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Editorial on the Research Topic
 Continuing engineering education for a sustainable future
 
 


Introduction

Continuing Engineering Education (CEE) plays a critical role in equipping engineers and professionals with the knowledge, skills, and abilities (KSAs) required to navigate an increasingly complex technological, social, and environmental landscape. As we transition into Industry 5.0, the need for lifelong learning becomes more pressing, requiring the integration of advanced digital technologies and a renewed commitment to sustainability, equity, and social responsibility. CEE extends beyond technical reskilling to encompass the cultivation of transversal competencies, ethical reasoning, global collaboration, and personal well-being. Meeting these evolving needs requires deeper cooperation among universities, training providers, and industry, ensuring that engineering professionals remain ready to meet the challenges of a sustainable future.

This editorial stems from the international dialogue held during the IACEE 2024 World Conference in Comillas, Spain, where stakeholders from academia, industry, and policy gathered to explore “Continuing Engineering Education for a Sustainable Future.” The forum focused on aligning CEE with broader agendas—technological innovation, sustainability, and inclusion. Key themes discussed included education tailored to a technology-driven labor market; flexible reskilling and upskilling pathways; advancing Diversity, Equity, and Inclusion (DEI); future skills for Industry 5.0; quality assurance in professional training; competency-based approaches in CEE; and strengthening academic-industry collaboration. These topics shaped both the structure and spirit of this Research Topic, which now brings together 19 peer-reviewed articles that reflect global efforts to reimagine CEE as a key driver of sustainable, inclusive, and future-ready societies (see Figure 1).
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FIGURE 1
 Key themes on the research topic.




Education tailored to a technology-driven labor market

Valverde-Rebaza, Rodrigues et al. presented a new hierarchical taxonomy for IT job classifications to address the lack of granularity in global standards, such as ISCO-08. The Bee-inspired Employment and Expertise Taxonomy (BEET) was built through clustering analysis of job postings and expert collaboration. This framework supports improved workforce forecasting and informs curriculum design for Industry 5.0-aligned education. By aligning labor market demands with skill-based education, BEET offers a practical tool for institutions to prepare learners for an evolving digital economy.



Flexible reskilling and upskilling pathways

The original research study by Azofeifa et al. explored how integrating Industry 4.0 technologies and Education 4.0 principles can foster future skills through continuing engineering education. The authors analyze a redesigned course for practicing engineering, incorporating collaborative problem-solving and digital tools. Results show enhanced learner engagement and the development of transversal competencies such as adaptability, systems thinking, and innovation. The findings emphasize the value of immersive learning environments and lifelong upskilling strategies to prepare professionals for the evolving demands of Industry 5.0.

Caratozzolo et al. presented a novel taxonomy for Continuing Engineering Education that aligns with UNESCO’s ISCED classification, aiming to clarify terminology and facilitate international comparisons. This structure categorizes CEE initiatives based on target audience, program purpose, and delivery mode. By promoting consistency in how programs are described and analyzed, the new taxonomy provides a valuable tool for researchers, policymakers, and institutions seeking to benchmark and improve lifelong learning offerings for engineers in a global context.

Smith et al.’s study investigated the role of Scotland’s SCQF framework in supporting flexible lifelong learning pathways for engineers. By recognizing informal and non-formal learning, the SCQF enables learners to upskill and reskill more fluidly in response to evolving workforce demands. The authors illustrate how national qualification systems can empower individuals and institutions to adapt to economic and technological changes, contributing to more inclusive and responsive models of continuing engineering education.



Advancing diversity, equity, and inclusion (DEI)

Drawing on the Academic Women in STEM Mentoring Program (A-WSTEM), García-Silva et al. examine how structured mentoring supports women’s professional growth and retention in academia. Based on surveys and interviews, the findings highlight the importance of relational support, role modeling, and access to informal networks in fostering confidence and leadership. The research contributes to broader gender equity efforts by positioning mentoring as a strategic intervention in upskilling and promoting the career development of women in engineering education.



Future skills for Industry 5.0

Focusing on digital design education, Cal Y. Mayor-Peña et al. proposed a gamified learning framework aligned with Education 4.0 principles. The authors design and evaluate a virtual platform that uses game elements to boost motivation, interaction, and knowledge retention among engineering students. The results indicate improved engagement and skill acquisition, suggesting that gamification can be a powerful pedagogical tool for developing digital and creative competencies essential for Industry 5.0. The research also underscores the importance of learner-centered innovation in continuing education.

Escobar-Castillejos et al. evaluated a custom-built digital platform to support methods engineering education for industrial engineering students. Using usability testing and educational impact assessments, the authors demonstrate that the platform enhances student interaction, task analysis, and decision-making skills. The research suggests that digital tools can significantly improve learners' comprehension of complex workflows and their readiness for smart manufacturing environments. It underscores the role of adaptive learning environments in preparing engineering professionals for Industry 5.0's collaborative and data-rich settings.

The study by Ramírez-Cedillo et al. presented “Student 5.0,” an immersive, interdisciplinary course on automation and manufacturing systems designed for the Industry 5.0 era. The course fosters cross-functional collaboration and digital fluency through project-based learning and technology integration. Learners navigate realistic industrial challenges using simulation tools, IoT systems, and agile methodologies. The experience cultivates systems thinking, problem-solving, and innovation—key future skills for sustainable industry. The study highlights the need for flexible, hands-on learning models in continuing engineering education.

Valverde-Rebaza, González et al. investigated the use of generative AI tools, particularly large language models like ChatGPT, and visualization platforms to support data analytics learning in engineering. Through an instructional redesign and testing phase, the study demonstrates how these tools can scaffold conceptual understanding, automate data interpretation, and foster independent learning. The findings emphasize the potential of AI to personalize continuing education and bridge skills gaps in data-driven disciplines, a critical need for engineers operating in Industry 5.0 contexts.



Quality assurance in professional training

The case study conducted by DelaTorre-Diaz et al. examined the effects of curriculum standardization in a data analysis course for undergraduate engineering students. By implementing a unified structure across multiple campuses, the authors evaluate gains in tool proficiency, conceptual consistency, and academic outcomes. The findings suggest that standardization enhances both instructional efficiency and student learning. The article highlights how cohesive curricular frameworks can support quality assurance in CEE by ensuring that foundational competencies are uniformly delivered in rapidly evolving technical domains.

Elizondo-García et al. investigated how ChatGPT influences learning in mathematics and biology courses that use a challenge-based learning (CBL) model. Through classroom observations and student feedback, the study examines whether AI tools enhance or obscure individual problem-solving processes. Results indicate nuanced outcomes: while ChatGPT can scaffold learning and support engagement, its overuse may hinder authentic understanding. The research raises critical questions about integrating generative AI into quality-focused instructional design, highlighting the need for ethical guidance in CEE.

Mirón-Mérida and García-García analyzed how ChatGPT impacts the development of Spanish-language writing skills among engineering students. The authors assess improvements in argumentation, structure, and linguistic accuracy through controlled experimentation. The results suggest that while AI can support basic writing processes, it may also limit deeper reflection and critical thinking if over-relied upon. The study offers valuable insights into the appropriate role of AI in enhancing quality communication competencies, a crucial yet often overlooked component of engineering education.

The original research by Nava-Manzo et al. focused on the relationship between continuing education engagement and the psychological well-being of engineering faculty. Using survey data, the authors examine how professional development activities affect emotional exhaustion, self-efficacy, and institutional commitment indicators. The findings show that structured learning opportunities can serve as protective factors for faculty mental health. By linking professionalization with wellness, the study expands the scope of quality assurance in CEE to include support for the human dimension of teaching.



Competency-based approaches in continuing engineering education

The article by Camacho-Zuñiga et al. examines a case study from a Mexican private university that has restructured its educational model around lifelong and continuous learning principles. Through curricular integration, industry collaboration, and flexible credentialing, the model supports students in developing transversal competencies needed for ongoing professional growth. The study highlights how institutional design can promote a mindset of learning beyond graduation—an increasingly critical aspect of continuing engineering education in dynamic, innovation-driven environments.

Chans et al. explored how international mobility programs influence the development of transversal competencies in engineering students. Based on qualitative interviews, the study shows that experiences abroad enhance students' adaptability, cross-cultural communication, and global collaboration skills. These competencies are essential for engineering professionals operating in a globally connected and interdisciplinary workforce. The article supports the integration of international experience into competency-based education frameworks for lifelong learning and Industry 5.0 readiness.

Pelaez-Sanchez et al. worked on designing and validating instruments to assess digital competencies in higher education. Drawing on Industry 5.0 frameworks, the authors construct a multidimensional toolset to measure skills, such as digital literacy, data fluency, and digital ethics. The validated instruments offer actionable insights for educators seeking to align instructional design with evolving technological needs. The study contributes to quality assurance in CEE by providing robust evaluation methods for one of the most critical competencies of the digital era.

This article by Valdes-Ramirez et al. presented a large-scale, data-driven analysis of sustainability competencies among STEM students at a leading Mexican university. The authors employ quantitative survey techniques to evaluate how curricular and extracurricular activities influence systems thinking, ethical awareness, and environmental responsibility. The findings suggest that intentional integration of sustainability themes enhances key graduate attributes aligned with Industry 5.0 goals. The study presents a model for assessing and strengthening sustainability education within engineering curricula and continuing education programs.



Strengthening academic-industry collaboration

Vasquez-Lopez et al. explored the implementation of challenge-based learning (CBL) in engineering education through structured academic–industry collaboration. Based on a multi–semester case study, the authors presented a framework for company selection, challenge formulation, team formation, and evaluation. Findings emphasize the importance of aligning educational goals with industry needs while ensuring student ownership of problem-solving. The study offers practical insights into how structured engagement with industry partners can enhance experiential learning and long-term workforce relevance in continuing engineering education.

Focusing on gender equity in the automotive sector, Zavala-Parrales et al. reviewed and analyzed educational strategies to increase women’s participation and leadership in engineering roles. The authors examined case studies of vocational training, mentorship programs, and leadership development initiatives, highlighting their impact on recruitment, retention, and advancement. The article positions gender-inclusive education as essential to sustainable innovation and industry competitiveness. It underscores how strategic partnerships between academia and industry can advance both equity and skills development in continuing education.



Remarks

Together, these 19 contributions reveal a rich tapestry of innovation in engineering education. They show that CEE must evolve beyond technical upskilling to address broader imperatives—including sustainability, equity, inclusion, and mental well-being. The articles reflect a shared commitment to reforming educational models, embedding sustainability, ensuring equity, and embracing new technologies—not as end goals, but as tools to empower learners and reshape professional futures. As we look ahead, the insights from this Research Topic provide a roadmap for CEE programs worldwide. Institutions must build adaptable, inclusive, and high-impact learning ecosystems, which means forming deeper industry alliances, adopting flexible credentials, promoting diversity, equity, and inclusion, incorporating ethical considerations, and supporting the mental health of both learners and educators. Above all, it means reaffirming the value of engineering education not just as an economic lever, but as a cornerstone of sustainable global development.
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Introduction: This research explores leveraging Industry 4.0 technologies and best practices to address the challenges faced by Continuing Engineering Education (CEE) in Higher Education, ensuring its sustainability and relevance. CEE is essential for engineers' continuous professional growth and adaptability, especially in an era marked by swift technological progress and changing job requirements. CEE must adapt to rapid technological advancements and evolving workforce demands. Nevertheless, traditional pedagogical methods often lag behind the needs of modern engineering professionals.
Methods: Through a case study, this study aims to show how skills visualization allows the creation of comparisons between professional scenarios to enhance the effectiveness and efficiency of CEE programs. To achieve this goal, we utilized a platform based on the KSA taxonomy, which enables the visualization of skills and supports creating personalized and adaptive learning.
Results: Our results demonstrate the transformative potential of integrating new technologies and learning approaches in CEE programs. By leveraging Industry 4.0 technologies, developing personalized learning experiences, and embracing Education 4.0 principles, CEE programs can empower the workforce of the future to thrive in an increasingly complex and dynamic landscape.
Discussions: This study underscores the significance of Education 4.0 principles in shaping the future of CEE programs, emphasizing the crucial role of innovative learning approaches and technological integration in empowering the future engineering workforce in the Industry 4.0 era.
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1 Introduction

Continuing Engineering Education (CEE) is crucial for the ongoing professional development and adaptability of engineers, particularly in an era characterized by rapid technological advancements and evolving job demands (Ekren and Kumar, 2020; Treviño-Elizondo and Garćıa-Reyes, 2023). Traditional pedagogical methods often struggle to keep pace with the dynamic landscape of Industry 4.0, failing to provide the agility and expertise required by modern engineering professionals (Ahsan et al., 2022; Thwe and Kálmán, 2023). This discrepancy underscores the need for a significant transformation in CEE to maintain its relevance and effectiveness.

This research addresses the challenges faced by CEE, exploring the integration of Industry 4.0 technologies and advanced Higher Education (HE) practices. By leveraging emerging technologies such as artificial intelligence (AI), a comprehensive platform was created based on Skills, Knowledge, and Abilities (KSA) taxonomy driven by Natural Language Processing (NLP). In constant transformation, this platform enables the skills visualization that could support the creation of personalized and adaptive learning experiences for engineering professionals, thereby improving the effectiveness of online courses, virtual laboratories, and industry-aligned projects. (Newton et al., 2020; Caratozzolo et al., 2023a; ShapingSkills, 2023a).

Considering the first Shaping Skills functionalities described, this study aims to show, through a case study, how skills visualization allows creating comparisons between professional scenarios to enhance the effectiveness and efficiency of CEE programs, paving the way for a paradigm shift in the delivery and consumption of engineering education (Diery et al., 2020; Caratozzolo et al., 2023a).

Central to our approach is the critical role of Education 4.0 principles, emphasizing learner-centeredness, technology integration, and lifelong learning (Caratozzolo et al., 2023a). These principles provide a holistic framework for reimagining engineering education in the digital age and align with the evolving needs of the engineering workforce (Hernández-Muñoz et al., 2019; Chakrabarti et al., 2021; Caratozzolo et al., 2023b).

At the core of our efforts is the ambition to harness the transformative power of integrating new technologies and innovative learning approaches to empower the future engineering workforce. We envision a future where engineering professionals are not only equipped with the necessary technical skills but also possess the adaptability, resilience, and creativity needed to thrive in the ever-changing landscape of Industry 4.0.

The success of this integration hinges on the collective efforts of educators, industry stakeholders, and policymakers. Embracing change, fostering collaboration, and cultivating a culture of lifelong learning are essential to harnessing the full potential of Industry 4.0 technologies and Education 4.0 principles. Through these collaborative efforts, we can chart a course toward a more vibrant, resilient, and sustainable future for Continuing Engineering Education.



2 Overview

Continuing Engineering Education serves as a critical nexus between ongoing professional development and the advancement of technology within the engineering sector. As Industry 4.0 continues to drive rapid technological change and shift workforce demands, CEE programs face the pressing challenge of maintaining relevance and effectiveness. This section explores fundamental concepts and related work, highlighting the synergies between Industry 4.0 technologies and contemporary HE practices in CEE. The aim is to enhance the efficacy and efficiency of CEE through the transformative potential of integrating cutting-edge technologies.

The principles of Education 4.0 advocate for integrating advanced technologies and adaptive learning methodologies to address the evolving landscape of engineering education (Miranda et al., 2021). Through technology-enhanced learning, transformative technologies, such as AI, VR, and NLP, are leveraged to improve educational outcomes (Chen L. et al., 2020; Krstić et al., 2022). These technologies facilitate personalized learning experiences tailored to the individual needs and preferences of engineering professionals (Zawacki-Richter et al., 2019; Chen X. et al., 2020). AI algorithms and NLP techniques enable educational platforms to dynamically adapt content delivery and assessment methods, ensuring both relevance and engagement (Chiu et al., 2023).

Furthermore, the importance of aligning engineering education with industry needs and real-world applicability is emphasized in contemporary research. By integrating industry-aligned projects and experiential learning opportunities, students can acquire practical skills and knowledge that reflect current engineering practices (Chen et al., 2021; Sukackė et al., 2022). This alignment ensures that graduates possess the competencies necessary to thrive in the dynamic engineering landscape (Ambiyar et al., 2024).

Recent studies have demonstrated the effectiveness of AI-powered platforms and online learning environments in enhancing learning outcomes and preparing engineering professionals for the challenges posed by Industry 4.0 (Araiza-Alba et al., 2021; Yousuf and Wahid, 2021). Case studies highlight the benefits of personalized and interactive learning environments, showing significant improvements in student engagement, knowledge retention, and problem-solving skills (Daniela et al., 2019; Maŕın et al., 2020). These initiatives underscore the transformative potential of technology-enhanced learning strategies in engineering education.

Expert consultations have provided valuable insights into the integration of technology in CEE programs, underscoring the need to align educational curricula with industry requirements and leverage advanced technologies to equip graduates for the engineering workforce (Maisiri and van Dyk, 2020; Santana and de Deus Lopes, 2020; Diogo et al., 2023). Industry experts emphasize the critical role of technology in bridging the gap between educational outcomes and industry needs (Armstrong et al., 2020).

Exploring AI within the CEE could open new perspectives on improved learning methodologies, offering deep insights into the benefits and challenges associated with their adoption (Diery et al., 2020; Kuleto et al., 2021). For example, the proposal of dynamic taxonomies based on KSAs promises to be a valuable tool for designing learning activities that cultivate higher-order thinking skills essential for navigating the complexities of Industry 4.0 (Caratozzolo et al., 2023a).

A pivotal aspect of this discussion is the ShapingSkills framework, which offers a comprehensive plan to integrate the principles of Education 4.0 into CEE (ShapingSkills, 2023a). By prioritizing student-centered learning, technology integration, and lifelong learning, this framework serves as a guiding light for reimagining engineering education in the digital age.

The integration of new technologies and innovative learning approaches is crucial for seeking to empower the future engineering workforce (Won et al., 2023). By seeking to leverage Industry 4.0 technologies, developing personalized learning experiences, and embracing Education 4.0 principles (Neaga, 2019), CEE programs can equip engineering professionals with the skills and expertise needed to thrive in an ever-evolving technological landscape (Hernandez-de Menendez et al., 2020). This research aims to contribute to the ongoing discourse on transforming engineering education to meet the demands of Industry 4.0.



3 Methodology

To develop this work, we explored the intersection between the new technologies of Industry 4.0 and the current pedagogical strategies in HE, aiming to design a comprehensive framework for CEE programs that are forward-looking and capable of addressing future challenges. Our methodology consists of several iterative steps, each designed to provide a robust foundation for integrating transformative technologies and innovative learning approaches into CEE programs.

The initial phase involved thoroughly reviewing the existing literature on CEE, Industry 4.0 technologies, and innovative learning methodologies. This review aimed to identify the current state of the art, existing gaps, and potential opportunities for improvement in CEE programs.

Following the literature review, we conducted a detailed analysis of case studies that demonstrated successful implementations of technology-enhanced learning approaches in engineering education. These case studies were selected based on their relevance, impact, and innovative use of AI and NLP technologies in educational settings. The case studies were analyzed to identify best practices, challenges, and lessons learned that could inform the design of our framework for CEE programs.

