the E.D. 4.0 literature, and the components that are yet to be mapped out from our reference framework. Together, RQ1 and RQ2 are formulated to test our hypotheses about the lack of a standard implementation of E.D. 4.0 framework, to meet I.D. 4.0’s ever-evolving requirements. As we will shortly see, this exercise results in a novel, revamped identification of E.D. 4.0 competencies, as I.D. 4.0 demands continue to evolve with time, across an ever more competitive global workspace.







	

	RQ3: How have RQ1 and RQ2 been addressed, over the past decade?




This RQ is aimed to investigate objective (c), through comparative (literature reviews) and visual (VOSviewer maps) studies. The choice of a decade was considered an appropriate timeline to track the temporal variation in E.D. 4.0 requirements, as a response to I.D. 4.0’s ever changing requirements. RQ3 attempts to investigate and capture these temporal trends regarding E.D. 4.0 research as a unified framework, or present core components of E.D. 4.0 outside of the reference framework. By analyzing the trends obtained from these plots, in the context of RQ3, we successfully identify the core competencies of E.D. 4.0 today, and notably, they are somewhat different from the competencies identified during the last decade. This response is expected: as societies evolve and job requirements become even more rigorous and demanding, in an increasingly globalized, AI-driven world, E.D. 4.0 expectations also evolve to match the need to educate adaptive and industrially competent students, over current and future generations. It must be emphasized that while analyzing RQ1-RQ3, the authors have ensured that the data collected is impartial, and applicable globally (not restricted by geographical, linguistic, and or cultural barriers). Consequently, the conclusions obtained from this work are far more universal and applicable across almost every sector today.







	

	RQ4: How do E.D. 4.0 efforts compare between developing and developed countries?




The purpose of RQ4 is directed more toward identifying the scope of future research work in this field, following our bibliometric analysis. It appears evident that the extent to which E.D. 4.0 efforts would be implemented between developed and developing countries, because of (likely) economic, social, political, and systemic barriers. Also, RQ4 attempts to identify the key factors responsible for the gap in adopting the E.D. 4.0 framework between nations, thereby acknowledging a currently existent imbalance of the E.D. 4.0 framework. This should not be perceived negatively, but instead, should serve as a motivator for future research arising out of the framework detailed out in this manuscript.



3.2. Search criteria

To ensure a perfectly unbiased treatment of the search procedure, the search criteria employed several electronic databases, namely, Scopus, Science Direct, and IEEE, which are known to be online repositories for articles published in journals, books, and articles. The search period was between January and June of 2022. The search strings for RQ1 are chosen to be “Education 4.0” AND/OR “Industry 4.0” AND/OR “Fourth industrial revolution,” which led to 384 articles being matched with the search string. These articles are open access, peer-reviewed in journals, conference proceedings, across all languages, and almost 50% of the literature applies to the subject field of “Engineering and Computer Science,” as shown in Figure 1. This is not surprising at all, since this field has seen a tremendous boom over the last decade. Rather, this is reassuring, because it successfully demonstrates that the first filter for our search criteria works well. From this initial dataset, and to obtain a more representative idea about the exact trends that RQ2 seeks to identify, E.D. 4.0 core components were searched exclusively in the domain of “Engineering Education,” where substantial studies have been performed traditionally (in fact, most of the literature cited in this work also happens to be from this field). As is evident from Figure 1, “Engineering and Computer Science” represents 50% of the articles found in the databases, followed by “Social Sciences” at 24%, “Decision Sciences” at 8%, “Life Sciences & Medicine” at 5%, “Energy” at 3%, and “Business, Management and Accounting at 6%” and “Art and Humanities” at 2%.
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FIGURE 1
The distribution of E.D. 4.0 articles, according to various subject domains, as of 2022.



3.2.1. Inclusion and exclusion criteria

Inclusion and exclusion terms were manually selected from the search list provided by VOSviewer to align found words with all prior identified core competencies. Search words were used as basic search terms.



3.2.2. Data selection and extraction

Records were initially identified through database searching engines, followed by a manual screening process to eliminate duplicates. Text articles were then assessed for title and abstract matches.