To complement the literature review and case studies findings, we conducted expert consultations with industry professionals, educators, and policymakers. These consultations aimed to gather valuable insights into the practical aspects of integrating new technologies into CEE programs and to understand the needs of the industry, as well as the pedagogical requirements and potential barriers to implementation.

Building on the insights gathered, we developed a dynamic KSA-based matrix taxonomy tailored for the INFOCOMM sector. This taxonomy was designed to be adaptive and responsive to the evolving requirements of the Industry 4.0 landscape. We utilized NLP and machine learning techniques to analyze data from various sources, including SkillsFuture, the Standard Occupational Classification (SOC), and the NESTA taxonomy, to ensure that the taxonomy remained dynamic and could evolve with changing occupational profiles (Caratozzolo et al., 2023a; ShapingSkills, 2023a).

The methodology was designed to be iterative, allowing for continuous refinement based on feedback and new insights. We used the ShapingSkills framework to create personalized and adaptive learning experiences for engineering professionals, continuously evaluating the effectiveness of integrating new technologies and learning approaches (ShapingSkills, 2023a). This iterative approach allowed us to address critical challenges in CEE and propose a holistic strategy to enhance the effectiveness and relevance of CEE programs.

Finally, we conducted a comprehensive analysis of the results to compare the proposed taxonomy with existing frameworks, addressing the research objectives and highlighting the study's limitations. The findings were validated through empirical data and expert feedback to ensure that the taxonomy met the operational needs of the INFOCOMM sector and supported future scenarios of occupational profiles based on KSAs.

Overall, this methodology provides a systematic approach to exploring the integration of transformative technologies and learning approaches into CEE programs, with the ultimate goal of equipping the future engineering workforce with the skills and knowledge necessary to thrive in the era of Industry 4.0.



4 Application of the ShapingSkills framework

In alignment with the transformative challenges described in the previous sections, we present a detailed case study of the ShapingSkills framework's innovative application within CEE. This framework aims to revolutionize how educational institutions prepare engineering professionals for the dynamic demands of Industry 4.0.

The ShapingSkills framework is a pioneering initiative synthesizing core functionalities from established models to provide a comprehensive approach to KSAs taxonomies. Traditional KSA-based taxonomies have historically profiled worker competencies (Seemiller and Whitney, 2020) but often fail to adapt to the rapid changes in the employment landscape (WEF, 2019). The ShapingSkills framework (ShapingSkills, 2023a) addresses this challenge with an innovative approach, introducing a dynamic KSA matrix taxonomy, developed through a systematic literature review from 2013 to 2023 and leveraging AI methods to maintain its adaptability and relevance (Caratozzolo et al., 2023a).

Using AI and machine learning tools, ShapingSkills predicts and prepares for changing labor market requirements (Caratozzolo et al., 2023a). This dynamic approach allows the framework to continuously update its taxonomy based on evolving occupational profiles and industry needs. The interactive web interface enhances usability, enabling users to explore and understand the complexities of future workforce demands (ShapingSkills, 2023a). This represents a significant shift in how occupations are conceptualized and prepared for, aligning with the evolving demands of Industry 4.0.

The ShapingSkills (2023a) interface offers seamless navigation and connectivity with official sites, universities, companies, and sponsors. Users can select the INFOCOMM sector, which provides a comprehensive overview of sub-sectors and detailed lists of associated occupations. Each occupation page includes graphical representations and detailed descriptions of relevant KSAs, facilitating a deep understanding of the skills required for various roles.

To illustrate the practical application, we examine the list of skills of the ICT sales professional occupation, such as is seen in Figure 1. The ShapingSkills framework allows users to compare skills across occupations, highlighting areas for reskilling or upskilling. For example, if an individual is considering a career transition within the same industry, they can compare their current skills with those required for three different occupations within the Business Intelligence and IT Systems Design subsector, as shown in Figure 2. This comparison facilitates the identification of specific skills that need enhancement or development to successfully transition to a new role within the subsector.


[image: Circular diagram illustrating competencies of an ICT sales professional. Inner circle labeled "ICT sales professional." Outer segments include Leadership, Service Orientation, Resource Management, Problem Solving, Global Mindset, Decision Making, and Interpersonal Skills.]
FIGURE 1
 ShapingSkills occupation skills view (ShapingSkills, 2023b).



[image: Circular diagram depicting three professions: ICT Sales Professional, Marketing Manager, and Product Analyst. Each profession is associated with specific skills. ICT Sales Professional skills include decision making and global mindset. Marketing Manager skills involve communication and creative thinking. Product Analyst skills cover digital fluency and collaboration. Leadership and adaptability are overarching themes.]
FIGURE 2
 ShapingSkills occupations skills comparative view (ShapingSkills, 2023b).


Under the assumption that the user wants to transition to a marketing manager role, the framework identifies common skills, such as service orientation, leadership, and interpersonal skills, as seen in Figure 2, indicating areas where retraining may be sufficient rather than a comprehensive improvement of the abilities. Additional skills required for the new role, such as communication, creative thinking, and digital literacy, are highlighted for development. The framework seeks to support continuous learning and it is planned to have a section where relevant courses can be suggested to close these skills gaps.

This case study demonstrates how the ShapingSkills framework supports robust training options by leveraging its dynamic KSA taxonomy. It advocates a comprehensive training strategy that combines formal education, specialized programs, and continuing professional development to improve various skills. By offering a specialized KSA catalog for each occupation related to the INFOCOMM sector, it allows personalized learning experiences and adaptive learning paths to be developed, ShapingSkills aligning educational outcomes with the changing needs of the INFOCOMM sector.

ShapingSkills forms a consortium with universities, human resources companies, and online learning providers, creating a strategic alliance that addresses the workforce needs of Industry 4.0, including the INFOCOMM sector. This collaborative effort aims to understand the global industry's requirements, foster interdisciplinary collaboration, and achieve educational innovation that is aligned with future KSA needs. As a dynamic platform, ShapingSkills is poised to adapt to industry changes and contribute significantly to the evolution of continuing education.

This case study highlights the practical application and benefits of the ShapingSkills framework, demonstrating its potential to revolutionize CEE programs and support the continuous professional development of the engineering workforce in the dynamic landscape of Industry 4.0.



5 Results and discussion

Current research on empowering the workforce of the future through transformative technologies and innovative learning approaches in CEE has yielded significant results and insights. This section delves into key findings and their implications for advancing CEE programs in the context of Industry 4.0.

Globalization, Artificial Intelligence, and recent global challenges like economic shifts or technological development are rapidly evolving, posing complex challenges to the engineering workforce. Preparing to overcome these requires continuous education and professional development, essential for maintaining or increasing employability in a dynamic landscape (Ahsan et al., 2022; Thwe and Kálmán, 2023).

Engineers transitioning from one occupation to another, as illustrated in our case study, must engage in reskilling or upskilling to meet new job requirements. Within a vast and complex landscape of competencies and learning opportunities, focused and efficient efforts are necessary to fulfill such demands at an accelerated pace (Chen L. et al., 2020; Krstić et al., 2022).

A key outcome of this research was to illustrate the diverse applications and advantages of skill visualization offered by the ShapingSkills (2023a) platform. The taxonomy, derived from a comprehensive review of AI literature and methods, provides a dynamic framework to understand and address evolving skill requirements in the engineering domain (Caratozzolo et al., 2023a). This platform aims to demonstrate the possible synergies between the technical advances of Industry 4.0 and the pedagogical strategies of HE, enabling the creation of personalized and adaptive learning experiences for engineering professionals, addressing their individual needs and preferences. The example described earlier (Figure 2) underscores the relevance of the ShapingSkills platform as a valuable tool for lifelong learners, helping them to efficiently identify the skills needs to achieve their career goals.

Our research highlights the importance of collaborative efforts and strategic alliances in promoting CEE programs. By bringing together universities, industry stakeholders, and online learning providers, initiatives like ShapingSkills can address the diverse needs of the engineering workforce. In the previously evaluated example (Figure 2), the platform assists professionals in identifying educational institutions, training opportunities, or online programs that align with their preferences and objectives.

The aforementioned collaboration and alliances foster interdisciplinarity, educational innovation, and adaptability, ensuring that CEE programs remain relevant and effective in the face of technological advancements and industry changes (Armstrong et al., 2020). Regarding an implementation plan with international stakeholders, some of the steps required for integrating the proposed platform and taxonomy into CEE programs could be the design of an initial assessment and stakeholder engagement, the pilot testing and iterative refinement, and a final assessment together with a full-scale deployment and the commitment of a continuous improvement. Regarding the required resources, we considered not only the human resources (educators and content developers) but also the financial resources, including the training, maintenance, and probably the funding for the development. The main stakeholders have specific roles necessary in successfully implementing and scaling the proposed solutions. Educators will have an essential role in developing curriculum, delivering content, and providing feedback. Industry Partners will be crucial in providing insights into industry needs, funding, and collaboration on curriculum design.

Our research underscores the effectiveness of online courses, virtual laboratories, collaborative platforms, and industry-aligned projects in CEE programs. By incorporating these elements, CEE can bridge the theoretical-practical gap and meet the dynamic needs of Industry 4.0. Online courses offer flexibility and accessibility, allowing engineering professionals to engage in continuous learning while balancing their work commitments (Yousuf and Wahid, 2021). Virtual laboratories provide hands-on experience in a simulated environment, enhancing practical skills and knowledge acquisition (Maŕın et al., 2020). Collaborative platforms facilitate peer-to-peer learning and knowledge sharing, fostering a sense of community and collaboration among students (Zawacki-Richter et al., 2019). Industry-aligned projects offer real-world context and relevance, preparing engineering professionals for the challenges of the modern workforce (Chen et al., 2021). All those implementations implicate potential challenges related to the resistance to changes and barriers, probably related to costs and technical limitations, that will be overcome. The implementation roadmap must take into account, on the one hand, management strategies such as involving educators in development, providing incentives, and showcasing success stories, and on the other hand, the possibility of funding from industry partners and the options for long-term cost savings.

In addition to these practical implications, our research highlights the pivotal role of Education 4.0 principles in shaping the future trajectory of CEE programs. These principles, including sustainability technologies and practices, learner-centeredness, collaborative learning, technology-enhanced learning experiences, and lifelong learning, advocate for a student-centered approach, the integration of technology, and continuous learning (Caratozzolo et al., 2023a). By adopting these principles, CEE programs can be reinvented to meet the evolving needs of engineering professionals in the digital age. Incorporating principles of sustainability into the curriculum promotes responsible consumption and production, enhancing the understanding of the global challenges and their potential solutions (Cuevas-Cancino et al., 2024). Learner-centered approaches ensure that education is tailored to individual needs and preferences, improving engagement and motivation (Neaga, 2019). Technology-enhance pedagogies enable the use of innovative tools and platforms to improve learning outcomes and experiences (Krstić et al., 2022). Lifelong learning fosters a culture of continuous improvement and adaptability, equipping engineering professionals with the skills and resilience necessary to thrive in a rapidly changing environment (Hernandez-de Menendez et al., 2020).

Our results demonstrate the transformative potential of integrating new technologies and learning approaches in CEE programs. By leveraging Industry 4.0 technologies, developing personalized learning experiences, and embracing Education 4.0 principles, CEE programs can empower the workforce of the future to thrive in an increasingly complex and dynamic landscape.



6 Conclusions and future work

The integration of transformative technologies and innovative learning approaches has immense potential to empower the future engineering workforce through CEE programs. This study has highlighted several key findings and insights, underscoring the critical importance of this integration in the context of Industry 4.0.

One of the primary outcomes of this research was to demonstrate the various applications and benefits of skill visualization provided by the ShapingSkills platform. This platform demonstrates how technological advancements can be effectively synergized with pedagogical strategies in HE. It enables the creation of personalized and adaptable learning experiences for engineering professionals, addressing their individual needs and preferences while providing a dynamic framework to comprehend evolving skills requirements.

This study also underscores the effectiveness of online courses, virtual laboratories, collaborative platforms, and industry-aligned projects in CEE programs. These elements are crucial in bridging the gap between theoretical knowledge and practical application, offering flexibility and accessibility, enhancing practical skills, and fostering knowledge exchange and collaboration. The integration of these components is pivotal for developing a workforce that is agile and equipped to meet the challenges of the Industry 4.0 era.

Collaborative efforts and strategic alliances, as illustrated by initiatives like ShapingSkills, play a vital role in maintaining the relevance and effectiveness of CEE programs. By uniting universities, industry stakeholders, and online learning providers, these alliances seek to foster innovation, interdisciplinary collaboration, and educational adaptability. They ensure that CEE programs remain responsive to technological advances and industry changes.

In conclusion, the integration of new technologies and innovative learning approaches is essential for ensuring the future readiness of the engineering workforce. Flexible, accessible, and interactive educational pathways, coupled industry-aligned projects and student-focused, technology-driven methodologies, are critical for maintaining the relevance and sustainability of CEE in the era of Industry 4.0.

The findings of this study also highlight several avenues for future research and development in the field of CEE. Further refinement and validation of frameworks like ShapingSkills, which have shown promising results, is necessary to guarantee their effectiveness and applicability across various engineering disciplines and educational contexts. Additionally, there is a need to actively investigate how these technologies can enhance learning experiences, facilitate skill development, and simulate real-world scenarios. Research should explore innovative approaches, such as gamification and experiential learning, to foster communication, teamwork, and leadership skills among engineering professionals.

Finally, promoting international collaboration and knowledge exchange between universities, industrial partners and policymakers is essential for the continuous improvement of CEE programs. Such collaboration can facilitate the exchange of best practices, resources, and experiences, ensuring that CEE programs remain relevant and responsive to the evolving needs of the engineering workforce in the context of Industry 4.0 and beyond. By addressing these areas, we can enhance the quality and relevance of CEE programs worldwide, ensuring they continue to meet the changing needs of the engineering workforce and contribute to a more dynamic and innovative future.
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Introduction: In recent years, numerous AI tools have been employed to equip learners with diverse technical skills such as coding, data analysis, and other competencies related to computational sciences. However, the desired outcomes have not been consistently achieved. This study aims to analyze the perspectives of students and professionals from non-computational fields on the use of generative AI tools, augmented with visualization support, to tackle data analytics projects. The focus is on promoting the development of coding skills and fostering a deep understanding of the solutions generated. Consequently, our research seeks to introduce innovative approaches for incorporating visualization and generative AI tools into educational practices.
Methods: This article examines how learners perform and their perspectives when using traditional tools vs. LLM-based tools to acquire data analytics skills. To explore this, we conducted a case study with a cohort of 59 participants among students and professionals without computational thinking skills. These participants developed a data analytics project in the context of a Data Analytics short session. Our case study focused on examining the participants' performance using traditional programming tools, ChatGPT, and LIDA with GPT as an advanced generative AI tool.
Results: The results shown the transformative potential of approaches based on integrating advanced generative AI tools like GPT with specialized frameworks such as LIDA. The higher levels of participant preference indicate the superiority of these approaches over traditional development methods. Additionally, our findings suggest that the learning curves for the different approaches vary significantly. Since learners encountered technical difficulties in developing the project and interpreting the results. Our findings suggest that the integration of LIDA with GPT can significantly enhance the learning of advanced skills, especially those related to data analytics. We aim to establish this study as a foundation for the methodical adoption of generative AI tools in educational settings, paving the way for more effective and comprehensive training in these critical areas.
Discussion: It is important to highlight that when using general-purpose generative AI tools such as ChatGPT, users must be aware of the data analytics process and take responsibility for filtering out potential errors or incompleteness in the requirements of a data analytics project. These deficiencies can be mitigated by using more advanced tools specialized in supporting data analytics tasks, such as LIDA with GPT. However, users still need advanced programming knowledge to properly configure this connection via API. There is a significant opportunity for generative AI tools to improve their performance, providing accurate, complete, and convincing results for data analytics projects, thereby increasing user confidence in adopting these technologies. We hope this work underscores the opportunities and needs for integrating advanced LLMs into educational practices, particularly in developing computational thinking skills.
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1 Introduction

Artificial Intelligence (AI) is permeating an ever-growing array of domains within daily life, and its utilization is on the rise in professional contexts such as healthcare (Alhashmi et al., 2024), marketing (Haleem et al., 2022), education (Chen et al., 2020; Zhang and Aslan, 2021), and beyond. AI tools in education have revolutionized the educational landscape by providing personalized learning experiences and assisting in administrative tasks such as assessment and the customization of instructional strategies. Thus, from intelligent tutoring systems to chatbots and virtual assistants, AI tools in education enhance learning experiences by fostering efficiency, adaptability, and inclusivity (Laupichler et al., 2022; Srinivasan, 2022; Wolters et al., 2024).

Programming education has made significant advancements in recent decades. Once perceived as a skill limited to a select few with strong computational thinking competencies, programming has evolved into a critical tool for tackling complex real-world challenges, and driving innovation (Nouri et al., 2020). As a result, proficiency in programming has become indispensable for success across various sectors, especially in the business domain (Yilmaz and Yilmaz, 2023), proving its resilience even in global crises such as the COVID-19 pandemic (Pesonen and Hellas, 2022). This growing recognition of the importance of programming skills has led to their inclusion in university and continuing education courses.

Despite the increasing interest in programming education, learning to program remains a hard, and intricate endeavor for many individuals. Consequently, a considerable number of learners discontinue their learning journey before achieving proficiency (Rouhani et al., 2022; Saqr and López-Pernas, 2024). AI tools effectively address challenges such as the requirement for comprehensive guidance and support, the complexities of debugging code errors, and, most crucially, the comprehension of underlying concepts. Despite their capability, these challenges persist (Pedro et al., 2019).

The introduction of ChatGPT in November 2022 marked a pivotal moment in the landscape of AI tools, marking a clear delineation between the pre- and post-eras of AI tools (OpenAI, 2022). ChatGPT, as an application of Large Language Models (LLMs), has captivated the world with its remarkable capability to execute highly intricate tasks and its notable aptitude for engaging in natural conversation. This includes seamlessly responding to user inquiries and providing feedback, stimulating ongoing dialogue through continuous interaction. Such capabilities distinguish ChatGPT from previous AI tools, offering users a uniquely immersive experience (Rospigliosi, 2023; Mai et al., 2024). Thus, ChatGPT shaped and popularized generative AI tools, encompassing platforms such as Google Bard, Falcon, Cohere, Llama, Bing Chat, Gemini, and others.

In the realm of teaching and learning, the emergence of ChatGPT and other generative AI tools has elicited diverse perspectives among educators, as their potential applications have the capacity to revolutionize existing educational methodologies. Thus, in < 2 years since these technologies became widely accessible, numerous studies have already emerged exploring their opportunities and threats (Mai et al., 2024), significance and impact (Kasneci et al., 2023), ethical implications (Vaccino-Salvadore, 2023), risk factors (Morales-García et al., 2024), and other aspects.

Due to its ability to generate content, define terms, and serve as a programming assistant, ChatGPT and other generative AI tools have the potential to contribute significantly to the process of teaching and learning programming skills in ways that previous chatbots could not achieve (Yilmaz and Yilmaz, 2023; da Silva et al., 2024). Furthermore, generative AI tools can play a significant role in teaching and learning more advanced computational skills, which typically demand higher levels of abstraction or computational thinking capacity, such as building data analytics solutions (Ellis and Slade, 2023; Bringula, 2024; Xing, 2024) and, even more, helping to understand what is being programmed (Nam et al., 2024).

Despite the advantages that potentially position ChatGPT and other generative AI tools as technologies that democratize support for teaching and learning programming and data analytics skills, new challenges arise, especially when instructing learners who lack computational thinking competencies. Therefore, in this work, we investigate how the utilization of technologies that integrate generative AI tools directly into learners' data analytics projects can support the learning process of programming and data analytics skills in contrast to the traditional use of generative AI tools.

For this study, we employ LIDA (Dibia, 2023), a novel tool designed to comprehend the semantics of data to set pertinent visualization objectives and produce visualization specifications, infographics, and data narratives. LIDA can be used with various LLM providers, including OpenAI, Azure OpenAI, PaLM, Cohere, and Huggingface, allowing for seamless incorporation into the user's data analytics projects. This approach simplifies programming by leveraging natural language prompts to generate code snippets that are effortlessly integrated into the existing codebase. This approach enables learners to concentrate more on crafting solutions for their projects rather than delving into the intricate details of programming. This paper aims to provide a perspective into how educators can leverage LIDA, or similar technologies, in conjunction with generative AI tools to enhance learning outcomes related to programming and data analytics skills. This is particularly valuable in contexts where learners do not yet possess advanced computational thinking abilities.

The structure of this article is organized as follows: Section 2 provides a comprehensive review of the existing literature on innovation in education focusing on the use of tools based on LLMs. Section 3 details the methodology employed in this study, including a thorough description of the case study utilized. Section 4 presents the findings from our case study, incorporating an exploratory analysis of the collected data. Finally, Section 5 concludes with a discussion of our findings, highlighting the implications and potential impact of this research.



2 Background and literature

In this section, we present the evolution of AI tools in education, focusing on tools that facilitate teaching and acquiring computational thinking skills, particularly those related to data analytics.


2.1 AI for programming education

Effective learning methods in programming education can enhance how students learn and interact with computer programming and coding environments. These methods encourage learners to progress further and embark on the development of data analytics and data science projects (Saqr and López-Pernas, 2024). The integration of AI into these methodologies can significantly enhance this process. Popenici and Kerr (2017) reviewed AI's potential impact in higher education, noting its benefits, such as augmenting human capabilities, personalizing learning, and supporting skill development in critical thinking and problem-solving. Authors also highlighted risks, including educator replacement, bias reinforcement, job displacement, loss of human interaction, and reduced critical thinking due to over-reliance on technology.

Similar concerns, and additional recommendations, have been raised after the introduction of ChatGPT (Baidoo-Anu and Ansah, 2023; Chinonso et al., 2023; Kasneci et al., 2023; Rahman and Watanobe, 2023). The integration of ChatGPT as well as other generative AI tools into educational settings has the potential to revolutionize programming instruction by providing personalized learning experiences, formative assessments, and enhanced teaching strategies. Kiesler and Schiffner (2023) assessed the performance of ChatGPT-3.5 and ChatGPT-4 on 72 Python tasks from CodingBat using unit tests. The LLMs achieved high accuracy, with 94.4–95.8% correct responses, highlighting their effectiveness in solving introductory programming tasks.

Additionally, LLMs' capability to generate code and provide textual explanations offers new opportunities for integrating them into educational settings. These capabilities enable the design of programming tasks, the provision of formative feedback, support for novice learners, and offer accessibility and inclusivity by aiding students with disabilities or those who struggle with traditional methods. However, LLMs' present limitations in addressing more complex problems that require a deeper understanding of programming concepts (Chinonso et al., 2023; Kiesler and Schiffner, 2023; da Silva et al., 2024).

Despite their advantages, generative AI tools are not without their limitations and potential drawbacks (Azaria et al., 2024). They may generate inaccurate information, perpetuate biases from their training data, and raise privacy concerns when handling sensitive student data. Additionally, their contextual understanding is often limited, leading to potentially incorrect or irrelevant results in specific searches. Moreover, the outputs from these tools might be difficult to interpret, posing challenges for inexperienced users (Phung et al., 2023). Furthermore, studies suggest that an over-reliance on AI-powered tools could diminish students' critical thinking skills, as they increasingly rely on technology for problem-solving (Ifelebuegu et al., 2023; Memarian and Doleck, 2023; Mosaiyebzadeh et al., 2023).

Thus, to fully leverage the advantages of generative AI tools in programming education, educators and students should collaborate on establishing guidelines for responsible AI integration and usage. Both parties should also focus on addressing the associated limitations and explore integrating these tools with complementary technologies to effectively handle more extensive or complex tasks.



2.2 LLMs for data analytics learning

The power afforded by LLMs can be decisively harnessed to support the teaching and learning of comprehensive skills within the context of computational thinking. Specifically, ChatGPT and other generative AI tools can support the acquisition of skills that facilitate the rapid and consistent execution of projects in data analytics, data science, data mining, and related fields.

Since the emergence of LLMs, several authors have developed strategies to leverage the potential of generative AI tools to enhance data analytics education. Tu et al. (2023) explored the transformative potential of LLMs in data science education, highlighting their ability to amplify human intelligence, foster critical thinking, and promote ethical awareness. By streamlining repetitive tasks such as data cleaning and machine learning model building, LLMs allow students to concentrate on higher-level concepts and provide contextually relevant examples, exercises, and explanations tailored to individual needs. Zheng (2023) reported that ChatGPT enhances the understanding of new and existing complex technical concepts related to data science and data analytics and improves coding skills by generating code for common algorithms and tasks. Furthermore, ChatGPT facilitates learning at an individual's pace through simple prompts in their native language.

Despite the potential of LLMs to support data analytics education, few studies in the literature, to the best of our knowledge, report concrete and formal efforts in this direction. Therefore, one of the objectives of this work is to contribute to narrowing this gap.



2.3 Generative AI tools for data analytics learning

While ChatGPT and other generative AI tools have been used as assistants in programming education, new tools have emerged to enhance this process. Chen et al. (2023) developed GPTutor, an extension for Visual Studio Code that leverages the uses OpenAI's GPT API to offer detailed code explanations by integrating relevant source code into its prompts, delivering more precise and concise insights compared to existing code explainers. Yang et al. (2024) introduced the Conversational REpair Framework—(CREF), which employs LLMs to semi-automatically repair programs by integrating augmented information and human guidance aiming to improve productivity, elevate code quality, facilitate interactive learning, and broaden access to high-quality programming education.

Prasad and Sane (2024) proposed a self-regulated learning (SRL) framework for programming problem-solving using generative AI technologies like LLMs. They emphasize the importance of SRL skills in effectively leveraging LLMs and explore how these technologies influence students' problem-understanding, solution evaluation, and regulation strategies. Their SRL framework provides a theoretical foundation for educational interventions that enhance SRL skills, improving students' ability to use AI-powered tools in programming tasks. A key advantage of this framework is its ability to promote self-regulation by encouraging deep problem analysis, fostering problem decomposition skills, and enhancing computational thinking through prompt engineering and conversational AI. Other efforts include LLM-based assistants like Code Interpreter by OpenAI (2024) and Open Interpreter by Lucas (2023). Both tools work as Python code assistants using GPT, facilitating programming tasks.

However, these generative AI tools primarily support the teaching and learning of programming-related skills. Few tools have been specifically designed for developing skills focused on supporting data analytics or data science learning. One of the pioneering tools in this area is LIDA, a novel tool for generating grammar-agnostic visualizations and infographics. Developed by Dibia (2023), LIDA approaches visualization generation as a multi-stage process, arguing that well-orchestrated pipelines based on LLMs and Image Generation Models (IGMs) are effective for addressing data analytics tasks. LIDA leverages the language modeling and code writing capabilities of state-of-the-art LLMs to enable four core automated visualization capabilities: (i) Summarizer, which converts data into a rich but compact natural language summary; (ii) Goal Explorer, which enumerates visualization goals based on the data; (iii) VisGenerator, which generates, refines, executes, and filters visualization code; and, (iv) Infographer, which produces data-faithful stylized graphics using IGMs. Additionally, LIDA's data visualization capabilities extend to four operations on existing visualizations: explanation, self-evaluation, automatic repair, and recommendation. LIDA's characteristics make it a direct support tool for both, development and education-related, activities.

Recently, Hong et al. (2024) introduced Data Interpreter, an LLM-based agent that emphasizes three pivotal techniques to enhance problem-solving in data science: (i) dynamic planning using hierarchical graph structures for real-time data adaptability; (ii) dynamic tool integration to improve code proficiency during execution, thereby enriching the necessary expertise; and (iii) identification of logical inconsistencies in feedback and efficiency enhancement through experience recording. Although it is possible to direct Data Interpreter toward educational purposes, the agent primarily focuses on automating the development of data science and data analytics projects in an agile and reliable manner.




3 Materials and methods

Our objective is to measure the impact of generative AI tools on the learning process of data analytics. To achieve this, we conducted a case study involving students and professionals with minimal or underdeveloped computational thinking skills. Below, we detail the research model, study group, and case study conditions.


3.1 Research model

This article examines how learners perform and their perspectives when using traditional tools versus LLM-based tools to acquire data analytics skills. To explore this, we employed the case study method. A case study entails a thorough examination and analysis of an individual, group, organization, or event. It delves deeply into a specific topic, elucidating a phenomenon or seeking to understand the efficacy of certain strategies or approaches in a particular situation (Yilmaz and Yilmaz, 2023).

Participants developed a data analytics project in the context of a Data Analytics short session as described in Section 3.4. Thus, our case study focused on examining the participants' performance while also considering the instructors' opinions on the quality of the solutions developed as presented in Section 3.5.



3.2 Participants

We conducted a case study with a cohort of 59 participants affiliated with higher education programs at Tecnologico de Monterrey, a private university in Mexico. The cohort included 43 undergraduate students enrolled in a Data Analytics course and 16 professionals from a continuing education course focused on Data Analytics. It is important to highlight that our analysis was guided by the perspective of the participants' roles, specifically distinguishing between students and professionals.

To examine potential differences in responses due to the gender gap in motivation for developing computational competencies, the study documented the gender distribution of the participants (Jung Won Hur and Marghitu, 2017; Kurti et al., 2024). From our cohort, 32 participants identified as female, 27 as male, and 1 preferred not to disclose. Figure 1 presents the distribution of gender across different roles among the participants in our case study.


[image: Bar chart showing the number of participants by gender and status. Students: 20 females, 19 males, 1 prefers not to tell. Professionals: 6 females, 7 males.]
FIGURE 1
 Distribution of participants by role and gender.


All participants were affiliated with different departments, ensuring diversity in areas of expertise and indicating the depth of their computational background. Specifically, 88% of participants came from fields such as finance, business, social sciences, and others, while the remaining 12% were from engineering disciplines including sustainable engineering, chemical engineering, biomedical engineering, and industrial engineering. This distribution is detailed in Figure 2.


[image: Bar chart displaying the number of participants in various fields. Business and Social Science and Government have the most participants, followed by Engineering and Sciences, Higher/Good Education, Humanities and Education, and Architecture with the fewest.]
FIGURE 2
 Distribution of participants by affiliation.


Moreover, the cohort included individuals from a wide range of age groups: 22 participants were between 18 and 20 years old, 19 were between 21 and 22, while smaller groups fell into older age brackets, with 2 participants each in the ranges of 23–25, 26–30, 31–35, and 36–40 years. Additionally, 4 participants were between 40 and 50 years old, and 5 were over 50 years old, as shown in Figure 3.


[image: Bar chart displaying the number of participants across different age groups. The highest number, over twenty, is in the eighteen to twenty age group, followed by the twenty-one to twenty-two group. Other age groups significantly decrease, with the lowest numbers in the twenty-three to twenty-five and thirty-one to thirty-five ranges.]
FIGURE 3
 Distribution of participants by age.


Collecting data on participants' age, gender, and professional background enabled us to examine variations in responses influenced by these demographics. This information is crucial for analyzing the impact of generative AI tools on learners with varying levels of experience across different fields. All participants' responses were analyzed to assess their performance and perspectives on using traditional and LLM-based tools for developing data analytics skills, ensuring a comprehensive understanding of their effectiveness in diverse educational and professional contexts.



3.3 Case study materials

The focal point of our case study is centered on developing a single data analytics project for all participants. The following materials were defined for carrying out the case study:

	1. Programming environment: We selected Google Colaboratory (2017), a collaborative programming environment hosted in the cloud, which allows users to focus on programming, without worrying about technical details such as package installation, programming configurations, memory management, etc. Participants required a free Google Colaboratory account to work on the project.
	2. Datasets: We selected two well-established datasets from the literature: the Iris and the Wine datasets (Dua and Graff, 2019):

	• Iris dataset: This dataset was used by the instructors to illustrate the development of a data analytics project.
	• Wine dataset: This dataset is similar to the Iris dataset, and was given to learners to be worked on entirely by them.

While the datasets are commonly known, the instructors provided them directly to avoid confusion and variations.

3. Project methodology: The project was developed following the de-facto standard and industry-independent process model CRISP-DM (Schröer et al., 2021). Only 3 of the 6 phases of CRISP-DM were performed:

	• Business understanding: The business situation should be assessed to get an overview of the available and required resources. The project's goal establishment is one of the most important aspects of this phase. Thus, the instructors formulated one goal (G1) for the project based on the Iris dataset and one goal (G2) for the one based on the Wine dataset. These goals were carefully put together to align with the analytical challenges faced by learners and the educational goals of our case study.
	• Data understanding: Exploring and describing the dataset and checking the data quality are essential tasks in this phase. To make it more concrete, it is recommended to carry out a statistical exploratory analysis. Depending on the established goal, it is possible to reach a feasible solution at this point.
	• Evaluation: The results are reviewed according to the established goal. Therefore, the results must be interpreted and further actions are defined. Furthermore, the process is to be reviewed in general.

	It is recommended that participants have a basic understanding of data analytics projects' pipeline. Nevertheless, the instructors provided fundamental highlights.
	4. ChatGPT: An LLM web application based on a model specifically trained to follow instructions from prompts and provide detailed responses (OpenAI, 2022). For this study, the participants required a free ChatGPT access account.
	5. GPT via API: This is the core of ChatGPT, namely, the model itself, which can be accessed directly via API service (OpenAI, 2020). This is a technical resource primarily used in specialized software development projects. Due to the cost of accessing GPTs via API, the instructors provided an OpenAI token free of charge to facilitate access to this resource.
	6. LIDA: An open-source library for generating data visualizations and data-faithful infographics, compatible with multiple LLM providers (Dibia, 2023).



3.4 Case study process

A special 135-min session was scheduled for our participants, referred to as learners, to take part in the study. The session was led by the instructors, who are the authors of this work, following the step-by-step actions described below.

1. Presentation (5 min): The session begins with a welcome to the participants, an explanation of the session's purpose, and an overview of how the data regarding their performance and impressions will be collected.

2. Introduction (10 min): A brief overview of the development of data analytics projects following the CRISP-DM methodology is provided. It is noted that we will undertake a project using three different approaches: traditional development, utilizing ChatGPT, and employing LIDA in combination with GPT.

3. Approach 1—traditional development (30 min): A new project is initiated in Google Colaboratory, with development centered on achieving the defined goal (G1) on the Iris dataset: Is there a relationship between sepal length and petal width in different iris species?

	This approach emphasizes the traditional development of a data analytics project using standard Python packages, including pandas, scikit-learn, matplotlib, and seaborn. Thus, the instructors provided the pre-developed source code and guided learners on every step throughout the entire process, from data reading to the interpretation of the results.
	a. Activity proposal (5 min): The Wine dataset is presented to learners as well as the respective goal (G2): Do the chemical components of a wine allow us to identify the class of wine to which it belongs?
	Learners are instructed about the Activity 1 which consists on develop the data analytics project to address G2 using standard Python packages. Participants are allocated 10 min to work on the project and are encouraged to progress as far as possible within this time frame.
	b. Activity 1 development (10 min): Participants work on the project, focusing on solving G2 using Approach 1. During this period, no technical support is provided by the instructors.
	4. Approach 2—ChatGPT-based development (20 min): A new chat window in ChatGPT is initiated. The instructor recommends using the most recent ChatGPT version. For this case study, the instructor gave the freedom for the learners to choose to use ChatGPT-3.5 or ChatGPT-4.

The instructor begins developing G1 again, this time with ChatGPT. Using prompt engineering, the instructor defines ChatGPT's role and outlines expectations. ChatGPT is informed about the programming environment, the dataset, and the desired goal. The source code responses generated by ChatGPT are copied to a new project in Google Colaboratory for execution. The results are observed and analyzed. The instructor then returns to the ChatGPT window to request explanations and interpretations of the results. The ChatGPT explanation is discussed and compared against the instructor's interpretation. New prompts may be made to adjust the results, enhance the visual aspects of the plots, and so on.

a. Activity proposal (3 min): Learners are instructed about the Activity 2, which consists on develop the data analytics project to address G2 using ChatGPT-based development. Participants are allotted a 10-min period to work on the project, during which they are encouraged to achieve as much progress as they could.

b. Activity 2 development (10 min): Participants work on the project, focusing on solving G2 using Approach 2. During this time, the instructors do not provide any technical assistance.

5. Approach 3—LIDA + GPT development (25 min): A new project is initiated in Google Colaboratory. Within this environment, instructors demonstrated how to install and configure LIDA. They also guided the integration of LIDA with the preferred GPT model using OpenAI's API, ensuring it aligned with the GPT model used in Approach 2.

This process included detailed instructions on how to create and use prompts directly from the Google Colaboratory programming environment by integrating LIDA + GPT to address G1. Given that this combined approach provides a compact and efficient solution for G1, we further explored its capabilities to refine and enhance the results.

	a. Activity proposal (2 min): Learners are instructed about the Activity 3 which consists on develop the data analytics project to address G2 using LIDA + GPT development. Participants are given 10 min to advance the project and are encouraged to make as much progress as possible within the allotted time.
	b. Activity 3 development (10 min): Participants worked on the project, focusing on solving G2 using Approach 3. During this time, the instructors do not offer any technical assistance.
	6. Form filling and closing (15 min): Participants are directed to a Google Form questionnaire, specifically designed to capture their information. The session concluded after all the participants filled out the form.

The instructors can provide an additional 10–15 min for Q&A. Moreover, it is important to note that the objective of each of the three activities proposed to participants is, in addition to demonstrating different ways of solving a data analytics project, to measure the level of complexity of the technologies and the background required for their appropriate use.

In Activity 1, participants were tasked with completing the project using conventional Python programming techniques without any AI assistance. This activity aimed to set a baseline for comparing the effectiveness and efficiency of the other methods. In Activity 2, participants used ChatGPT as an external programming assistant. This setup allowed us to measure the impact of integrating a conversational AI assistant into the data analytics workflow. This activity also lets us analyze the advantages and potential challenges of using ChatGPT in a specialized context. Finally, in Activity 3, participants experienced the use of LIDA integrated with GPT as a specialized assistant for data-related projects. This approach aimed to create a workflow with assistance from an AI specialized in Data Analytics, all within the programming environment itself.



3.5 Data collection from questionnaire

Data collection was conducted immediately after the session concluded. The authors created an electronic questionnaire using Google Forms, and the link to the online form was distributed to the learners in the class. Learners were then instructed to complete the web form using their computers.