3.2.3. Data synthesis

A rigorous bibliometric analysis is conducted via VOSviewer, which allows the creation of maps, based on analyzing the network data of various scientific publications and journals. The maps are created by using bibliographic databases obtained from Scopus, Science Direct, and the IEEE databases. Network maps include items or objects of interest between any pair of items, with a detectable link or connection. Each link is assigned a strength (a positive numerical value); the higher the strength, the stronger the link between the items. Items are also grouped into clusters and may have various attributes, for example, cluster numbers for example. Likewise, weight attributes indicate the relative importance of an item, and an item with higher weight is therefore more important than its lower counterpart. In the network visualization of these maps, higher weight items feature more prominently. To support the discussion of RQ3, supplementary graphs were created in Microsoft Excel, including trends and pie charts. While bibliometric analyses provide some immediate clear advantages such as the quick assessment of research impact and scalability of large volumes of data, additional metrics may be necessitated to distinguish them better, and perform more in-depth studies. We also recognize that bibliometric analyses may even possibly skew the research toward the most cited contents, thus, bibliometric indicators should be treated more as a first filter, which would then serve as a starting point for more detailed pedagogical research. Nevertheless, bibliometric analyses are an extremely practical visualization tool which can successfully cluster large volumes of research data; and further analyses are likely needed to obtain more conclusive insights.





4. Results

In this section, the findings arising from the bibliometric analysis implemented by us are summarized, to answer and add more context to the initially posed RQs. We also consciously present the discussion and identify key strategies that may be employed in the future to map E.D. 4.0 to I.D. 4.0 more comprehensively, considering the gaps in the process, as identified from our literature review.







	

	RQ1: To what extent has Education 4.0 (E.D. 4.0) been fully integrated as a framework for mapping with Industry 4.0 (I.D. 4.0)?




Figure 2 depicts the network map, comprising of several clustered items, related to the posed RQ RQ1. VOSviewer generates six clusters, around highly weighted items, such as performance (virtual reality, simulation, video, and ICT), the internet (IoT, cloud computing, and education system), methodology (flexibility, creativity, and soft skill), quality (blended learning and e-learning), stakeholder (complex thinking and critical thinking), and curriculum (cyber-physical system and augmented reality). There is clear evidence of some core components fitting this mapping model, when searching by the keyword “Education 4.0.” However, some currently missing elements remain yet to be mapped, such as hybrid-based learning, active learning, problem-based learning, technology-based items (ML, big data, data science and data analytics), AI, and infrastructural setups. Our bibliometric analysis also appears to signal toward new emerging pathways (these are the resulting clusters on the map), that characterizes E.D. 4.0 currently; the major ones being methodology, performance, mathematics, quality, internet, video, and AI, and some minor ones being attitude, cloud computing, blended learning, experiment, creativity, sustainability, initiative, complex thinking, IoT, education system, simulation, virtual reality, etc.
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FIGURE 2
The network map obtained as a response for RQ1, which identifies several research clusters which characterize strategies implemented to map E.D. 4.0 competencies to I.D. 4.0 needs.








	

	RQ2: Which Education 4.0 components are identified in the literature, out of the entire Education 4.0 framework?




RQ2 builds on the key competencies obtained from RQ1, as specifically applicable within the context of the field of “engineering education,” since “Engineering and Computer Science” represents 50% of the articles that were found to answer RQ1. Figure 3 presents the network map generated by VOSviewer (2022), identifying clustered items related to RQ2, by analyzing over 1965 articles (open access, peer-reviewed journals, conference proceedings, and across all languages) found in our databases. VOSviewer generates eight clusters around highly weighted items such as motivation (soft skill, teaching material, engineering curriculum, sustainable development, simulation, collaborative learning, critical thinking, experiential learning, and blended learning), the IoT, modeling (practical implication and technological innovation), cyber-physical systems, big data (cloud computing and data science), algorithms (neural networks and cloud), ML and AI. The links and weights of the clustered items in the mapping represent all core components that E.D. 4.0 comprises of. The articles analyzed in our datasets are over 35 times more than those of Maisiri and van Dyk (2020), over 3 times more than Kipper et al. (2021). It is therefore natural to conclude that the clusters identified from our bibliometric analysis is likely to be much more representative of current E.D. 4.0 competencies, as an immensely larger dataset was fed to VOSviewer for analysis. Simultaneously, our results are unlikely to be restricted by geography and are far more globally applicable, unlike almost all previous work in this field. We observe that there are in fact, several “core” components that comprise the current day perception of E.D. 4.0, and we postulate that these clusters are likely to increase even more in the future, as I.D. 4.0 requirements will likely become even more stringent, across a more-competitive workspace.
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FIGURE 3
The network map obtained as a response to RQ2, identifying the core components of E.D. 4.0.