The questionnaire was prepared to collect sufficient data to generate a robust profile of each participant, encompassing three critical aspects: demographics, previous programming and data analytics experience, and data analytics learning experience during the session.

Regarding demographic information, the focus was on collecting data on gender, age, affiliation, and role, as detailed in Section 3.2. Regarding previous programming and data analytics experience, we collected the following data:

	• Programming experience: To assess their technical background, we inquired about participants' prior experience in programming. This information is vital for evaluating how programming skills might influence their interactions with the analytical tools used in the study, as well as the speed at which participants developed the activities assigned during the session.
	• Experience in data analytics: It is necessary to understand the participants' familiarity with data processing projects, as this could affect their ease of use and efficiency with different analytical methods.
	• Experience using programming tools: It is necessary to assess the participants' knowledge and experience using programming tools, such as Google Colaboratory, to determine their potential proficiency with technologies related to data analytics.
	• Experience with generative AI: We asked participants about their experience with generative AI technologies. This is crucial for understanding their readiness to leverage advanced AI tools to address professional challenges.

Regarding the data analytics learning experience during the session, we collected the following data:

• Developing time: Participants provided the time range required to complete the project for each approach. If a participant did not finish the activity within the allotted time, they were asked to estimate the additional time needed to complete it.

• Contribution to workflow development: Participants assessed the extent to which each approach contributed to the project's development concerning the specified goal, with a particular emphasis on the quality of the solution obtained.

• Ease of use: Participants were asked which approach they found easiest to use for developing the step-by-step process of a data analytics project. This helps identify the most user-friendly approach, which is critical for adoption in real-world settings.

	• Result achievement speed: Participants were asked to indicate which approach enabled them to achieve results the quickest, providing insights regarding the efficiency of each approach in solving a data analytics challenge.
	• Appropriateness. Participants evaluated which method they considered the most suitable for the type of work they were performing. This question assesses the perceived relevance and effectiveness of each approach.
	• Correctness: We asked participants which approach they deemed most correct in relation to the progressive and overall obtaining of results. This question addresses their perceptions of the validity, quality, and reliability of the results obtained with each approach.




4 Findings

To evaluate participants' programming experience, they were asked: “Before today's session, have you had any experience with programming in any language?” The response options were: “yes,” “no,” and “some.” Analyzing this aspect by participant's roles, 65% of the students reported having programming experience, while the remaining 35% indicated they had some experience. Among the professionals, 69% stated they had programming experience, 25% reported having minimal experience, and 6% indicated they had no programming experience at all. Figure 4 shows these distributions.


[image: Two pie charts compare responses. The first chart shows 65% "Yes" and 35% "Some." The second chart shows 69% "Yes," 25% "Some," and 6% "No."]
FIGURE 4
 Distribution displaying participants' programming experience based on their roles as students (left), and professionals (right).


Since it is important to understand possible gaps in gender and age in the process of acquiring computational thinking-related skills, Figure 5 details the participants' experience based on these two demographic factors considering their roles. The figure shows no significant disparity in programming experience across all roles, genders, and age groups, except for professionals over 50 years, where we found participants identified as female with no prior programming experience. Additionally, among students, the youngest group (18–20 years old) shows a majority of identified as females with previous programming experience. In the 21–22 age range, the predominant group is such identified as male.


[image: Horizontal bar chart showing programming experience by age range and gender. Colors denote: female with no, some, and yes experience; male with some and yes experience. Ages range from 18 to over 50 years, divided between students and professionals. Most participants are 18-20 years, students with some programming experience.]
FIGURE 5
 Distribution displaying participants' programming experience by role, ranging age, and gender.


To assess participants' experience in data analytics, they were asked: “Before today's session, had you had any experience developing any data analytics projects?” The response options were: “yes,” “no,” and “some.” Considering their roles, we observed that 56% had experience, 40% had no experience, and 5% had minimal experience. Among professionals, 50% of students had previous experience developing data analytics projects or related tasks, while 38% had no experience, and 12% had some experience. These distributions can be observed in Figure 6.


[image: Two pie charts compare responses labeled Yes, No, and Some. The left chart shows Yes at 56%, Some at 40%, and No at 5%. The right chart shows Yes at 50%, No at 36%, and Some at 12%.]
FIGURE 6
 Distribution displaying participants' experience in developing data analytics projects based on their roles as students (left), and professionals (right).


Analyzing Figures 4, 6, we note that all students had at least some minimum experience in programming, while only 6% of professionals reported having no experience at all. However, participants with programming experience did not necessarily have experience in developing data analytics projects. Consequently, there is a greater number of participants with no prior experience in data analytics projects compared to those with programming experience. Furthermore, as shown in Figure 7, the gender group that presents the greatest disparity in data analytics-related skills is female across roles and age groups. This is most clearly seen in the younger groups, where half or more of the males have at least some experience in data analytics, while among females, half or fewer possess these skills.


[image: Bar chart titled "Data analytics by Age range" showing participant numbers by age and profession. Categories include age ranges from 18 to over 50, labeled as Student or Professional. Legend differentiates gender and survey responses, with varying bar lengths representing participant numbers.]
FIGURE 7
 Distribution of participants' experience in data analytics-related skills by role, age range, and gender.


To assess participants' experience with programming tools, we asked, “Before today's session, were you familiar with programming tools like Google Colaboratory, Python, and others?” The response options were: “yes,” “no,” and “some.” As shown in Figure 8, only 8% of participants, regardless of their role, indicated they had no prior exposure to programming tools. This percentage is entirely represented by professionals who reported having none or minimal programming experience because they are just beginning their journey into acquiring these skills. Conversely, some students had already taken or were taking an introductory data analytics course that included programming tuition.


[image: Pie chart showing survey results: 71% Yes, 20% Some, 8% No. The Yes section is pink, Some is blue, and No is green. Legend included.]
FIGURE 8
 Displaying participants' experience in programming tools.


To assess participants' experience with generative AI, we asked four specific questions: “Before today's session, have you had any experience using ChatGPT to the extent of creating prompts on various topics?” “Before today's session, have you had any experience using ChatGPT for any programming tasks?” “Before today's session, have you had any experience using ChatGPT for any data analytics tasks?” and “Before today's session, have you had any experience using any OpenAI API or other generative AI provider's API?” For each question, the participants had to respond with one of the following options: “yes,” “no,” or “some.” Results for these four questions are shown in Figure 9.


[image: Four pie charts display survey data with segments labeled "Yes," "No," and "Some." The top left chart shows 66% "Yes," 19% "No," 15% "Some." The top right has 44% "No," 29% "Some," 27% "Yes." The bottom left shows 37% "No," 32% "Yes," 31% "Some." The bottom right has 46% "Yes," 29% "Some," 25% "No."]
FIGURE 9
 Distribution of participants' experience related to the use of generative AI tools like ChatGPT. (Top left corner) Distribution of participants who had previously used ChatGPT for general purposes. (Top right corner) Distribution of participants who had previously used ChatGPT for programming tasks. (Bottom left corner) Distribution of participants who had previously used ChatGPT for data analytics project development. (Bottom right corner) Distribution of participants who had previously used APIs from any LLM provider, such as OpenAI.


In Figure 9 we can observe an unexpected finding. Despite being just over 2 years since the launch of ChatGPT, given the popularity of the platform, one could assume that all participants would have had some prior experience with it. However, our data reveals that 15% of participants have had no prior interaction with this generative AI tool. More further insights are observed when found that a significant portion of the participants, 27%, had never used ChatGPT for programming tasks. Moreover, an even larger segment, 37%, had not utilized ChatGPT for data analytics project development. These results indicate that, contrary to expectations, a substantial number of participants were yet to integrate ChatGPT into their workflows for these specific tasks. Moreover, also is interesting to observe that a significant portion of participants with programming and data analytics experience also had some experience using generative AI APIs. This implies a considerable level of expertise that allows for a greater critical appreciation of the session that learners have taken.

The time each participant spent developing Activities 1, 2, and 3 is crucial for quantifying the effort required to tackle the same project using different approaches. As shown in Figure 10, only when using Approach 2, which relied on ChatGPT as an external programming assistant, and Approach 3, which integrated the LIDA framework with GPT via OpenAI's API, were some students and professionals able to complete the project in < 5 min. Conversely, when using Approach 1, which involved traditional programming packages, the majority of participants required more than 10 min to complete the project. This highlights the efficiency of Approaches 2 and 3 compared to Approach 1.


[image: Bar chart titled "Time Required to Finish Activities" showing percentage distribution of time taken by students and professionals using LDA-GPT, ChatGPT, and traditional approaches. Time categories are less than 5 minutes, 5 to 10 minutes, 10 to 15 minutes, 15 to 30 minutes, and more than 30 minutes, color-coded in red, green, blue, purple, and orange. Each approach shows different time distributions across tasks, indicating varying efficiencies.]
FIGURE 10
 Distribution displaying the time spent by both students and professionals in developing the data analytics project using the three different approaches: Approach 1, which utilized traditional programming packages; Approach 2, which involved using ChatGPT as a programming assistant; and Approach 3, which integrated the LIDA framework with OpenAI's GPT via API connection.


Another noteworthy observation, as depicted in Figure 10, is that ~40% of professionals managed to develop the project within 10 min using either Approach 2 or Approach 3. This indicates a relatively high efficiency among professionals with these approaches. In contrast, students required more time and effort; only 35% of them completed the project in up to 10 min using Approach 2, and a mere 15% achieved this with Approach 3. This disparity suggests that professionals might be better equipped to leverage the capabilities of ChatGPT and the LIDA + GPT integration efficiently. Furthermore, professionals also spend less time working on Approach 1 to complete the project than students. This implies that, in general, professionals are more adept at tackling a data analytics project using any approach compared to students.

Additionally, in Figure 10, we can observe that 20% of students and 10% of professionals took more than 30 min to complete the project in Approach 3. This significant delay might indicate potential technical challenges associated with integrating LIDA with GPT via API. The extended time could reflect difficulties in configuring and effectively using the LLM, as the integration process still requires several complex setup steps. This suggests that while LIDA with GPT integration offers powerful capabilities, it also demands a higher level of technical proficiency or more refined implementation to avoid such delays.

We analyzed participants' perception of three approaches to solving the same data analytics project focusing on ease of use, speed in achieving results, appropriateness, and correctness. To obtain this perception, we asked four questions:

	• Which of the approaches for developing an analytics project seemed easiest to you? Ease refers to a general understanding of the process and practical implementation of the activity. In which of the approaches do you consider you could develop a data analytics project more efficiently, focusing more on analytics rather than programming details?
	• Which of the approaches for developing an analytics project seemed fastest to you? Speed refers to which approach allowed you to progress the most in the 10 min offered for the activity development. In which do you feel you progressed the most or could potentially advance faster to achieve the aimed results?
	• Which of the approaches for developing an analytics project seemed most appropriate to you? Appropriateness refers to the development experience. Which of the approaches do you consider has a more analytics-focused approach, reducing the effort on programming details?
	• Which of the approaches for developing an analytics project seemed most correct to you? Correctness refers to offering a coherent response that addresses the project goal in an objective, clear, visually appealing, and explanatory manner.

For each question, participants could respond with one of the following options: (i) Approach 1—Traditional method: Using standard Python libraries; (ii) Approach 2—ChatGPT as an external programming assistant; (iii) LIDA with GPT integration via API; and, (iv) None. Figures 11, 12 show the participants' perceptions regarding these four aspects, considering their roles and gender, respectively. Specifically in Figure 12, aiming to maintain the legibility of the chart, we opted to exclude the individual who chose not to disclose their gender.


[image: Bar chart showing the number of participants evaluating four approaches based on ease of use, speed of result, appropriateness, and completeness. Professional and student participants are marked with red and blue dots, respectively. Each approach is compared across criteria, with values ranging from 0 to 35 participants.]
FIGURE 11
 Perception of participants grouped by role regarding the ease of use, speed in achieving results, appropriateness, and correctness for each of the three approaches to solving data analytics projects.



[image: Dot plot comparing different approaches based on four criteria: ease of use, speed of result, appropriateness, and correctness. Data is differentiated by gender, with colored dots for females and males. Approaches are labeled on the y-axis, and the number of participants on the x-axis.]
FIGURE 12
 Perception of participants grouped by gender regarding the ease of use, speed in achieving results, appropriateness, and correctness for each of the three approaches to solving data analytics projects.


As stated in Figure 11, regarding the ease of use aspect, both students and professionals agree that Approach 2 offers greater advantages. Some students attribute this advantage to Approach 3, while very few students consider Approach 1 to be easier to use. Here it is important to notice that all professionals completely agree that using ChatGPT as a programming assistant is the easiest way to tackle data analytics projects, while students' opinions are diverse. This perception is also reflected from a gender perspective, as depicted in Figure 12, which illustrates that both males and females predominantly consider Approach 2 to be the easiest to use. This preference suggests that regardless of gender and role, participants found ChatGPT to be more user-friendly and easier to use compared to the other approaches.

When we look at the speed factor of obtaining results in both Figures 11, 12, we see that most students and professionals, whether male or female, consider Approach 2 to be faster. Here we observe that a significant number of participants consider Approach 3, which integrates LIDA with GPT via OpenAI's API, to be the fastest method for developing the project. This suggests that the streamlined workflow provided by this integration can be highly efficient. However, it is important to note that the speed advantage of Approach 3 is somewhat nuanced. The immediate response to a prompt in ChatGPT is inherently quicker because it bypasses the additional steps required for integrating and configuring the prompt to work within the LIDA + GPT environment. This additional setup in Approach 3 can introduce delays, even though the overall approach might offer superior functionality and efficiency once fully operational.

When Figures 11, 12 examine the appropriateness of different approaches in minimizing the effort required on programming details for data analytics projects, both by role and by gender, Approach 3 emerges as the preferred method. This indicates that integrating LIDA with GPT is widely recognized for its potential to streamline programming efforts effectively. However, it is noteworthy that a significant proportion of students also find Approach 2 to be a competitive option in this regard. This suggests that while the advanced integration capabilities of Approach 3 are appreciated, the straightforward and immediate assistance provided by ChatGPT in Approach 2 remains highly valued, particularly among students.

In examining the correctness of results across different approaches, as shown in Figures 11, 12, Approach 3 consistently emerges as the preferred choice among participants, irrespective of their role or gender. However, it is noteworthy that there is a closer alignment of preferences with Approach 2 and, surprisingly, also with Approach 1. Given that this factor assesses the quality of results produced by each approach, it is expected that Approach 3 would be preferred for its specialized support in data analytics projects provided by the integration of LIDA with GPT. This preference underscores its effectiveness in delivering high-quality outcomes with minimal manual programming effort. Approach 2 also received a favorable reception due to its capability to provide valuable assistance, though ChatGPT requires participants to craft precise prompts and possess expertise in data analytics project development. It is noteworthy that some participants, particularly students identified as female, found Approach 1, which relies on traditional programming packages, to offer greater correctness in results. This might reflect their comfort and familiarity with conventional methods or a preference for the precision and control that manual coding provides. Overall, while advanced and integrated approaches such as Approaches 2 and 3 are favored for their efficiency and support in data analytics, traditional methods like Approach 1 still hold significant value for certain participant groups regarding perceived correctness and reliability.

Finally, evaluations were conducted on the projects optionally submitted by the participants. From the instructors' perspective, projects utilizing Approach 3 demonstrated enhanced comprehension and application of data analytics concepts among participants, irrespective of their computational background. Integrating LIDA with a GPT led to project solutions of higher quality, indicating a heightened proficiency in data management and application development. Moreover, instructors considered that Approach 3 fostered an immersive and engaging learning experience in learners, significantly more so than those developed using other approaches. Such enriched narrative elements improve the project's clarity and impact. Those elements also contribute to a more compelling presentation of data insights, highlighting the added value of integrating advanced generative AI tools with traditional data analytics frameworks.



5 Discussion and final remarks

This work highlights the potential of employing generative AI-based tools to revolutionize the development of data analytics competencies among students and professionals, regardless of their computational background. To this end, we presented a case study that, to our knowledge, is the first to evaluate the use of these technologies in the data analytics learning process, comparing them with each other and with traditional approaches based on programming packages.

A key lesson from our case study is the transformative potential of approaches based on integrating advanced generative AI tools like GPT with specialized frameworks such as LIDA. The higher levels of participant preference indicate the superiority of these approaches over traditional development methods. However, it is important to highlight that when using general-purpose generative AI tools such as ChatGPT, users must be aware of the data analytics process and take responsibility for filtering out potential errors or incompleteness in the requirements of a data analytics project. These deficiencies can be mitigated by using more advanced tools specialized in supporting data analytics tasks, such as LIDA with GPT. However, users still need advanced programming knowledge to properly configure this connection via API.

Additionally, our findings suggest that the learning curves for the different approaches vary significantly. Since learners encountered technical difficulties in developing the project and interpreting the results, Approach 1 has a steep learning curve. Approach 2, which involves consolidating the ChatGPT responses into a cohesive project, has a shallow learning curve due to the challenge of verifying the suitability of the solution. Approach 3, using LIDA integrated with GPT, has a J-curve pattern, with initial developing difficulties related to establish the connection via API and configuring the LLM, followed by a smooth and efficient process once set up.

It is important not to disregard that some users may feel insecure about the solutions generated by AI tools, leading them to prefer the traditional approach to developing data analytics projects. Therefore, there is a significant opportunity for generative AI tools to improve their performance, providing accurate, complete, and convincing results for data analytics projects, thereby increasing user confidence in adopting these technologies.

Some limitations concerning this work include the heterogeneity of participants' affiliations and ages, the short time allocated for completing activities for each approach, and the need for further studies to address the insecurity aspects related to the use of AI-based tools by some participants. Additionally, more extensive validation is required to assess the acquisition of critical thinking skills.

Nevertheless, we hope this work highlights the opportunities and needs for integrating advanced LLMs into educational practices, particularly in developing computational thinking skills. Our findings suggest that such integration can significantly enhance the learning of advanced skills, especially those related to data analytics. We aim to establish this study as a foundation for the methodical adoption of generative AI tools in educational settings, paving the way for more effective and comprehensive training in these critical areas. In future work, we plan to replicate this study with a larger participant pool and compare LIDA with similar technologies. Additionally, we intend to evaluate performance across various LLMs beyond GPT.
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In contemporary higher education within STEM fields, fostering and assessing sustainability competencies is essential for promoting lifelong learning with a comprehensive understanding of the relationships between innovation and environmental, social, and economic factors. However, training and grading processes for these competencies face significant challenges due to the intricate, adaptable, and multi-modal nature of current academic models. Better understandings and approaches to educating higher education STEM students in sustainability are paramount. Therefore, we have conducted a data-driven analysis on 159,482 records from 22 STEM programs at Tecnologico de Monterrey between 2019 and 2022, employing data science methodologies. These competencies align with the four dimensions of the UNESCO program “Educating for a Sustainable Future”: social, environmental, economic, and political. The study aims to identify the primary challenges faced by students in developing sustainability competencies within this flexible and multi-modal academic environment. Notably, the analysis revealed a widespread distribution of courses with sustainability competencies across all semesters and programs. By the end of the first semester, 93.5% of students had been assessed in at least one sustainability competency, increasing to 96.7% and 97.2% by the end of the second and third semesters, respectively. Furthermore, findings indicate that sustainability competencies are assessed 21 times on average by the end of the sixth semester, with varying levels of development. Interestingly, no significant differences were observed in competency development based on gender, age, or nationality. However, certain competencies such as Commitment to sustainability, Ethical and citizen commitment, and Social Intelligence posed notable challenges across programs and semesters.
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1 Introduction

Fostering and assessing sustainability competencies among Science Technology Engineering and Math (STEM) students in contemporary Higher Education (HE) is imperative. Integrating sustainability competencies into STEM HE cultivates a holistic understanding of the interconnections between innovation and environmental, societal, and economic dimensions for lifelong learning (Žalėnienė and Pereira, 2021; Håkansson Lindqvist et al., 2024). STEM students play an active role in enhancing sustainable development through current and future innovations. Hence, their sustainability competencies are critical not only for their academic success but also for their contributions to solving environmental, economic, and societal sustainability problems.