The bibliometric analysis provides us with two trackable parameters for each identifiable trends of E.D. 4.0 – the link strength, and the occurrence. While the link strength is a measure of the number of publications where a keyword occurs, the number of times it occurs among the publications identified by the link strength detection criterion, is the occurrence. Figure 4 shows the link strength matches and values arising from our bibliometric analysis; as expected, Industry 4.0 and engineering education are the two keywords that record the largest values, at 100 and 93, respectively. In fact, what these numbers suggest is that almost all publications that study I.D. 4.0, also investigates its relationship with E.D. 4.0. To comprehensively understand the relative characteristics of E.D. 4.0 that are currently perceived as valuable by I.D. 4.0, these two search keywords are removed, and all remaining keywords arising from the bibliometric analysis are analyzed in Figure 5. The trends are most interesting and reveal some notable shift: ML, the IoTs, and AI emerge as the top three contributors to the currently “perceived” definition of E.D. 4.0. This is a stark difference, compared to previous works in the literature, and it appears that a global transformation is occurring. I.D. 4.0’s expectations toward E.D. 4.0 indicates a predominantly technology driven transformation. What is most notable is that almost all the clusters identified are technology-based, and it appears that soft skills-based competencies are perceived less valuable, as the global economy becomes more digitized, and technology-driven. Figure 6 groups these keywords by relevance index into the four core components of E.D. 4.0; this index is estimated as the average total link strength and the number of occurrences reported by VOSviewer. The results are extremely enlightening: 70% of research in Engineering Education aims to tackle to core component of ICT, followed by transversal competencies (11.6%), learning methods-methods (10.7%), ICT based tools/platforms (4.6%) and others, grouping the rest of components (3.1%). We also note that Competencies (14.2%, as a sum of the Transversal and Disciplinary contributions) and ICTs (74.3%, as the sum of Technology-based tools/platforms) are components that remain fully aligned with the current essential competencies (Miranda et al., 2021), and trends driving industry growth (Hernandez-de-Menendez et al., 2020). The major conclusion that arises is that the traditionally identified components and competencies of E.D. 4.0 do not apply as much, and a new definition of E.D. 4.0 must be proposed, keeping in tandem with the current trends and expectations of I.D. 4.0.
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FIGURE 4
Link strength values for matching elements between I.D. 4.0 and E.D. 4.0.
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FIGURE 5
Link strength and occurrence values for the identified clusters arising from our bibliometric analysis.
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FIGURE 6
Core components of E.D. 4.0, identified by relevance.








	

	RQ3: How have RQ1 and RQ2 have been answered over the past 5 years?




Figures 7A, B present publication trends of articles published from years 2017 to 2021 pertaining to “Education 4.0” (RQ1) and “Engineering Education” (RQ2). Trends show a fairly robust increment of publications over the last decade, with the exception of “Engineering Education” during 2020–2021, which show no significant difference in the number of publications. These trends are extremely revealing, as it confirms a rapid increase in interest within the academic community, to comprehensively understand, characterize, and map the structural and functional components of E.D. 4.0 and I.D. 4.0. This trend is very promising and forms a very firm basis for the motivation of this work. Through the methodology and analysis procedure formulated by us here, we are hopeful that this protocol will be adopted by future researchers, to successfully map E.D. 4.0 competencies to I.D. 4.0 demands, as both sectors continue to evolve with time.
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FIGURE 7
Trends of articles published (A) in E.D. 4.0 and (B) in Engineering Education and E.D. 4.0.








	

	RQ4: How do E.D. 4.0 efforts compare between developing and developed countries?




It is evident that there are socio-economic differences between developing and developed nations, and these were especially exacerbated during the COVID-19 pandemic (Gajdzik et al., 2020; Perry et al., 2021). Our bibliometric analysis, which centers around search words such as “Education 4.0,” “Education Engineering” and associated E.D. 4.0 core components, reveal that these research efforts are predominantly conducted in developed countries, as compared to their developing counterparts (63 and 51.2% of published articles, respectively). In our classification, we use the conventional definition of developed countries, as those nations which have a Human Development Index (HDI) equal to, or exceeding 0.8 (United Nations, 2022a,b). Figure 8 shows the most recent values of the HDI, for all countries. The countries which score highest in this criterion are the US, Canada, Australia, the United Kingdom, Ireland, Japan, South Korea, and countries typically comprising the European Union (Austria, France, Sweden, Germany, Finland, Norway, Denmark, Iceland, Spain, and Italy). Trailing slightly lower are some other countries, some of whom are known to have oil export economies (Russia, Kazakhstan, Saudi Arabia, Turkey, Argentina, Chile, Portugal, Croatia, Romania, Bulgaria, etc.). The shift of the world toward online, technocentric learning environment toward E.D. 4.0, arising as a direct result from our bibliometric analysis, is presented in Figure 9. A rather different perspective emerges, and three countries (the US, China, and Australia) emerge as locations where this shift has occurred the fastest. A surprising contender is India, which, despite still being a third-world economy, has adapted seamlessly toward a techno-centric economy, thereby also influencing a shift toward E.D. 4.0 measures within the country. But this shift is also somewhat expected, since a significant proportion of the world’s programming and information technology (IT) needs are exported to employees in India. After India, some other first-world nations (the United Kingdom, Spain, Germany, Canada, Russia, and Finland) follow. Indonesia also ranks in this list (and this means that the country is moving toward the successful implementation of E.D. 4.0 competencies as identified from our bibliometric analysis), despite not being traditionally considered as a first-world nation. Predominantly, we observe research efforts in developed nations to mainly tackle the ICT core component (71.6%), as against the Competencies counterpart (52.1%) (ITU, 2022).