In recent years, universities and STEM programs have increasingly focused on transitioning toward a green economy and fostering sustainable innovation and research (Caeiro et al., 2020; Cihan Ozalevli, 2023). Developing value-based competencies alongside academic knowledge and technical skills is crucial for cultivating a sustainability culture among university students (Žalėnienė and Pereira, 2021). Implementing such a combination can be achieved through STEM programs designed with social responsibility, ethical leadership, integrity, critical thinking, and empathy. Many Higher Education Institution (HEI) leaders recognize the importance of their role in training and assessing sustainability competencies in both undergraduate students and lifelong learners (Redman et al., 2021).

Tecnologico de Monterrey, a Mexican private institution, is at the forefront of this educational evolution with a strong focus on social impact and sustainability. In 2019, it launched the Tec21 pedagogical model based on competencies (Olivares et al., 2021). All the academic programs have competencies by training units defined and revised by pedagogical architects and experienced professors as described by Olivares et al. (2021). This model orchestrates the training and evaluation of competencies using challenge-based learning and offers high flexibility. However, the complexities of implementing such flexible, adaptable, and multi-modal academic models present critical challenges for competency assessment and their future analysis.

HEIs that implement Competency-Based Education (CBE) typically use rubrics to evaluate students (Malhotra et al., 2023). These rubrics rely on data, documents, or objects to support students' compliance with pre-established competency criteria. The combination of these data with the evaluations assigned by professors and other anonymized sociodemographic and academic data provides a valuable source of information for identifying positive trends and opportunities for improving CBE systems. Such data contain valuable insights into the theoretical training of STEM students in sustainability competencies.

The information obtained by applying data science techniques to sustainability competency assessment data helps to bridge the gap between theoretical frameworks and practical applications in sustainability competency assessment. This approach enables educators to tailor their teaching methods and evaluation practices based on empirical data, thus enhancing the effectiveness of sustainability education (Gao et al., 2020; Burk-Rafel et al., 2023). Despite the relevance of data-driven analyses of competency assessment for improving competencies' impact on professional careers (Burk-Rafel et al., 2023; Rhoney et al., 2023; Segui and Galiana, 2023), there are insufficient studies supported by large datasets and extended periods that describe the relationships between sociodemographic, academic, and sustainability-competency evaluation variables in HE STEM students. To address this gap, we analyzed a large dataset (around 1.6 million records) with competency-based training and assessment data collected from HE STEM students between 2019 and 2022 at Tecnologico de Monterrey.

By applying descriptive and correlational analysis to the collected data, we aim to shed light on the relevance of each feature for sustainability competency assessment and the behavior of such assessments across academic periods, programs, and years. Our work seeks to answer two research questions: (1) How do sustainability competency assessments perform across semesters, years, and academic programs in the data collected? (2) What is the relationship between sociodemographic, academic, and competency variables with the evaluation of sustainability competencies in the data collected? Our findings will provide empirical insights into sustainability competencies training and evaluation in HE STEM students and highlight some risks associated with assessing sustainability competencies in any teaching and learning scenario. In summary, the main contributions of this work are as follows:

	1. A characterization of the sustainability competencies training and assessment in the STEM programs at Tecnologico de Monterrey under a highly flexible pedagogical model and its relationship with sociodemographic and academic variables.
	2. A discussion about some risks of sustainability competency assessment in HE STEM students based on a data science approach analyzing a large dataset collected between 2019 and 2022.

Our paper is organized as follows: In Section 2, we discuss previous work on sustainability competencies, providing a foundation for the research reported in this work. Section 3 describes the data characteristics, the tidiness process, and the methods used for analyzing competency evaluations. Section 4 presents our findings and their rationale. Finally, Section 5 concludes with findings about sustainability competencies in STEM programs, their impact on other HEIs and employers, and future work directions derived from this work.



2 Previous work

UNESCO identifies key sustainability competencies as -system-thinking, future-thinking, value-thinking, strategic-thinking, and interpersonal competencies- (Rieckmann, 2017). Some authors have investigated the assessment methods for these competencies in HE and their alignment with UNESCO's key competencies. For example, Redman et al. (2021) conducted a systematic literature review on current practices in assessing students' sustainability competencies, proposing a typology of eight assessment tools classified into Self-perceiving, Observation, and Test-based approaches. Their review underscores the importance of pre and post-assessment during the teaching process, though it does not include empirical data analysis on large-scale datasets, limiting its findings to existing literature.

Annelin and Boström (2022) examined self-assessment tools for essential sustainability competencies, revealing confusion around scales and criteria. They proposed enhancements to current methods and emphasized the need to understand students' existing competencies. However, their study did not address professors' evaluations of these competencies or leverage extensive data to support their findings.

Lafuente-Lechuga et al. (2024) reviewed sustainability teaching in HE, particularly in the mathematical discipline in Spain, highlighting the importance of cross-disciplinary approaches and practical activities for integrating sustainability competencies into curricula. They also stressed the need for curricular changes in HE programs to include sustainability competency assessments.

Other works advocate using data mining and data science to evaluate the effectiveness of Competency-Based Education (CBE). For instance, Rhoney et al. (2023) recommended developing an active approach to collecting implementation data and investing in technology platforms for student performance data repositories to support knowledge management and data analytics in pharmacy education. Gao et al. (2020) discussed the complexity of assessing learning outcomes in STEM education and suggested using coding frameworks to analyze different assessment methods. They highlighted the importance of data science in handling large datasets and extracting insights from interdisciplinary educational approaches. Li et al. (2020) reviewed projects employing data-intensive methods to evaluate educational outcomes in STEM, underscoring the need for advanced data analytics to understand teaching methods' effectiveness and their impact on student assessments. However, these studies do not specifically address sustainability competency-based assessment in STEM programs.

While previous research has emphasized the importance of sustainability competency assessment in undergraduate STEM programs and the potential of large-scale data for insights, there is a notable gap in studies providing empirical findings from extensive datasets. This gap is particularly evident in the lack of research involving a substantial number of students, programs, and periods. Therefore, research utilizing data science techniques to analyze extensive datasets, such as the 160,000 records of HE STEM students' evaluations used in this work, is crucial. This approach can provide a deeper understanding of sustainability competencies assessment and its impact on employers and lifelong learning.



3 Materials and methods

The Institute for the Future of Education of Tecnologico de Monterrey has made available anonymized data about the competency assessment of all students between 2019 and 2022. The raw data encompasses approximately 5 million records about competency assessments of 16,500 STEM students for 22 STEM programs in 100 competencies. Each record contains information about the evaluation of a competency, for a student, in a complexity level (A, B, and C), a training unit, a semester, and an academic program. The professor assigns the competency evaluation as ‘Observed' or ‘Not Observed' using the rubric defined for the competency in the training unit. Since the raw data were collected during three academic years, it has some challenges for its analysis, some variables contain string values that are difficult to analyze, many null values, and some variables have different labels for the same value, so they need to be merged. Additionally, the same student has various records for different academic programs, training units, semesters, competencies, and complexity levels. Figure 1 illustrates the data structure in the database.


[image: Flowchart depicting the relationship among students, programs, subjects, competencies, and levels. Students are linked to multiple programs, each program to various subjects. Subjects connect to multiple competencies, which further map to levels ranging from Level A to Level D, categorized as Observed or Not Observed. Notes explain the flexibility in student-program-subject relationships, competence levels, and observation status.]
FIGURE 1
 Structure of the data in the competency assessment database. The database encompasses other sociodemographic and academic data related to the student. We have omitted them for visualization since they are the same for each student, training unit, and semester.


Subsection 3.2 describes the transformation steps to reach a tidy and reliable dataset. Such a transformation made the dataset reliable for data analysis. As a result of the transformation, we have ended with 159,482 records of the assessment of 17 sustainability competencies in 16,061 undergraduate students of 22 STEM programs between 2019 and 2022.

We have assumed two criteria to select sustainability competencies among all the competencies in the database. First, we have considered the United Nations Sustainable Development Goal SDG Target 4.7 “ensure that all learners acquire the knowledge and skills needed to promote sustainable development, including, among others, through education for sustainable development and sustainable lifestyles, human rights, gender equality, promotion of a culture of peace and non-violence, global citizenship and appreciation of cultural diversity and of culture's contribution to sustainable development” (United, 2023). United Nations SDG Target 4.7 establishes as its second indicator that “education for sustainable development be mainstreamed in national education policies, curricula, teacher education, and student assessment (UNESCO, 2020). Second, we have considered the consensus about five key sustainability competencies (system-thinking, future-thinking, value-thinking, strategic-thinking, and interpersonal competencies) (Rieckmann, 2017; Redman et al., 2021). Starting from these criteria we have filtered the competency assessment records with a semiautomatic process using keywords obtained from the UN SDG Target 4.7 and the competencies descriptions of the academic programs as shown in Figure 2. After filtering, we have manually checked the pertinence of each selected competency to the sustainability framework defined by UNESCO and the five key sustainability competencies assumed by the research community (Rieckmann, 2017; Redman et al., 2021).


[image: Flowchart illustrating the semi-automatic filtering of keywords for sustainability competencies. Keywords are sourced from the United Nations Sustainable Development Goals and academic programs, used in the description of competencies. Key competencies include structural design, ethical commitment, innovation management, and sustainable strategy design.]
FIGURE 2
 Semi-automatic filtering process for selecting sustainability competencies according to the United Nations Sustainability Development Goal 4 Target 4.7.


With the pedagogical model Tec21, all students are evaluated at each complexity level as competency ‘Observed' or ‘Not observed' in different training units, depending on the pedagogical design of the program and training units (Olivares et al., 2021). Besides, Tec21 offers entrance academic programs for students undecided about the specific program they want to study. Such entrance programs are grouped by knowledge area and offer common core training units. Students can enroll in an entrance or specific program depending on whether they are decided about their career (Olivares et al., 2021). Figure 3 illustrates the relationship between training units and sustainability competencies for the students during the first semester of the program Innovation and Transformation (IIT), which is an entrance program for several Engineering programs.


[image: Radial diagram with multiple lines connecting a central point to various topics. Topics include "Legal and Political Institutions," "Innovative Solutions," "Ethical Intelligence," and "Climate Change." Each line represents a link between individual disciplines and broader themes like ethics, sustainability, and governance.]
FIGURE 3
 Bipartite graph illustrating the relationship between training units and sustainability competencies for the students in the first semester of the program Innovation and Transformation.


A link between columns indicates that at least one student enrolled in the IIT program has completed the training unit on the left in the first semester. Consequently, the student has been trained and assessed in the corresponding sustainability competencies, linked in the right column. These training units evaluate other competencies not directly related to sustainability and therefore were excluded from this work. Nonetheless, the graph illustrates the complexity of the competency training and assessment with many training units evaluating the same sustainability competency even two sustainability competencies in the same program and semester.

The graph encompasses data from cohorts 2019, 2020, and 2021. It shows the flexibility of the pedagogical model Tec21 with 32 training units taken by students of different cohorts during their first semester of the IIT program. Simultaneously, the graph depicts multiple training units where students are assessed through how far they have one or more sustainability competencies. As a result, all students are graded on the same sustainability competency multiple times within various knowledge areas fostering sustainability for their lifelong learning in any scenario.


3.1 Methodology

We have developed a six-step procedure based on the CRISP-DM methodology for data analysis (Wirth and Hipp, 2000). Step 1, dedicated to management and ethics, has been carried out throughout our research work. In step 2, we conducted a thorough analysis toward the understanding of sustainability competencies and the criteria used at Tec de Monterrey for their assessment. Having done so, we proceeded with data comprehension in step 3. Following this, we modified the database to obtain a tidy dataset through step 4. Next, in step 5, we applied feature selection algorithms, and feature engineering to identify worthy features dropping the unnecessary ones. In step 6, we have analyzed the relationships between academic, sociodemographic, and competency data for sustainability competencies.



3.2 Data loading and cleaning

The database published by Tec de Monterrey has 45 features. It is delivered as a collection of text files separated by academic programs due to their large size. We grouped the database features into three categories: sociodemographic, academics, and competencies. Table A1 in the Appendix gives an overview of those features, according to their category. In the initial phase of data processing, the focus lies on loading datasets and transforming feature types to ensure consistency and usability. The following steps are undertaken:

	1. All databases are consolidated into a single dataframe to facilitate unified analysis. Certain columns (see Table A1 columns 36, 37, 38, 41, 42, and 43 in the Appendix) presented problematic data types due to the combination of records with strings, numeric, or missing values in different text files. Thus, we converted them into appropriate types, whether string or numeric. Also, we parsed Datetime data, originally formatted as ‘%d-%m-%Y' to the ‘%d/%m/%Y' format for standardization.
	2. Next, we analyzed and fixed some string columns. We corrected some erroneous competency names according to their specific competency names. We used a semiautomatic approach, for some competency names we employed the pattern [A-Z]3[0-9]4[A-Z]_, but for others like ‘Scientific thought' and ‘Pensamiento científico' we manually unified them as ‘Scientific thinking'. We removed leading and trailing white spaces in competency descriptions. Besides, we renamed the column 'Pais de nacimiento' as ‘student.nationality'.
	3. Once all the data were in a dataset and string data formatted, we analyzed the missing values and the feature unique values. We dropped those rows with missing values in the features “competence.desc”, and “competency.level_assigned” because we do not have sufficient information to impute them and they are key for the competency analysis. Rows with unpublished activity status were also removed from the dataset because students never observed them. We dropped various schedule-related features because they had many missing values. The column “group.isAcademicSupport” is removed due to containing only 0 values.



3.3 Feature engineering and data tidiness

Feature engineering involves transforming, generating, extracting, evaluating, analyzing, and selecting features (Dong and Liu, 2018; De Armas Jacomino et al., 2021). In our data analysis problem, we employed some of these tasks to delve into the data relationships and possible competency assessment explanations. Hence, we modified some features and added others based on the existing information in the dataset.

First, we transformed binary features into boolean features for computational efficiency. For example, the feature ‘student.gender_desc' was transformed into a boolean feature “student.isWoman”. Similarly, Features “student_originSchool.isITESM”, “student.isForeign”, “group.isEnglishLanguage”, “group.hasEvaluationInst”, and ‘student.isConditioned' were converted to boolean features. We transformed the features indicating the number of evidence and activities into two new features counting the number of evidence and activities. However, a posterior analysis showed that these variables were equal to zero for all academic periods except ‘2022FJ', hence, we removed these columns. Moreover, we transformed to boolean the “competency.level_assigned”, originally denoting “Observed” or “Not observed” competency assessment as strings.

We added a feature indicating the competency code, including the “competency.level_required” (A, B, and C). This added feature facilitates identifying equivalent competencies. With such a new feature, we standardized equivalent competencies across different programs. We included new features denoting enrollment period, periods since enrollment, the number of training units enrolled, and a feature distinguishing between entrance or specific programs. Also, we incorporated two features representing the count of “Observed” and not “Not observed” assessments of the competency in previous semesters. Other four features were added for counting the number of competencies and competencies evaluated in the current training unit (“competencies_evaluated.count”, “competencies_evaluated.count”), and the number of training units that evaluate the current competency and competency (“training unit_evaluating.count”, “training unit_evaluating_competency.count”). Such new features facilitate further analysis of the sustainability competency assessment.

We modified the competency categories from Transversal or Disciplinary to General education, Area, or Disciplinary to include the subdivision in the Disciplinary category as a new category. We modified the feature “group.id” to ‘group.size' for a comprehensive analysis.

To reach a tidy dataset, we removed duplicated rows based on the uniqueness of the following features:

	student.id                                term_period.id
	training unit.longName          training unit.longName
	training unit.longName          competency.level_required
	competency.level_assigned

This gives us a unique competency assessment for every student and training unit in a semester, a competency, at a required level.

As a result, we obtained a dataset with 159, 482 records detailing the assessments of 17 sustainability competencies in 16, 061 undergraduate students of 22 STEM programs between 2019 and 2022. The final feature set is described in Table 1.


TABLE 1 Table of features after feature engineering.

[image: A table listing 38 features with descriptions and data domains. Each feature has three columns: "No" (number), "Feature description" (name of the feature), and "Domain" (type of data such as String, Categorical, Numeric, or Boolean). Examples include "student.id" as String, "term_period.id" as Categorical, and "student.age" as Numeric.]




4 Results and discussion

The academic programs at Tecnologico de Monterrey are flexible and multi-modal. Thus, students can take different training units in different semesters and modes: face-to-face, remote, or hybrid. We have performed descriptive and correlational analyses of the sustainability competencies among all the School of Engineering and Science academic programs. Our results are described below.


4.1 Descriptive analysis of sustainability competencies

Every academic program has at least one training unit in each academic term where students are evaluated in terms of the level of development of sustainability competency. This distribution supports the continued preparation of the students in a growing sense of belonging to sustainability. Table 2 lists the competency and training unit count by the academic program. It illustrates similar counts among all programs.


TABLE 2 Descriptive table of the student and competency count by academic program.

[image: Table displaying various academic programs with columns for program name, acronym, number of students, competencies, and training units. Programs include Agricultural Biosystems, Food Engineering, and more, with student numbers ranging from 72 to 8,307, competencies from 3 to 11, and training units from 31 to 57.]

Figure 4 graphs the student count by the number of sustainability competencies assessed and semester. Unsurprisingly, the highest numbers of students with one sustainability competency evaluated are reported during the first and second semesters. Nevertheless, the graphs show that more than 3, 000 students have been graded in only one sustainability competency even for the later semesters. The pedagogical model flexibility causes such differences. Simultaneously, such flexibility facilitates some students to evaluate four sustainability competencies in the first and second semesters. This is the maximum number of competencies reported for semesters 1 and 2, while five is the maximum for semesters 3 and 4 and seven for semesters 5 and 6.


[image: Line chart showing student count across semesters one to seven for sustainability competence assessment. Most start at high student count with a decline towards semester seven. Different colored lines represent each group.]
FIGURE 4
 Count of students by the number of sustainability competency assessed and semester.


From our analysis of student data by semester and the number of competencies assessed, we found that 93.5% of students were evaluated in at least one sustainability competency by the end of their first semester, 96.7% by the end of their second semester, and 97.2% by the end of their third semester. By the sixth semester, students had been trained and graded an average of 21 times in various sustainability competencies, covering all levels. These findings highlight the feasibility of implementing competency-based programs that incorporate multiple sustainability competencies early in the academic journey of STEM students. Furthermore, this data is valuable for the corporate sector, providing insight into the sustainability skills and capabilities of graduates, which are essential for driving sustainable transformation within their organizations.