[image: image]

FIGURE 8
Global distribution of the Human Development Index (HDI), as of 2022. As expected, the HDI is stronger for developed economies.
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FIGURE 9
Global map representing efforts by countries toward the adaptation of online learning-based E.D. 4.0 environment.


When Figures 8, 9 are compared, an interesting conclusion arises: some first-world nations are yet to revamp their pedagogical and university-based education to meet the demands of I.D. 4.0. As the world becomes increasingly more digitized, we identify that several first-world economies hold immense potential to train future skilled workers who can address the current global I.D. 4.0 demand shortage – some of these being Canada, France, Brazil, South Africa, Japan, Italy, Sweden, Norway, Turkey, Saudi Arabia, and Mexico. We clarify here that our analysis is limited by the available data online, and as countries change their global positioning and strategic outlook toward the E.D. 4.0 metrics, as identified by our analysis, these conclusions will evolve over time. It may be worthwhile to perform separate bibliometric analyses within each country and compare which sectors of E.D. 4.0 feature prominently across which states/provinces. Very likely, national economics and the overall industrial asset mix will dictate which aspect of E.D. 4.0 is valued by a nation, when training a generation of students to match its I.D. 4.0 demands.



5. Discussion

The network map that seeks to answer RQ1 (Figure 2) show that defined clusters do not necessarily match core E.D. 4.0 components, although its elements are clearly found when linked to these clusters. This graphically strengthens the evidence toward implementation of E.D. 4.0 elements, but no formal E.D. 4.0 framework to map with I.D. 4.0 exist currently. The unbalanced weight distribution in the clusters, show heavier contributions for the clusters “performance,” “methodology,” and “internet,” overshadowing other critical elements included in the groups quality and curriculum. Moreover, the identified missing elements do not necessarily relate to the lack of implementation of E.D. 4.0 core components but instead occur due to not adopting a standardized E.D. 4.0 definition/framework.

Further evidence of this claim is obtained from the network map that aims to answer RQ2 (Figure 3), where no universally adopted educational framework appears to fully encapsulate and capture I.D. 4.0 needs; however, efforts to match I.D. 4.0 requirements with E.D. 4.0 training which can suitably prepare the workforce in higher education institutions have been massively adopted. Both maps in Figures 2, 3 reveal that these efforts might result in discrepancies when assessing the effectiveness of implementing core components, item weight imbalances, potential duplication of elements, and mismatch with I.D. 4.0 priorities. Therefore, it is recommended to periodically update the reference framework to capture the evolution of the I.D. 4.0 requirements; task must be consensually defined under a standardization process. However, a summarization of the major weighted clusters (which are the closest match to I.D. 4.0 requirements), may form a definition for E.D. 4.0 (also summarized in Figure 10).


[image: image]

FIGURE 10
Current components of E.D. 4.0, as identified by bibliometric analysis. These elements form the most updated markers of E.D. 4.0 and align closest with the current requirements of I.D. 4.0.



5.1. Definition

Education 4.0 is an educational framework that strategically incorporates competencies such as mathematics, modeling, AI, simulation, ML, the IoT, deep learning, big data, neural network, manufacturing system, robotics, motivation, cloud, etc. into the learning experience, to match the current requirements of I.D. 4.0.

It must be immediately emphasized that this definition is not cast in stone, is by no means exhaustive, and is likely to evolve with time, depending on I.D. 4.0 demands. As of today, this current definition of E.D. 4.0 appears to be extremely reasonable (even to the lay observer), and in tandem with global industrial trends which favor a move toward a more digitized, computer-based economy and workspace. This is also one of the key tenets of the vision of E.D. 4.0, as detailed by Fisk (2017) who imagines a future scenario where “man and machine align to create new possibilities.” Therefore, we have demonstrated that bibliometric analyses may be employed to arrive at a (hopefully) universally accepted definition of E.D. 4.0, which will of course need periodic recalibration/updates (say every 5 years, or perhaps a decade). Also, bibliometric analyses can prove useful to inform the pedagogical process across universities and institutions of higher learning, to revamp course curricula in accordance with ever-evolving new market demands/trends, which directly translate to shifts in I.D. 4.0 trends.

It must be immediately emphasized that this definition is not cast in stone, is by no means exhaustive, and is likely to evolve with time, depending on I.D. 4.0 demands. As of today, this current definition of E.D. 4.0 appears to be extremely reasonable (even to the lay observer), and in tandem with global industrial trends which favor a move toward a more digitized, computer-based economy and workspace. This is also one of the key tenets of the vision of E.D. 4.0, as detailed by Fisk (2017) who imagines a future scenario where “man and machine align to create new possibilities.” Therefore, we have demonstrated that bibliometric analyses may be employed to arrive at a (hopefully) universally accepted definition of E.D. 4.0, which will of course need periodic recalibration/updates (say every 5 years, or perhaps a decade). Also, bibliometric analyses can prove useful to inform the pedagogical process across universities and institutions of higher learning, to revamp course curricula in accordance with ever-evolving new market demands/trends, which directly translate to shifts in I.D. 4.0 trends.

To answer RQ3, we refer to Figures 7A, B, which capture the growth trends over the last few years, highlighting the increasing interest and support from researchers/educational institutions in preparing a skilled workforce that can not only meet, but also exceed I.D. 4.0 expectations. This may either be formally stated as E.D. 4.0 efforts, or by conducting research on these core components, as has been the norm within engineering education. An in-depth analysis of the context and context of the significant increase in publications in 2020 and 2021 in Figure 7A, shows that the COVID-19 pandemic accelerated the implementation of ICT elements (for instance, meeting platforms like Zoom and Microsoft Teams emerged as major global players in this sector, and continue to do so even now), as these elements allowed teachers and students to minimize educational disruption, while parallelly tuning teaching-learning strategies and hybrid pedagogical methods. Researchers are already on their way to evaluating the impact(s) of this paradigm shift on the education industry (Oleksiyenko, 2021; Reimers and Marmolejo, 2022). At first sight, the impact of COVID-19 cannot be observed in the overall publication trends shown in Figures 7A, B. However, a restricted search in the identified database, by adding specific keywords such as e-learning, blended learning methods, digital tools, virtual labs, and online assessments, clusters them into one distinct group, which increased 76.2% of components researched between the years 2020 and 2021, as compared to the whole decade. This sudden jump was the response of pedagogical researchers, following the COVID-19 pandemic. The prevalent components fit mainly into the category of Learning Methods in Modalities.

When answering RQ4, the inequality evidenced in the trends of E.D. 4.0-related published articles might be related to higher ICT indexes in developed countries compared to developing countries, facilitating the implementation of technology-based solutions, and using tools and platforms to support learning modalities and methods. At a regional level, Europe appears to lead research efforts in E.D. 4.0 and Engineering Education per capita (176 and 1313, respectively), as measured as the number of related publications per billion, followed by Oceania (114 and 982), North America (105 and 615), South America (47 and 152), Asia (39 and 143), and Africa (9 and 54). Moreover, 26.9% of all the articles were published under Open Access (OA) modality, and 64.5% of these OA articles were published in developed countries. The number of published research articles might not be the sole evidence of the inequality in implementing E.D. 4.0 between developed and developing countries, but it correlates with the findings of other researchers on evaluating barriers and challenges that impede the universalization of this framework (Bogoviz et al., 2019; Costan et al., 2021; Perry et al., 2021; Wakamo, 2022). Hence, our research results also support increasing efforts to identify, analyze, and tackle systematic barriers toward implementing I.D. 4.0 – E.D. 4.0 in developing countries to reduce education and skills-based inequality. Our work promises to serve as a good reference not only in Europe (which appears to lead in E.D. 4.0 measures), but also for several other continents/countries, owing to the generic nature of the analysis, and its global applicability, simplicity of analysis, and reproducibility. Most importantly, the practical implication of these results will lead to an immediate streamlining of the engineering education research, while providing a robust, comprehensive, reproducible analysis procedure that may be successfully employed toward further global studies. Such a framework will also prove valuable for researchers to compare their pedagogical observations. Currently, there is no universally agreed upon framework, thus, comparisons are at best only qualitative, and no quantitative comparisons are possible: our procedure overcomes this limitation and incorporates both comparison methods. Additionally, the obtained competencies of E.D. 4.0 are likely to be consistent with industry trends: for instance, today’s global workspace seems to be strongly dominated by AI/ML, and these form a strong component of the E.D. 4.0 definition. The promise of a successful mapping between E.D. 4.0 and I.D. 4.0 through our procedure is apparent from the fact that the most influential industry trends, as observed today, form part of the bibliometric analysis inferred definition of E.D. 4.0, which may be interpreted as a successful attempt toward “defining” E.D. 4.0, as interpreted and valued by industries today.