The pedagogical model Tec21 guarantees that most STEM students are trained and evaluated in multiple sustainability competencies in a growing and diverse way using three levels. However, we have found room for improvement regarding the competency assessment. Various students previously evaluated as “Not observed” in a sustainability competency are assessed as “Not observed” when they re-evaluate the same competency. Consequently, those students continue with deficient competency development, possibly affecting their role in the labor scenario. Table 3 summarizes the number of students and the sustainability competencies being re-evaluated as “Not observed” by semester.


TABLE 3 Count of students re-evaluated as “Not observed” in the same sustainability competency.

[image: Table showing the number of students re-evaluated as "Not observed" across six semesters, with associated competencies. Competencies include "Commitment to sustainability," "Application of international standards," and others. The highest occurrences are in bold, indicating key sustainability competencies.]

The more common sustainability competencies among those re-evaluated as “Not observed” are -Commitment to sustainability, Ethical and citizen commitment, and Application of international standards-. Special attention should be given to these sustainability competencies during training and assessment. “Ethical and citizen commitment” was trained by 80 training units in all semesters, across all 22 academic programs, and evaluated by 11,381 students (70.8% of the total students). Similarly, “Commitment to sustainability” was trained by 43 training units in all semesters, across all 22 academic programs, and evaluated by 15,837 students (96%). “Application of international standards” was trained by 9 training units, during all semesters, but in 14 academic programs (63.6%), and evaluated by 3,392 students (20.55%). These sustainability competencies represent challenges for the STEM students and the corporate sector receiving these students. Two key points to be considered before ending the academic programs or during the lifelong learning are sharing previous results of the students with the new professors or pre-evaluating the competencies at the beginning of the training unit to create the necessary strategies with the students previously assessed as ‘Not observed'. Besides, the corporate sector could consider applying training strategies for these challenging sustainability competencies.



4.2 Correlational analysis of sustainability competencies

We have evaluated the correlation of some socio-demographic and academic features with the target feature, which is the competency development level assigned by the instructor. We aim to determine if the competency assessment is determined by some other features. We have split our experiments according to the feature domains in categorical and boolean, and numeric and boolean.

We have noticed no differences regarding gender, region, or nationality in developing sustainability competencies. Figures 5, 6, 7 depict the Cramér's V and p-val for the correlation between each nominal variable and the competency evaluation variable, which takes dichotomous values -“Observed” or “Not observed”-. All Cramér's V values indicate very low correlation between the independent variable and the competency evaluation.


[image: Heatmap displaying the relationship between gender (student.isWoman) and competence level assigned. It shows counts of False and True for both variables. Color gradient ranges from light yellow to dark blue, indicating lower to higher counts. Numeric values: 3860 (False/False), 97029 (False/True), 1553 (True/False), and 57040 (True/True). Statistical parameters include Cramér's V: 0.031, Phi: 0.001, and p-value: 0.00000.]
FIGURE 5
 Correlation between gender and competency evaluation.



[image: Heatmap displaying competence level assignment across different campus regions. Regions on the y-axis include RO, RM, RCS, RCM, and DR. Competence levels are represented as false or true on the x-axis. Numerical values are shown within the heatmap, ranging from 19 to 60233, with color gradients indicating varying frequencies. Statistical values at the top include Cramér's V: 0.029, Phi: 0.001, and p-value: 0.00000.]
FIGURE 6
 Correlation between region name and competency evaluation.



[image: Heatmap showing the distribution of student nationalities across two competence levels: False and True. The color gradient ranges from light yellow to dark blue, indicating low to high counts. The largest count is in Nicaragua with 144,092 at the True competence level. Other noticeable entries include China, having 8,779 under True, and the United States of America, with 369. Statistical values on top include Cramér's V: 0.031, Phi: 0.001, and p-value: 0.00000, suggesting a minimal association.]
FIGURE 7
 Correlation between country and competency evaluation.


Violin plots in Figure 8 demonstrate no differences between male and female students in terms of sustainability competency evaluations and the numerical grades reported in the training unit. Both categories show similar distribution shapes, means, and interquartile ranges across genders, indicating that there is no disparity between male and female students in these assessments. This finding is significant for employers, as it suggests that there should be no gender bias in hiring decisions based on sustainability competency training and evaluation results because both male and female students exhibit comparable performance levels.


[image: Violin plot comparing distributions of a numeric adjustment metric for two groups, "false" and "true," with separate sections for observed (blue) and not observed (red) competence levels and gender statuses.]
FIGURE 8
 Violin plots by student's gender representing the boxplots and the distribution shape of the numerical grades in the training units and separated by competency evaluations “Observed” and “Not observed”.


The heatmap in Figure 9 depicts Pearson's correlation coefficients between the numerical features. Three attributes, namely “student_grades.final_numeric_afterAdjustment”, “student.lastTerm_gpa”, “student.term_gpa_program”, show a moderate positive correlation to the target feature. It means that the numerical qualifications impact the sustainability competency assessment and the competency assessments also affect the student's grades. Besides, the feature “competence.notobserved_count” has a moderate inverse correlation with the target feature. Such a result corroborates the previous observation about assigning the same evaluation of “Not observed” when re-evaluating a competency.


[image: Correlation heatmap shows relationships between variables such as student ID, age, cohort ID, GPA, group dynamics, and competence measures. Colors range from blue (negative correlation) to red (positive correlation), indicating strength and direction.]
FIGURE 9
 Correlation matrix using Pearsons' coefficients.





5 Conclusions

Our analysis reveals that students in the School of Engineering and Science at Tecnologico de Monterrey receive extensive training and assessment in sustainability competencies from the onset of their academic programs. By the end of their sixth semester, students are evaluated an average of 21 times on these competencies. Our findings indicate that the assessment of these competencies is unbiased concerning gender, age, or nationality, promoting social justice within the student body.

We observed a moderate correlation between competency assessments and both training unit grades and overall grade point average (GPA). This suggests that faculty members consider a range of factors beyond numerical scores when evaluating sustainability competencies. To further enhance competency development, it is recommended that professors employ targeted strategies to assist students in improving competencies initially marked as ‘Not observed'. Given the tendency for such initial evaluations to persist, providing additional resources and tailored guidance can effectively support students' progress in sustainability competencies.

These findings are relevant for other higher education institutions aiming to integrate sustainability competencies into their curricula. The results illustrate that a structured and frequent assessment of sustainability competencies in STEM can be implemented without depending on the sociodemographic characteristics of the students, fostering an equitable educational environment. They also illustrate a risk of failing the competency training in competencies previously evaluated as failed, with particular emphasis on “The application of international standards”, “Commitment to sustainability”, and “Ethical and citizen commitment”.

Findings are also worthy for the corporate sector because graduates with robust training in sustainability competencies are increasingly valuable as companies pivot toward more sustainable practices. The ability to assess and ensure these competencies in graduates means that businesses can rely on new hires to contribute meaningfully to sustainability goals from day one.

Future work will involve the use of additional instruments with the employers to evaluate the results of the sustainability competency training and assessment on the STEM students after going to the corporate sector. Also, we will increase the number of academic variables collected, such as evaluation activities, platforms, and rubrics to dig into the impact of such new variables in the sustainability competency assessment.
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Appendix


Table A1. Features of the competency assessment database.

[image: Table detailing various academic and sociodemographic variables with descriptions. It includes categories like student ID, age, gender, nationality, academic program details, training unit specifics, and competency levels related to Tec de Monterrey.]
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Introduction: Industry 5.0 is the next phase of industrial work that integrates robots and artificial intelligence to boost productivity and economic growth. It emphasizes a balance between human creativity and technological precision, built on three pillars: human centrality, sustainability, and resilience. Corporations and educational institutions must adopt an integrated approach to training their future workforce, emphasizing digital and key competencies such as creativity, communication, collaboration, and critical thinking. Higher education institutions must measure digital competencies and other key Industry 5.0 competencies to prepare students for a sustainable future. However, there is a need to identify appropriate scientific instruments that can comprehensively evaluate these competencies.
Methods: This study conducted a Systematic Literature Review to analyze the existing digital competency assessment instruments in higher education from 2013-2023. The focus was on instruments that measure digital competencies and core competencies for Industry 5.0, such as creativity, communication, collaboration, and critical thinking. The search process began with a strategy applied across various databases, including ERIC, Google Scholar, ProQuest, Scopus, and Web of Science, to cover a broad range of literature on the design and validation of digital competency assessment tools.
Results: This search generated a total of 9,563 academic papers. Inclusion, exclusion, and quality filters were applied to select 112 articles for detailed analysis. Among these 112 articles, 46 focused on designing and validating digital competency assessment instruments in higher education. Within the reviewed literature, surveys and questionnaires emerged as the predominant methods utilized for this purpose. This study found a direct relationship between digital competencies and essential skills like communication and critical thinking.
Discussion: The study concludes that assessment tools should integrate a wide range of competencies, and students and educators should be actively involved in developing these skills. Future research should focus on designing tools that effectively evaluate these competencies in dynamic work contexts. Assessment instruments should cover a broader range of competencies, including creativity and collaboration, to meet the demands of Industry 5.0. Reliable assessments of digital competencies and soft skills are crucial, with a need for appropriate reliability tests that do not impact students’ preparedness for labor market challenges.

Keywords
 digital competency; core competencies; Industry 5.0; higher education; design of instruments; validation of instruments; innovation in education


1 Introduction

Industry 5.0 is thought to be the next stage in the evolution of the industrial sector. It is characterized by the increased use of robotics and artificial intelligence (AI) to improve productive efficiency and promote economic growth. This stage involves integrating human creativity with technological precision and is based on three fundamental principles: the importance of the human factor, a commitment to sustainability, and resilience capabilities (Kemendi et al., 2022). Advancements in technology support a shift toward prioritizing people, inclusion, and sustainability, promoting collaboration between humans and technology for global progress and collective well-being (Leng et al., 2022).

Future professionals need advanced digital competencies to interact effectively with intelligent systems (Wang and Ha-Brookshire, 2018; Xu et al., 2021). It is important to recognize the significance of interpersonal abilities, including being creative (Forte-Celaya et al., 2021), communicating effectively (George-Reyes et al., 2024), and collaborating (Poláková et al., 2023). Possessing these skills is vital for adapting to new job demands in Industry 5.0, and companies and academic institutions must take a comprehensive approach to training their future employees (Matsumoto-Royo et al., 2021).

Continuous engineering updates are essential to ensure that current professionals and future industry entrants possess the technical knowledge and social skills required to lead in the era of Industry 5.0. This integrated approach is key for fostering a resilient and sustainable industrial ecosystem (Ahmad et al., 2023; Bakkar and Kaul, 2023). Education is pivotal in preparing individuals to adapt to constant workplace changes constantes (Pacher et al., 2023; Ghobakhloo et al., 2023b). It is essential to reassess and modernize engineering and higher education to cultivate adaptive skills that keep up with rapid technological changes (Suciu et al., 2023; Gürdür Broo et al., 2022).

Identifying instruments that assess digital competencies and key skills for Industry 5.0 is decisive. Measuring cross-cutting competencies enhances graduates’ employability and creates an innovative and resilient work environment (Miranda et al., 2021; Suciu et al., 2023). A literature review is essential to determine if specific tools adequately address digital competencies and essential skills for Industry 5.0 in higher education, particularly for engineering students. Exploring additional tools for certifying digital competencies through a prior systematic mapping is necessary. The study aims to identify existing instruments and evaluate their ability to comprehensively address digital competencies and core competencies, preparing students for Industry 5.0.



2 Theoretical framework


2.1 Industry 5.0 and its relations with context

Industry 5.0 is the upcoming phase of industrial work that focuses on utilizing robots and AI to improve productivity and economic growth. This new industrial revolution does not necessarily indicate a technological leap from Industry 4.0 but rather a continuation incorporating existing technology within a broader framework to benefit people, the planet, and prosperity (Kemendi et al., 2022). In 2017, the idea of Industry 5.0 started taking shape. Academics focused on introducing the Fifth Industrial Revolution and their efforts were successful in 2021 when the European Commission formalized Industry 5.0 as a new industrial phase. The aim of Industry 5.0 is to integrate social and environmental considerations into technological innovation. This extends and complements the advancements in Industry 4.0 (Xu et al., 2021; Kemendi et al., 2022).

Hence, Industry 5.0 reintegrates humans into factory floors, collaborating with autonomous machines to increase production efficiency. The autonomous workforce interprets and responds to human intentions, ensuring safe and efficient interaction with robots (Leng et al., 2022). According to Xu et al. (2021) and Ivanov (2023), Industry 5.0 focuses on three fundamental pillars: human centrality, sustainability, and resilience.

Industry 5.0’s first pillar is human centrality. It represents a paradigm shift in how workers are perceived in the production sphere. Workers are no longer viewed as resources or expenses but as valuable assets whose needs should take priority in designing and executing production processes (Castagnoli et al., 2023). Design technology to adapt to human diversity and promote safe work environments. This enriches work life and protects fundamental rights such as autonomy, dignity, and privacy. Technology should enhance human well-being, not diminish it (Breque et al., 2021).

Sustainability entails reconfiguring production processes based on the principle of circularity (Breque et al., 2021). This means prioritizing the reuse, reallocation, and recycling of natural resources, minimizing waste, and reducing the environmental impact of industrial production. This approach promotes efficient resource use and aligns with ecological responsibility and intergenerational equity principles, ensuring a sustainable production model in the long term (Ghobakhloo et al., 2022; Ghobakhloo et al., 2023a).

Resilience has become a essential aspect in dealing with the growing unpredictability and intricacy of the global landscape. This concept emphasizes the capacity of industrial production to preserve its strength and continuity despite being challenged by interruptions and crises caused by natural disasters or geopolitical shifts (Leng et al., 2023). Promoting productive systems that can quickly adapt and respond to these adversities is not only a requirement for business survival but also a fundamental strategy to ensure economic and social stability on a global scale (Ivanov, 2023).

In summary, Industry 5.0’s pillars provide a framework for production that balances technological advancement, social justice, and environmental responsibility (Breque et al., 2021). Industry 5.0 is a model that aims to prioritize human values, encourage sustainable and productive practices, and develop resilience capabilities. It goes beyond being efficient and innovative and instead seeks to contribute to building a more equitable and resilient future (Ivanov, 2023; Breque et al., 2021).

As Industry 5.0 takes hold, there is a growing demand for professionals with expertise in innovation, collaboration, and sustainability, which are the core values of this new industrial era (Xu et al., 2021). Today’s labor market requires professionals to possess advanced technical knowledge, people skills, and a deep understanding of technology’s social and environmental implications. This includes critical thinking, creativity, collaboration, and communication (Gürdür Broo et al., 2022).



2.2 Core competencies of Industry 5.0

Based on Ungureanu (2020) insights, the shift toward Industry 5.0 represents a central advancement in understanding and implementing global economic policies. This transition underscores the importance of human skills as key drivers of sustainable and equitable economic growth. In this context, the 4Cs—critical thinking, creativity, communication, and collaboration—are vital competencies that must be cultivated and integrated into our economic and educational systems.

Critical thinking is an essential skill that enables individuals to navigate the complexities of global information. It allows one to thoroughly analyze the challenges and opportunities the modern economy presents (Ungureanu, 2020). Critical thinking is considered a fundamental competency for future engineers. This skill is vital for efficiently analyzing complex problems, evaluating innovative solutions, and making informed decisions in uncertain environments that are constantly changing (Gürdür Broo et al., 2022).

Creativity is recognized for its potential to generate non-material values and promote sustainable development, with a focus on human capital. In today’s world, innovative ideas are considered the most valuable currency, and creativity is the driving force behind developing new products, services, and business models. This not only contributes to economic success but also ensures the satisfaction of human capital (Ungureanu, 2020; Aslam et al., 2020; Sindhwani et al., 2022). Creativity is an essential skill in engineering that empowers engineers to devise innovative and sustainable solutions to emerging challenges. Thinking creatively and beyond traditional frameworks is fundamental in developing technologies and systems that effectively address social and environmental needs (Gürdür Broo et al., 2022).

Effective communication is an important aspect of global economic behavior and strategy development. Communicating ideas, information, and emotions is essential in today’s interconnected world (Ungureanu, 2020). Engineers must possess strong communicative competency to exchange ideas, present technical solutions, and collaborate with colleagues from different disciplines. Communicating effectively in different contexts is necessary for leading projects, managing teams, and fostering innovation (Gürdür Broo et al., 2022).

Collaboration is working together to utilize a wide range of resources efficiently. In the global economy, where businesses are interconnected, collaboration has become essential for creating healthy business ecosystems and promoting inclusive and robust economic growth (Ungureanu, 2020; Wolniak, 2023). Working effectively in multidisciplinary and transdisciplinary teams is critical for developing complex cyber-physical systems and implementing innovative solutions that require integrating knowledge and skills from various fields (Gürdür Broo et al., 2022).

The current job market demands that future workers possess digital skills to collaborate with robots and machines effectively. Industry 5.0 is expected to create new job opportunities in human-machine interaction and computational factors, with critical areas such as AI, robotics, machine programming, machine learning, maintenance, and training (Saniuk et al., 2022). This evolution necessitates a shift in labor competencies, emphasizing the importance of continuous education and training in digital skills as a cornerstone for advancing toward a more technologically integrated economy and society (Kemendi et al., 2022).



2.3 Digital competencies

Digital competencies refer to a combination of knowledge, skills, attitudes, and values required for interacting autonomously, collaboratively, and ethically in the digital world. This includes effective communication, content creation, and management and protection of personal information and data (van Laar et al., 2017). These digital skills are considered essential competencies for personal and professional growth (Coldwell-Neilson and Cooper, 2019; Kozlov et al., 2019). Acquiring these skills enables individuals to lead in a technologically evolving environment. It equips them with the necessary tools to significantly contribute to the development and innovation in their respective fields of expertise (Rosalina et al., 2021).

The term digital competency is a constantly evolving concept influenced by technological advancements, political goals, and the expectations of citizens living in a knowledge-based society (Ilomäki et al., 2016). The definition of digital competency has undergone significant changes since its initial introduction in 2006, and its latest update in 2018 now includes not only the effective use of digital technologies but also a critical and ethical approach toward them that can be applied in educational, work, and social participation contexts (Council of the European Union, 2018; Vuorikari et al., 2022). The term digital competency has been associated with other terms, such as 21st-century skills, digital literacy, digital skills, e-skills, information and communication technologies (ICT) skills, and ICT literacy (Gutiérrez-Santiuste et al., 2023).

For instance, UNESCO (2018) defines digital competency as the knowledge, skills, attitudes, and values required to act autonomously, collaboratively, and ethically in digital environments. It includes communicating, producing digital content, and managing data. Oberer and Erkollar (2023) consider it one of the eight key competencies for lifelong learning. Various studies have emphasized the significance of acquiring digital competencies in Industry 4.0 (Kozlov et al., 2019; Wang and Ha-Brookshire, 2018; Rosalina et al., 2021; Farias-Gaytan et al., 2022; Isnawati et al., 2021; Kipper et al., 2021; Benešová and Tupa, 2017) to Industry 5.0 (Xu et al., 2021; Leng et al., 2022; Kemendi et al., 2022; Pacher et al., 2023).