From these in-depth discussions, a global perspective of E.D. 4.0 emerges, as applicable to today’s word. Bibliometric analysis also enables us to classify our identified E.D. 4.0 competencies, into two clusters – syncretic and supportive (as shown in Figure 11). What we observe is that most of the identified cluster components are predominantly influenced by ICT based technologies, and related tools and platforms (as expected). The relative “mix” of each of these supportive cluster competencies are summarized in Figure 12, and additional major insight(s) are gathered.
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FIGURE 11
Syncretized and supportive clusters, identified post bibliometric analysis, to map I.D. 4.0 requirements, to E.D. 4.0 core elements.
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FIGURE 12
Recommendations arising from classification and analysis of E.D. 4.0 clusters. Each of these bars represent graphically the relative abundance/deficit of contributory components toward a specific competency.


For Learning Methods – Methods: There appears to be a conscious shift toward a revamp of curricula and conscious pedagogical studies. However, experimental study and digital competence score lower; this means that future methods should aim to foster challenge-based and problem-based learning strategies, in additional to existent pedagogical methods, to provide students with a holistic learning experience, while simultaneously empowering them to meet I.D. 4.0 demands in the future.


•For Learning Methods – Modalities: There is a slight advantage that online-learning has, compared to blended learning. This trend is in complete accordance with the E.D. 4.0 clusters identified by our bibliometric analysis. It appears that this aspect is almost balanced, and the only recommendation is to optimize the use of proper resources, to facilitate the learning experience for students.

•For Competencies – Transversal: There are several contributory components identified – motivation, creativity, soft skills, teamwork, critical thinking, creative thinking, and innovation. First, it is worth observing that creative thinking has taken a backseat, with the advent of a more digitized global workspace. This should be regarded as a global concern, and future pedagogical research should be strategically implemented to foster this extremely crucial skill among future students. Collaborative skills also score lower (a natural consequence of the individual, work-from-home, online workspace that the COVID-19 pandemic ushered in), and students must be also taught the values of communication, research, cooperation, and collaboration in a world that is becoming increasingly individualistic, when it comes to working style. These are important areas for pedagogical researchers to base their future works on.

•For Competencies – Disciplinary: There is an almost balanced perspective of energy consumption and sustainable development. However, with the emergence of greener technologies (blue/green hydrogen, biofuels, bio-refineries, etc.), we recommend incorporating emergent (green) technology-based solutions into future course curriculum.






6. Conclusion

The lack of standardization toward defining an E.D. 4.0 framework, for mapping I.D. 4.0 requirements continues to remain an extremely important issue, as has been reiterated in the literature. The conclusions arising from the work of Silva et al. (2021) reveal several initiatives that characterize an alignment of E.D. 4.0, to meet I.D. 4.0 demands. Such initiatives tend to (a) protagonize the student, (b) incentivize active learning, (c) propose the development of practical initiatives, (d) develop skills that are relevant in the 21st century, and (e) enable experiences with emerging computationally aligned resources/processes. Such efforts should be strategically targeted to furnish students with educational skills and assets that are more aligned to I.D. 4.0 needs, to enable maximum chances of employability.

In this work, we propose a method to define E.D. 4.0, through a reverse-engineering of the problem. Rather than attempting to describe E.D. 4.0 competencies from scratch, a bibliometric analysis on the relevant literature provides us clusters, which then form the basis for our definition of E.D. 4.0. Our approach of identifying an integrated reference framework as a source for identifying these E.D. 4.0 elements (clustered across four components) by merging the most up-to-date efforts of Kipper et al. (2021) and Miranda et al. (2021) is non-discriminatory. Over time, as I.D. 4.0 competencies evolve, the same exercise may be repeated after identifying suitable previous reference frameworks, to obtain a more representative definition of E.D. 4.0, as and when required. Verification of the constituent components of the reference framework is implemented using a detailed bibliometric analysis spanning over 1,965 articles, which provides graphical indicators on mapping E.D. 4.0 skills to I.D. 4.0 demands. The advantages of such a bibliometric approach make our analysis global (results are not geographically restricted), and simultaneously, provide a measure of the effectiveness of implementing core components, as VOSviewer can efficiently analyze large volumes of data and provide insight on implementation trends, under minimal time. A detailed analysis of the graphs generated reveals that some of the generated element clusters fall outside the proposed framework, suggesting that the definition of E.D. 4.0 must be expanded to incorporate these clusters as well. Evidence of these additional E.D. 4.0 clusters arising out of bibliometric analyses, outside of any currently accepted formal (and somewhat more theoretical) E.D. 4.0 framework, proves the lack of standardization currently toward defining an exhaustive E.D. 4.0 framework. Thus, further research toward identifying and comprehensively defining these new clusters is needed, otherwise a mapping with the requirements of I.D. 4.0 is likely to remain imbalanced. The extent of universal adoption of the currently existent E.D. 4.0 framework is also assessed, and a clear gap is identified between developed and developing countries, in terms of successful adoption of this framework currently. Our conclusion, which independently arises out of an exhaustive bibliometric analysis, quantitatively supports the (more) qualitative trends observed by prior researchers. In summary, the integration of bibliometric analyses tools toward comprehensively identifying a global definition of E.D. 4.0 is a paradigm shift in the field and is the first holistic technique to capture all elements. Once a robust definition of E.D. 4.0 is formulated, and receives universal consensus, future academics can then map out E.D. 4.0 to I.D. 4.0’s requirements.
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Bauer et al., 2015

Quantitative literature review to track methods to realize 1.D. 4.0.

Analysis exclusively performed on the German manufacturing industry.

Grzybowska and
Lupicka, 2017

Survey questionnaire filled by industry experts (20 in total, 10

from each industry interviewed).

Survey results representative of only the automotive and pharmaceutical industries, in

Poland.

Wilke and
Magenheim, 2017

Attempts to map the learning territory in LD. 4.0, by employing a
multi-strategy approach (structured interviews, consisting of

open questions and rating scales).

Survey is limited to just 15 participants (1 female and 14 male), ranging from 16 to
35 years. There is obvious sex bias and age limitation. Majority of the candidates

interviewed were trainees in the metal cutting industry. The data is thus, not applicable

universally. Finally, the data is limited only to Germany, where the study was conducted.

Bogoviz et al., 2019

Predominantly qualitative and mildly quantitative comparison of
1.D. 4.0 competencies and desired skills between

developing/developed countries.

1.D. 4.0 indicators are only assessed for four developing economies: India, China, Brazil,
and the South African Republic (SAR). These are, in no way at all, representative for all
the developing nations. Indicators are not actually measured but obtained from country
specific reports. Unlike the developing countries (which are clearly identified for this

work), no “developed” country is identified to perform these comparisons. Results and

overall conclusions are probabilistic, needing further rigorous assessment.

Neaga, 2019

Identification of E.D. 4.0 core competencies is performed via a
systematic literature review and using content and thematic
analysis.

The analysis is limited exclusively to university undergraduates, masters, and Ph.D.
students in the United Kingdom, predominantly for manufacturing, automotive
engineering, and supply chain management programs.

Uhlemann et al.,
2019

An extremely exhaustive study, that incorporates both literature
review (227 papers, 146 classified as fundamental, and 81
applications oriented) and product design and engineering (PDE)
insights, gathered by interviewing 27 PDE experts (both academic
and industry experts), across 25 disciplines. Several universities

and firms are studied, globally.

The literature review was restricted to the discipline of chemical engineering. This is
because the work is on understanding PDE approaches in chemical engineering. We
identify this work as a representative example for investigating E.D. 4.0 efforts
thoroughly, prior to mapping with L.D. 4.0’s ever-changing requirements.

Beke et al., 2020

Questionnaires answered by B.Sc. engineering students at Obuda
University. [.D.
conducted by t]

4.0 competencies identified by interviews
he automobile industry, from 2015 to 2020.
Responses evaluated using a Pareto diagram.

Analysis limited to engineering students, for one university, in Hungary. 1.D. 4.0 skills
limited to those locally perceived by the Hungarian automobile industry. Only six

companies responded (four international and two medium sized).

Jerman et al., 2020

Audio-taped interviews of 14 subject experts (3 employed at the

government, 5 higher education professors, 5 from the

automotive industry, and 1 from the chamber of commerce).

Possible sex bias (12 males and 2 females). Results apply to Slovenia. Interestingly
enough, the automotive industry keeps getting interviewed predominantly. Experts’ views
and perceptions likely to vary immensely by sector.

Maisiri and van
Dyk, 2020

Literature review from Scopus and Web of Science (WOS), with
25 papers satisfying the inclusion and exclusion criteria. Key

competencies characterizing E.D. 4.0 were identified.

Analysis restricted to the domain of Industrial Engineering.

Mian et al., 2020

SWOT (Strength, Weaknesses, Opportunities, Threats) analysis to
understand I.D. 4.0 efforts to revamp E.D. 4.0, in sustainability.
200 non-random respondents with engineering education

experience (faculty, students, and researchers) were chosen.

22.78% of the survey respondents reported they were unaware about E.D. 4.0. This
effectively devalues the efficiency of the non-random sampling methodology employed.
None of the survey respondents possessed detailed knowledge about the core
components that comprise E.D. 4.0. All survey respondents were also chosen from King
Saud University, Saudi Arabia.