As digital competencies become increasingly important in Industry 5.0, it is necessary to evaluate them according to Gutiérrez-Santiuste et al. (2023). However, assessing these competencies is challenging due to their intricate nature (van Laar et al., 2017). The evaluation of digital competencies is necessary for the sustainable development of society, particularly for providing young people with the necessary digital skills (Fan and Wang, 2022).

In higher education, it is crucial to assess digital competencies to prepare university students for the constantly changing educational model and meet future workforce demands (Zhao et al., 2021). However, measuring digital competencies accurately is challenging for educational institutions (Tzafilkou et al., 2022), as limited valid and reliable tools are available to assess university students’ digital competencies in specific contexts. Thus, it is necessary to develop and test a questionnaire’s reliability and validity to measure digital competencies in a particular setting (Fan and Wang, 2022). To design effective educational strategies and prepare students and teachers for future challenges, it is essential to develop and validate instruments to assess digital competencies accurately (Fan and Wang, 2022; Tang et al., 2022; Tzafilkou et al., 2022).

It is imperative to ensure the accuracy of assessments of digital competencies by validating and making instruments reliable. This helps accurately reflect the digital competencies of the individuals being assessed. It also leads to more effective educational and formative interventions based on evidence (Montenegro-Rueda and Fernández-Batanero, 2023; Lázaro-Cantabrana et al., 2019). Measuring instruments’ reliability is an essential principle in their evaluation. It represents their ability to produce consistent and reproducible results over time, in different contexts, and under the observation of various evaluators (Souza et al., 2017).

Reliability is important to ensure the quality of data obtained in research. It encompasses coherence, stability, equivalence, and homogeneity of measurements. There are several ways to assess reliability, including test–retest reliability, parallel forms or equivalent form’s reliability, Intra-Rater Reliability, and Inter-Rater Reliability. The Cronbach’s alpha coefficient is a widely used technique to calculate the internal consistency of a measurement instrument composed of multiple items (Echevarría-Guanilo et al., 2018).

Validation of an instrument ensures that it accurately measures what it intends to measure. However, validity is not a fixed property of the instrument and must be determined based on a specific topic and defined population (Souza et al., 2017). There are diverse types of validity, such as content validity, criterion validity, construct validity, structural construct validity, and face validity. The types of statistical techniques commonly used for instrument validation and structural analysis include Confirmatory Factor Analysis (CFA) and Exploratory Factor Analysis (EFA) (Lee, 2021).

EFA is a technique to explore the relationships between observable variables with one or more latent variables. Four key issues are important in EFA: sample size, extraction method, rotation method, and factor retention criteria (Goretzko et al., 2021). CFA is a statistical method to test if hypothetical constructs explain observed variables. CFA is useful when the researcher has specific theoretical expectations about the patterns of relationships between variables (Hoyle, 2000).




3 Methodology

This article presents a Systematic Literature Review (SLR) that was conducted using five essential databases: ERIC, Google Scholar, ProQuest, Scopus, and Web of Science selected because of their broad interdisciplinary coverage, relevance in the educational field, access to academic and gray literature, and ability to provide a thorough and rigorous review of the design and validation of instruments for assessing digital competencies. This review aimed to identify and examine the existing literature that focused on the design and validation of contemporary instruments for assessing digital competencies, specifically in higher education. The research aimed to determine if any of the dimensions assessed by these instruments showed a relationship with the core competencies of Industry 5.0. This was done to understand how assessment approaches align with the current and emerging demands of the educational sector in preparation for the advanced digital era’s challenges. Additionally, the review sought to recognize the reliability and validity of instruments used in recent research that covered the last ten years.

A systematic mapping of existing literature was developed to identify and analyze international research trends in designing and validating instruments, questionnaires, tools, and scales to assess digital competencies. The methodological scheme used was Petersen et al. (2015) and Petersen et al. (2008). A total of 112 documents were obtained in this search, out of which 46 documents were focused on higher education. This highlights that higher education is a significant area of analysis. Therefore, it is vital to delve deeper into the instruments designed specifically to validate digital competencies in higher education.

This SLR was conducted according to the methodological guidelines proposed by Kitchenham (2004) and Kitchenham and Charters (2007). The study aimed to provide an exhaustive analysis of studies on the design and validation of modern instruments for assessing digital competencies in higher education. This methodology has been previously used in academic works and has proven to be effective and relevant for research in the field of higher education (Peláez-Sánchez et al., 2023; Hassan, 2023; George-Reyes et al., 2023).

The study was conducted through three primary phases. The first phase was the planning phase, where the purpose and scope of the study are defined. Additionally, research questions were established, search strategies are determined, and inclusion, exclusion, and quality criteria are set. The second phase was implementation, which involves searching and selecting relevant database documents based on the previously established criteria. The selected documents were included in the SLR. Finally, the results reporting phase synthesized and discussed the research findings, culminating with the study’s conclusions (see Figure 1).

[image: Flowchart depicting a process divided into three phases. Phase 1: Review Planning, including objectives, research questions, search strategies, and criteria. Phase 2: Implementation, covering identification, curation, eligibility, and inclusion. Phase 3: Report of the results, featuring SLR elaboration, results, discussion, and conclusion. Arrows connect the phases sequentially.]

FIGURE 1
 Phases of the SLR.



3.1 Phase 1: planning the SLR

The first phase involved establishing (a) the objective and scope of the research, (b) the research questions, search strategies, and inclusion, exclusion, and quality criteria. This planning phase was set through the methodological proposal of Kitchenham (2004) and Kitchenham and Charters (2007).

After establishing the planning foundations in Table 1, each identified component is further explored to expand the reasons for this SLR. These subsequent sections break down and expand the essential elements of planning, such as the precise definition of the research scope, the study’s research questions, the established search strategies, and the importance of setting inclusion, exclusion, and quality criteria at this phase of the study to guide a systematic study according to the methodological foundations of Kitchenham (2004) and Kitchenham and Charters (2007).



TABLE 1 Research questions.
[image: Table listing research questions related to digital competencies in higher education between 2013 and 2023. It includes questions about the number of studies, countries involved, universities conducting studies, populations studied, instruments used, reliability types, validity types, and the inclusion of Industry 5.0 competencies.]


3.1.1 Objective and scope of the SLR

The objective and scope of this study were established based on a prior systematic mapping of the literature, which identified and analyzed international trends in the design and validation of instruments for assessing digital competencies, following the methodological framework recommended by Petersen et al. (2015) and Petersen et al. (2008). This systematic mapping revealed the existence of 112 documents, of which 46 were specifically developed in the context of higher education, thus highlighting the constant attention to this area. These preliminary findings underscored the importance of delving deeper into the identification and analysis of instruments designed to validate digital competencies in higher education.

With this foundation, the study’s objective focuses on conducting a thorough and detailed analysis of the existing literature on the design and validation of modern instruments for assessing digital competencies in higher education. This approach seeks not only to understand how these instruments align with the current and future demands of the educational sector in preparation for the challenges of the advanced digital era but also to examine the connection of these tools with the key competencies of Industry 5.0. Furthermore, the study aims to verify the reliability and validity of the instruments used in the most recent research, covering an analysis period of the last ten years.



3.1.2 Research questions

The design of the research questions has been oriented to exhaustively explore the field of assessing digital competencies in higher education, particularly from 2013 to 2023. The questions RQ1, RQ2, RQ3, and RQ4 were defined to quantify the corpus of studies published in this period, discern the accessibility of these works by dividing them between open access and restricted access, and map out the geographic and institutional landscape of where and by whom this research has been carried out. It also sought to identify the target populations of these studies to understand to whom the digital competencies assessments are directed. On the other hand, RQ5 aimed to assess the extent to which the assessment instruments incorporate essential soft skills for Industry 5.0, such as creativity and leadership. RQ6 and RQ7 sought to identify the types of reliability and validity reported in the studies, as well as the fundamental aspects to ensure the effectiveness of the assessment instruments. Finally, question RQ8 sought to identify the relationship between the assessment of digital competencies and the key competencies of Industry 5.0 (see Table 1).



3.1.3 Search strategies

The search strategies considered: (a) databases, (b) search strings and keywords, (c) period, (d) type of document, (e) languages, (f) fields of study, and (g) type of access. Specifically, it was decided to initiate this review of existing literature through five databases: ERIC, Google Scholar, ProQuest, Scopus, and Web of Science. The goal was to gain an up-to-date understanding of the design and validation of instruments focused on assessing digital competencies in higher education. These databases were selected due to their broad recognition and usage within the academic community, ensuring access to reliable, high-quality sources. Additionally, searching these databases provides access to studies and research conducted in various countries, offering a global perspective.

The period from 2013 to 2023 was defined to capture a complete and current view of recent developments and progress in designing and validating instruments for assessing digital competencies in higher education. This decision covers a decade of research, ensuring that the most recent advancements and those works that have laid the groundwork for current studies are included. This temporal approach is essential to understanding the evolution of digital competencies in higher education and how assessment tools have adapted or need to adapt to meet the changing demands of the educational and technological landscape. In light of the fast-paced technological advancements, it is essential to take a temporal perspective when examining the progression of digital competencies in higher education. This is critical to determining the continued relevance and applicability of the instruments developed in this period, given the ever-changing demands of the educational and technological landscape, particularly in the context of Industry 5.0.

On the other hand, the choice of English and Spanish as languages for the search strategy was determined by the intention to capture a broad and diverse spectrum of research in the design and validation of instruments for assessing digital competencies in higher education. English is the predominant language in global academic literature, facilitating access to a significant volume of internationally impactful research (Liu and Hu, 2021; Meyerhöffer and Dreesmann, 2021; Kuzma, 2022). Additionally, Spanish is the second most spoken language globally and features a growing body of academic work, particularly in Spanish-speaking countries (Blaj-Ward, 2012). Including these two languages aims to maximize the covered and cultural diversity of the reviewed research, ensuring the integration of global and regional perspectives. However, it is acknowledged that excluding other languages may limit the scope of the study. Consequently, future research will explore incorporating analyses in additional languages.

Regarding the type of access, both open-access and restricted sources were included to encompass the widest possible range of relevant literature. Considering both types of access, the review was not limited to those works available at no cost but also considered potentially relevant research published on subscription platforms or journals. This mixed approach ensures that an exhaustive evaluation of the state of the art on the subject is conducted, including pioneering or highly impactful works that might not be available in open access.

Finally, the selection of the fields of study in education and engineering was made specifically due to the central objective of the study, which focuses on conducting a thorough and meticulous analysis of the existing literature related to the design and validation of modern instruments for assessing digital competencies in higher education (see Table 2).



TABLE 2 Search strategies.
[image: A table displays search strategies and descriptions for a study on digital competency assessment tools. It lists databases like ERIC and Google Scholar and search terms related to digital literacy and competencies in English and Spanish. The table includes information on the study's period (2013-2023), document type, languages, fields of study, access type, and inclusion and exclusion criteria. The quality criteria focuses on assessing digital competencies in higher education.]



3.1.4 Inclusion, exclusion, and quality criteria

To ensure an accurate and rigorous systematic review of digital competencies in higher education, our team established inclusion, exclusion, and quality criteria. We meticulously selected relevant research from esteemed databases, spanning from 2013 to 2023, and including both theoretical and applied studies in English and Spanish. We excluded works outside the scope of higher education, duplicates, as well as publications not focused on the specified period or in languages other than English and Spanish. Our chosen studies had to demonstrate significant contributions to the field, exhibit methodological coherence, and provide evidence of practical applicability in higher educational environments. Our meticulous approach ensured a rigorous analysis of trends in assessing digital competencies, thus enabling a deeper comprehension and enhancement of educational practices in the digital era (see Table 2).




3.2 Phase 2: implementation

As part of implementing the SLR, we followed the study selection and quality assessment procedure established in the planning phase. This process is an adaptation of the three stages outlined in the guidelines of Moher et al. (2015), which includes a PRISMA flow to show (a) identification of relevant studies, (b) data curation through predetermined filters, (c) eligibility of studies, and (d) the final documents included for analysis.

During the research process, a systematic selection of primary studies was conducted to identify documents focused on designing and validating tools for assessing digital competencies. This selection was conducted using databases such as ERIC, Google Scholar, ProQuest, Scopus, and Web of Science, resulting in 9563 documents. In the subsequent data curation stage, inclusion and exclusion criteria were applied to filter out irrelevant documents based on study topic, document type, discipline, language, type of access, period, thematic relevance, and duplication. After applying these filters, only 4,634 documents were included in the analysis.

Further analysis was conducted to determine the relevance of these documents to the research topic, leading to the inclusion of only 914 documents. A comprehensive review of these 914 documents was conducted to identify those specifically related to the design and validation of instruments for assessing digital competencies, resulting in 112 documents. Finally, to ensure the quality of the selected documents, a final filter was applied to identify those focused on higher education and with a detailed description of the items or instruments used to assess digital competencies. This rigorous selection process resulted in identifying and selecting 46 documents that met all the established criteria (see Figure 2).

[image: Flowchart diagram illustrating a systematic review process. It begins with the identification phase, showing search results from databases: ERIC (85), Google Scholar (3663), ProQuest (5446 and 120), Scopus (167), and WoS (202), totaling 9563. The curation phase involves screening 4634 records, excluding 4929. 914 records relate to the main topic, excluding 3720. Of those, 112 meet quality criteria, excluding 802. Eligibility involves 46 full-text papers assessed, excluding 66. Finally, 46 papers are included in the review.]

FIGURE 2
 PRISMA flowchart based on Moher et al. (2015).


A database was created using Microsoft Excel, containing information from various documents organized alphabetically by fields such as the database, author(s), document title, year, type of document, journal, or publisher, DOI, abstract, keywords, language, and type of access. The bibliographic database can be reviewed using the following link: https://bit.ly/databaseDL.

The documents’ analysis began to answer the research questions determined in the planning phase, as shown in Table 1. The results for questions RQ1, RQ2, RQ4, RQ6, RQ7, and RQ8 were visualized in the report using Tableau. The answers to questions RQ3 and RQ5 were placed in a table, considering the importance of the information and the rapid visualization of the analysis.




4 Results

The results section clearly and directly exposes the discoveries obtained from the SLR, organizing the report around the eight research questions posed. The structure of the report comprises (1) an introduction, (2) the methodology (Phase 1: Preparation of the review and Phase 2: Execution), (3) the results (Phase 3: Presentation of the findings), and (4) the discussion and conclusions.


4.1 Between 2013 and 2023, how many studies on assessing digital competencies in higher education were published, and what type of access characterizes these studies?

Through the literature analysis, 46 studies were identified that assessed digital competencies in higher education with available instruments from 2016 to 2023. It is recognized that no studies related to the topic in higher education with available instruments from 2013 to 2015 were found in the seven databases of the study. However, the analysis also shows an increase in the overall publication trend, with 46 studies in the 8-year period. Likewise, the year with the highest number of published studies is 2022, with a total of 13, and the year with the fewest studies was 2018, with only 1 study. Notably, the 40 open-access study publications suggest a growing trend toward greater accessibility of research in digital competencies in higher education (see Figure 3).

[image: Heatmap displays the number of studies on assessing digital competencies in higher education from 2016 to 2023. "Open Access" shows more studies, peaking at twelve in 2022. "Limited" access studies remain fewer, with a peak of two in 2019. Total counts increase over time, reaching forty-six.]

FIGURE 3
 Temporal evolution of the publication of studies on digital competencies in higher education, classified by type of access.




4.2 In which countries have the studies on this topic been conducted?

According to the 46 studies analyzed, a total of 58 countries were counted, not including the study developed in Europe, counted as a region [9], as six studies were identified that involved the participation of various universities in several countries within the studies [2, 21, 25, 26, 30, 38]. On the other hand, there is considerable research activity, with Spain leading the number of studies (n = 16). Additionally, research in Austria (n = 1), Greece (n = 2), Poland (n = 1), Switzerland (n = 1), and Germany (n = 1) on a generalized study across various European countries [9] was recorded. This reflects an active interest in the region in digital competencies in higher education. However, it was identified that the countries in second, third, and fourth positions are located in Latin America, with Peru (n = 7), Mexico (n = 6), and Colombia (n = 5). Furthermore, studies in Ecuador (n = 3), Chile (n = 2), Venezuela (n = 1), Argentina (n = 1), and Cuba (n = 1) also contribute to the research body, underscoring the relevance of the topic in Latin America. Regarding Asia, studies were identified in China (n = 2), Israel (n = 2), Thailand (n = 1), Indonesia (n = 1), Kazakhstan (n = 1), and Russia (n = 1). There were no studies found in English-speaking countries that addressed the topic of higher education, indicating a significant research gap in this area. Additionally, no studies with instruments related to the topic in higher education were identified in Africa (see Figure 4).

[image: World map with countries shaded in varying shades of blue. Dark blue highlights Spain, indicating significant emphasis. Lighter blue indicates Mexico, several South American countries, parts of Europe including France and Germany, and parts of Asia such as China and Russia. Other countries are shaded in gray.]

FIGURE 4
 Geographic distribution of studies on digital competencies in higher education.




4.3 Which universities have conducted studies related to the topic?

Through the review of the 46 studies, a wide dispersion of studies among different institutions is identified, with a total of 72 institutions involved in conducting the studies. Most universities have contributed a single study, evidenced by 68 universities with a single publication. Among the institutions that have conducted more than one study, the Andalusian universities stand out with four cited research (numbers 8, 10, 20, 28), which may reflect a particular regional focus or a group of researchers active in this area in the Andalusia region. Additionally, the participation of Western Galilee College, the University of Macedonia, and the University of Seville, each contributing two studies, may indicate a sustained interest or specialization in the topic within these universities. It is noted that a study emphasizing research in various universities in Spain [12] was located. On the other hand, 15 studies [4, 11, 21, 23, 25, 26, 27, 30, 31, 33, 35, 37, 38, 41, and 42] developed their research in two or more universities. This may externalize a trend toward collaborative and transdisciplinary approaches in digital competency research. Collaboration between different institutions also reflects strategies to enhance the quality of research by including diverse educational and cultural contexts (see Table 3).



TABLE 3 Main institutions conducted studies on digital competencies in higher education.
[image: A table displaying universities ranked by position, with the number of studies and corresponding list positions. Andalusian universities rank first with 4 studies [8, 10, 20, 28]. Western Galilee College is second with 2 studies [27, 32]. University of Macedonia is third with 2 studies [43, 45], and University of Seville is fourth with 2 studies [7, 9].]



4.4 What populations have been studied in digital competency research?

The identification of the population that participated in the studies was established through the literature review. It was identified that university students represent half (52.17%, n = 24) of the studied population, indicating that they are the most researched group. The second most significant group participating in the studies were teachers (39.13%, n = 18), suggesting they are also a significant research focus. One study that established both population groups (2.17%, n = 1) may indicate an interest in exploring digital competencies in an interdisciplinary context. On the other hand, it was identified that graduate students (4.35%, n = 2) are less represented in the studies, which could reflect a lower frequency of research focused on these subpopulations within higher education institutions. This distribution indicates that most research focuses on undergraduate students and teachers, due to the direct relevance of digital competencies for these groups in the educational context (see Figure 5).