Lin and Low, 2021

A case study is performed to assess the alignment of E.D. 4.0
targets with the continuous education training (CET) program,
within Singapore.

Results are only applicable to Singapore.

Silva et al., 2021

Mapping attempts to identify advancements toward realizing E.D.
4.0 goals. Out of 1,732 studies, 78 were eventually selected.

There were several databases that the authors investigated: SCOPUS, ACM, IEEEXplore,
SBIE, and RBIE. However, the selected studies are only limited from 2015 to 2018. Our
study is performed for the last decade, and thus, captures much more details, and is likely

a more accurate indicator for E.D. 4.0/L.D. 4.0 mapping.

Costan et al., 2021

Meta-analysis performed for 299 articles; 30 meet the inclusion
criteria. 12 barriers to E.D. 4.0 identified for developing countries,
compared to the developed counterparts (using the PRISMA
statement approach).

Search performed only in the Scopus database. Only published articles from 2015 to 2022
the humanities (with the
for I.D. 4.0). Also, over
25% of the papers assessed originate from Malaysia. This may very likely skew the

were selected. The subject areas being assessed did not include

exception of one work reviewing Digital English and E.D. 4.0,

obtained conclusions toward a more localized perspective.

Gonzalez-Pérez
and
Ramirez-Montoya,
2022

Systematic literature review in the Scopus and Web of Science
(WOS) databases. 56 articles successfully pass the Inclusion and
Exclusion criteria.

Search performed for articles published only between 2006 and 2020.

Ramirez-Montoya
etal., 2022

Literature review is performed on 48 articles; VOSviewer is used
to identify the search keywords, to further refine the papers to 35.

The literature review is performed only on two dabases, namely, Scopus and the Web of
Science (WOS). 35 articles effectively met the inclusion and exclusion criteria. The
extremely limited number of articles searched (from 2002 to 2021), provide limited
insights. We employ VOSviewer across several databases, to identify the defining
competencies of E.D. 4.0.
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Hecklau et al,, 2016 | Technical: state-of-the-art knowledge, technical skills, process understanding, media skills, coding, understanding IT security. Methodological:
creativity, entrepreneurial thinking, problem solving, conflict solving, decision making, analytical skills, research skills, efficiency orientation. Social:
intercultural skills, language skills, communication, networking, teamwork, leadership, knowledge transference, cooperation/compromising ability.
Personal: flexibility, ambiguity tolerance, learning motivation, compliance, sustainable mindset, ability to work under pressure.

Grzybowska and Creativity, entrepreneurial thinking, problem solving, conflict resolution, decision making, analytical skills, research skills, efficiency orientation.
Lupicka, 2017

Prifti etal., 2017 Communication with people, IT/technology affinity, big data, problem solving, life-long learning, interdisciplinary work environment, network

technology, M2M communication, modeling/programming, data/network security, business process management, collaboration, teamwork, decision
making, leadership skills, service orientation, creativity, self-management.

Ramirez-Mendoza |Computational skills, virtual collaboration, resilience, social intelligence, novel and adaptive thinking, load cognition management, sense making, new

etal, 2018 media literacy, design mindset, transdisciplinary approach.

Neaga, 2019 General: computation skills, virtual collaboration, resilience, social intelligence, novel and adaptive thinking, load cognition management, sense making,
new media literacy, design mindset, transdisciplinary approach. Disciplinary: fundamental sciences (maths, physics, chemistry, biology, statistics, and
coding), applied sciences (materials, manufacturing, control principles, signal processing, applied statistics, and system engineering), industrial
automation and control, production, business and management, advanced manufacturing, information and communication technologies.

Das et al,, 2020 Complex problem solving, critical thinking, creativity, people management, coordinating with others, emotional intelligence, judgment and decision
making, service orientation, negotiation, cognitive flexibility.

Jerman etal,, 2020 |Continuous learning, flexibility/adaptation to change, technical literacy, problem solving, soft skills, critical and analytical thinking.

Maisiri and van Dyk, |Soft skills: critical thinking, agile problem identification and problem solving, communication skills, open minded thinking. Knowledge: programming

2020 in R, Scala, Python, and PySpark, coding, big data analytics. Technical skills: data analysis, visualization and cleaning, pattern recognition, data
corroboration.

Miranda et al., 2021 | Transversal (or soft) skills: critical thinking, cooperation, collaboration, communication, creativity and innovation. Disciplinary (or hard) skills:
training and development, research/design/implementation of new strategies, technology-based solutions, emerging best practices.

Ramirez-Montoya  |Disciplinary: functional, technical, and technological knowledge/skills, research, design, create and implement technologies, emerging technologies,

etal, 2022 technology-based solutions. Transversal: critical thinking, systemic thinking, scientific thinking, innovative thinking.
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