[image: Bubble chart showing distribution of a university population. University students constitute 52.17% (n=24), professors 39.13% (n=18), graduate students 4.35% (n=2), and both university students and professors, and faculty members each 2.17% (n=1).]

FIGURE 5
 Population distribution in studies of digital competencies in higher education.




4.5 Which instruments were used in the studies? What are the instrument’s dimensions and item count? Was it designed for the study’s context, adapted, or validated?

An analysis of the instruments from each study was conducted to answer the study question, and the dimensions and items of each instrument used in the 46 studies were validated. The Table 4 identifies whether the instruments were designed for the specific study, validated, or adapted. According to the review of each document, it was identified that most of the instruments (n = 27) underwent a design and validation process. This implies that they were created from scratch to meet specific requirements and underwent a rigorous validation process to ensure they effectively and accurately measure the competencies and skills intended to be assessed. From this, a preference for creating customized instruments that fit higher education’s specific needs and contexts can be recognized. Thirteen instruments were adaptations of existing assessment tools, modified and validated for new contexts of use. Only six of the 46 studies reported that they subjected pre-existing instruments to validation in a particular context of higher education. It is important to note that the most used instrument was the DigcompEdu Check-in in seven studies [7, 8, 9, 10, 16, 28, 29]. Thirteen studies developed an unnamed instrument [6, 13, 15, 17, 20, 21, 23, 27, 31, 33, 37, 39, 40] (see Table 4).



TABLE 4 Instruments of the studies related to digital competencies in higher education.
[image: A detailed table listing various emotional intelligence instruments, their dimensions, sample items, year of publication, and method of development. The table organizes information into categories including instrument number, name, dimensions, item examples, and validation processes, indicating whether the development involved design and validation or adaptation and validation.]

Most assessment instruments have six dimensions (n = 12), with instruments having three dimensions also widely used (n = 10). Assessment tools with five or four dimensions are also prevalent, indicating a balance between breadth and specificity. There are fewer instruments with seven dimensions (n = 3) and only one each with eight (n = 1) and 10 dimensions (n = 1). Instruments with one or two dimensions are rare (n = 1 each), indicating less preference for assessment approaches focused on specific competencies. It was found that most assessment instruments used in higher education contain 22 items (n = 6). The next most common lengths were 20 items (n = 3) and 14 items (n = 3). There were some instruments with between 16 and 18 items (n = 6). Only one instrument had an extremely high number of items, with 181 items (n = 1). In contrast, one instrument had only nine items and another 11 items. This analysis shows a wide variation in the length of assessment instruments used in higher education (see Table 4).



4.6 What types of reliability have been reported in studies on assessing digital competencies in higher education from 2013 to 2023?

Three types of reliability were considered to identify the instruments’ reliability types: (a) internal consistency, (b) split-half reliability, and (c) test–retest. It was found that most of the studies established the reliability of the instruments through internal consistency, primarily using Cronbach’s Alpha coefficient (n = 29). Additionally, studies were identified that considered reliability through two internal consistency tests, Cronbach’s Alpha, and McDonald’s Omega (n = 4). Two other studies established internal consistency through McDonald’s Omega. The coefficients of Cronbach’s Alpha and McDonald’s Omega are in the study database, where it is recognized that all the instruments that employed this type of reliability show acceptable to good reliability. One study [1] established reliability through the test–retest method. Lastly, one study established internal consistency through the Rasch Model [22]. Using this model in the study allowed for the calibration of a measurement model that establishes the correlation between an individual’s ability and the item’s difficulty level using a logit scale (logarithmic unit of probability). The study established that the Rasch Model was used to enhance the reliability of the results (Hidayat et al., 2023). It is important to mention that no studies using Split-half reliability were reported among the 46 studies analyzed. Additionally, 10 studies that used some instrument related to digital competencies in higher education did not report using any reliability test [3, 9, 15, 18, 23, 24, 34, 38, 39, 43] (see Figure 6).

[image: Bar chart showing types of reliability reported in studies. Cronbach's Alpha appears in twenty-nine studies, Cronbach's Alpha & McDonald's Omega in four, McDonald's Omega in two, Rasch model and Test-retest in one each.]

FIGURE 6
 Types of reliability reported in the studies.




4.7 What types of validity have been reported in studies on assessing digital competencies in higher education from 2013 to 2023?

To identify the types of validity reported by the studies, four types of validity were considered: (a) Content validity, (b) Construct validity, (c) Criterion validity, and (d) Face validity. Regarding construct validity, two types of analysis were identified: CFA and EFA. Studies that reported both types of construct validity were 15, while only CFA was reported in 12 studies, and eight reported using only EFA to establish construct validity. It is important to recognize that content validity validated by experts is predominant in the analyzed research, with 32 studies reporting its use. This finding suggests meticulous attention to ensuring that the measurement instruments adequately reflect the conceptual realm of digital competencies with a qualitative review by experts in the field. Lastly, the study by Hidayat et al. (2023) established that the Rasch model was used for data cleaning and validation and reliability and validity tests of the instrument. It is important to highlight that studies did not report validity through Face validity. Only Criterion validity was reported in three studies [21, 29, 34]. It is important to recognize that all studies reported at least some type of validity of the instruments, content validity and construct validity (see Figure 7).

[image: Bar chart showing types of validity reported. Content validity-expert validity leads with 32, followed by construct validity-CFA & EFA with 15, construct validity-CFA with 12, construct validity-EFA with 8, and construct validity-Rasch model with 1.]

FIGURE 7
 Types of validity reported in the studies.




4.8 Do higher education digital competency instruments include Industry 5.0 core competencies?

To determine which tools are associated with key competencies of Industry 5.0, such as creativity, communication, teamwork, and leadership, an analysis of the dimensions and items of the instruments was conducted. It is important to note that for this analysis, the instruments prioritized provided full access to their dimensions and items from the initial selection phase, allowing for an exhaustive qualitative analysis of each key competency. This methodological strategy was essential to ensure that each evaluated instrument offered a detailed and deep view of how creativity, communication, teamwork, and leadership competencies are conceptualized and operationalized. Through a thorough analysis of these dimensions, it was possible to discern the presence of these competencies in instruments that assess digital competencies, which is critical for evaluating their alignment with the requirements of Industry 5.0. Each of the studies selected within the database reflects this rigor, allowing for visualization of how these key competencies manifest in real educational contexts and providing a solid foundation for future academic and curricular interventions.

Communication emerged as the most represented skill across the instruments’ dimensions and items (n = 36), underscoring its crucial role in the digital landscape of Industry 5.0. Nonetheless, 10 tests were identified that did not relate to this Industry 5.0 competency. For instance, Tang et al. (2022) assessed digital competencies for online teaching, focusing on specific technical and pedagogical aspects rather than directly on communication skills. Similarly, Gallardo-Echenique (2013) validated an instrument for digital teacher competency that concentrated on general professional and pedagogical skills. Another example is the instrument adapted by Betancur-Chicué et al. (2023), which focused more on digital content and learning assessment than on direct communication, potentially explaining the lack of an explicit link to communication competency.

Critical thinking was the second competency linked with the instruments’ dimensions (n = 34), with only 12 instruments featuring dimensions unrelated to this competency. A notable example is the validation by Riquelme-Plaza et al. (2022), which incorporated a high level of critical thinking by requiring teachers to develop and implement innovative and effective solutions in digital educational contexts, with dimensions such as “Digital Content Creation” and “Problem-Solving.” Similarly, the instrument validated by Bernate et al. (2021) targeted digital competencies of university students, with a dimension focusing on “Critical Thinking, Problem Solving, and Decision Making,” underscoring the significance of critical thinking within digital competencies and its central role in the effective and ethical manipulation of technology. Moreover, Monsalve et al. (2021) study on digital competencies in virtual and distance learning programs included “Critical Thinking, Problem Solving, and Decision Making” as a dimension, highlighting the fundamental importance of critical thinking in navigating and managing digital environments effectively.

Furthermore, 23 instruments related to collaboration competency were identified, with an equal number of lacking dimensions linked to collaboration. A connection between communication and collaboration among the dimensions of the instruments addressing this Industry 5.0 competency was also noted. For example, von Kotzebue et al. (2021) evaluated communication and collaboration within the same dimension, emphasizing the importance of promoting collaborative practices and effective communication in science education environments. Tzafilkou et al. (2022) established a dimension encompassing communication, collaboration, and information sharing, essential competencies for teamwork and group projects in educational settings, facilitating student interaction and information exchange. Additionally, Cabero-Almenara and Palacios-Rodríguez (2020) validated the DigCompEdu Check-In questionnaire, establishing the linkage of communication and collaboration as skills for efficiently interacting and collaborating in digital environments, preparing teachers in training to utilize these competencies in their teaching practice, thereby enhancing group work dynamics and interaction with students.

A limited number of tools (n = 15) were observed to incorporate dimensions or items related to creativity, which is acknowledged as the least emphasized core competency in the context of digital skills for higher education. One of the instruments considering the relevance of creativity in the “Digital Content Creation” dimension was Casildo-Bedón et al. (2023), as creating digital content is a fundamental skill enabling students to explore and express their creativity, designing solutions and content that reflect their unique understanding and vision. Similarly, (Hidayat et al., 2023) analyzed teachers’ digital competencies in Indonesia, and one of the dimensions reviewed was the ability to create innovative digital content, which is critical for developing creative skills. This dimension assesses how future teachers design and create digital resources essential for creative teaching and active learning. Another similar example was the validation of an instrument based on the INTEF framework (2017), which considers the dimension of creating digital content to develop original and relevant digital content, a central skill for creative teaching and the generation of innovative educational materials (Chávez-Melo et al., 2022). These three studies consider the relationship of creativity among the digital competencies of teachers (Casildo-Bedón et al., 2023; Chávez-Melo et al., 2022; Hidayat et al., 2023). The results of the analysis of the 46 instruments can be visualized in Figure 8.

[image: Bar chart titled "4Cs of Industry 5.0" showing related and unrelated dimensions for collaboration, communication, creativity, and critical thinking. Communication's related dimension leads at 36, while creativity's unrelated is 31. Collaboration is balanced with two bars at 23, and critical thinking shows 34 for related and 12 for unrelated. Blue bars represent related, orange bars represent unrelated.]

FIGURE 8
 Exploring the relationship between Industry 5.0’s core competencies and digital competency instruments.





5 Discussion

The study’s findings reveal that the dimensions of the instruments measuring digital competencies in higher education across the 46 analyzed studies show a direct relationship with communication and critical thinking competencies. Specifically, the results demonstrate an interconnection of digital competencies with communication in various fundamental aspects. For instance, Durán Cuartero et al. (2016a) designed an instrument to certify ICT competencies among university faculty, including effective communication and collaboration with students and peers among its dimensions. On the other hand, González-Calatayud et al. (2022) developed a tool based on the EmDigital model to assess how university students utilize their digital competencies in entrepreneurship and collaboration initiatives, emphasizing the importance of clear communication and teamwork in the digital entrepreneurship domain. From this scenario, it is evident, as noted by Ungureanu (2020) and Wolniak (2023), that effective communication is essential as it acts as the link facilitating effective collaboration and idea exchange, fundamental elements for progress in academic and professional environments. This connection becomes even more relevant in a fully digitalized world, where the ability to adapt and function within digital communication networks is fundamental for personal and professional success.

Furthermore, the results reveal a clear trend toward integrating critical thinking into the dimensions assessed by various digital competency instruments, underscoring its significance in higher education. For example, Bernate et al. (2021) highlight how critical thinking, problem-solving, and decision-making is essential for managing digital information. This approach fosters technical competency and promotes a reflective and analytical attitude toward information and technology, encouraging responsible and conscious use. This is particularly important given the significance of critical thinking in Industry 5.0, as it is fundamental for navigating the complexity of global information, enabling individuals to analyze deeply and reflectively the challenges and opportunities presented by the modern economy (Ungureanu, 2020). Therefore, integrating critical thinking in digital education prepares students to face technological challenges and equips them with transferable skills crucial for success in the information and knowledge society. This perspective is supported by the growing labor market demand for skills that encompass both technical competency and critical and analytical capabilities, making critical thinking a central pillar of modern education at all levels (Gürdür Broo et al., 2022).

Through the analysis of the dimensions of the instruments, the interrelation between communication and collaboration in several of the analyzed instruments is evident, where these skills are recognized as fundamental for collective work and learning in digital environments. For instance, von Kotzebue et al. (2021) emphasize the need to promote collaborative practices and effective communication, particularly in the educational context of the sciences, where the ability to work together and communicate findings is vital. Similarly, Tzafilkou et al. (2022) recognize the importance of information sharing, communication, and collaboration as essential skills for successful group projects in education. These examples illustrate the perception that collaboration is not merely an additional skill but an essential component of digital competency that drives educational effectiveness and preparedness for the modern labor market, where the ability to work in teams and communicate effectively is more critical than ever. According to Gürdür Broo et al. (2022), communicative competency is a key element for engineers, enabling the effective exchange of ideas, clear presentation of technical solutions, and effective collaboration with colleagues from various disciplines. This integration of competencies reflects the growing demand for interdisciplinary skills and effective collaboration, underscoring the importance of educating future professionals in a context that values both technical competency and social and communicative skills.

The lack of creativity in the evaluated tools is a significant challenge and opportunity in higher education’s digital competencies. This analysis suggests an urgent need to expand the assessment of digital skills to include and enhance creative thinking, which is essential not only for responding to current technical demands but also for cultivating the innovative capacities necessary in a global and technologically advanced environment, as mentioned by Ungureanu (2020) and Aslam et al. (2020) in a world where innovative ideas are critically valuable, creativity is indispensable for developing new and effective solutions. This capability enriches the technology sector and drives efficiency and sustainability. This need to focus assessment on broader and transversal competencies aligns with the current demands of a constantly evolving work environment, where creativity is fundamental for the development of new technologies and sustainable solutions, as noted by Gürdür Broo et al. (2022). As we move toward a more interconnected and technologically dependent society, assessment instruments must reflect and promote a broader spectrum of digital skills, including those that drive innovation and adaptability.

In this sense, the studies highlight the importance of developing valid assessment tools encompassing a broader spectrum of competencies, including creativity and collaboration. This need aligns with the transition toward Industry 5.0, marking an evolution in the demand for labor competencies, where human skills emerge as essential elements to foster sustainable and equitable economic development (Breque et al., 2021; Ivanov, 2023). Therefore, it is necessary both to develop and to monitor the four key competencies of Industry 5.0: creativity, communication, collaboration, and critical thinking, both in the workforce and in higher education and engineering (Gürdür Broo et al., 2022). Assessment tools must link digital competencies with the competencies relevant to Industry 5.0, ensuring that graduates are competent in the use of advanced technologies and possess the interpersonal and creative skills necessary to lead in an evolving work environment.

Given the growing importance of core competencies alongside digital competencies for Industry 5.0, assessment instruments must be able to measure these complex constructs reliably. The analysis showed that 10 studies implementing assessment instruments for digital competencies in higher education did not report using any reliability test. Likewise, these instruments were evaluated through Cronbach’s Alpha and McDonald’s Omega, and only one study reported reliability through the test–retest method, with no instrument evaluated using Split-half reliability. From this context, the lack of reliability can lead to underestimating or overestimating these skills, affecting students’ preparedness for the job market challenges. It is crucial that future studies that design, adapt, or validate instruments for assessing digital competencies consider that each type of reliability addresses different aspects of reliability, from the internal consistency of an instrument to its temporal stability and the equivalence between various forms of measurement (Echeverría Samanes and Martínez Clares, 2018). The absence of reliability assessment limits the validity of the obtained results and affects educators’ ability to design appropriate educational interventions supported by reliable data. Moreover, although widely accepted, the predominance of Cronbach’s alpha as a method of assessing reliability may not be sufficient to fully capture the complexity and multidimensionality of digital competencies and soft skills. It is also important to consider that including these approaches in the reliability assessment not only enriches the interpretation of the data but also strengthens the validity of the instruments used, allowing for more precise and well-founded interventions in educational and professional settings. This approach is especially relevant in the context of digital competencies, where the speed of technological changes and the diversity of practical applications demand instruments that are not only current but also adaptive and sensitive to contextual variations (Xu et al., 2021; Gürdür Broo et al., 2022).

On the other hand, the review of the instruments used in 46 studies reveals a meticulous focus on validation, where each demonstrated having at least one type of validity. Notably, 32 instruments underwent a content validity process with expert intervention, emphasizing the importance of ensuring that the items faithfully reflect the specific domain intended to be measured. Furthermore, construct validity, assessed through CFA and EFA, was applied in 35 instruments, representing 76.08% of the total examined. Incorporating advanced statistical techniques, this approach facilitates a rigorous exploration of how items cluster into dimensions and how these reflect the specific competencies in question (Lee, 2021). However, carefully considering the context in which these instruments are applied is important to determine their validity and applicability, highlighting the need for an adaptive and contextualized approach in validating assessment tools (Goretzko et al., 2021). This emphasis on robust and contextualized validation of assessment instruments underscores a rigorous approach to measuring digital competencies and soft skills, which is essential for preparing students within the framework of Industry 5.0. The ability to reliably assess these competencies is crucial, as it paves the way for developing educational strategies that effectively respond to the changing demands of the work environment. Thus, this study significantly contributes to educational assessment, providing a solid foundation for future research and practical applications in higher education.

The findings of this SLR unequivocally underscore the imperative to persistently explore and refine the development of assessment instruments that comprehensively address both digital competencies and soft skills. The intricate interplay between these competencies and the evolving demands of the contemporary labor market highlights the essentiality of assessments that extend beyond mere technical proficiencies to encompass essential abilities such as creativity, communication, and collaboration, pivotal in the context of Industry 5.0 (Goretzko et al., 2021). This study not only accentuates the need for innovative approaches in measuring these competencies but also reinforces the indispensable role of higher education in cultivating professionals capable of leading and adapting within a global environment dominated by information and the knowledge economy. Additionally, this research could serve as a blueprint for guiding the design of future scholarly inquiries that integrate and assess both foundational and digital competencies within higher education frameworks, ensuring that students are adequately equipped to confront the challenges of a dynamically transforming workplace. This investigation lays the groundwork for subsequent initiatives to refine competency assessment methodologies, fostering a more holistic and pertinent educational paradigm.



6 Conclusion

The study aimed to explore the connection between Industry 5.0 core competencies and digital competency assessment instruments in higher education. The results highlight the need for valid assessment tools that cover a broad range of competencies, such as creativity, communication, and collaboration. These tools should include digital competencies and core competencies of Industry 5.0 to align higher education with the vision of a sustainable and human-centered future. It is essential to involve students and educators in developing digital competencies and soft skills. Future research should also focus on creating instruments that effectively measure technical and soft skills in dynamic work environments.

The study provides a significant and relevant analysis of the tools used to assess digital competencies. However, it should be noted that the study has limitations related to its design, methodology, and scope. One limitation is the selection of languages, as it only focused on documents in English and Spanish. This limited approach prevented the inclusion of relevant research published in other languages, which could have provided different perspectives on digital competencies in higher education. Considering this limitation when interpreting the results and planning future research is important. Future research aiming for a more global scope should include studies in various languages. Additionally, the study only focuses on higher education. Therefore, the findings and conclusions cannot be generalized to other educational levels, such as primary, secondary, or technical and vocational education. This limitation restricts exploring how digital competencies are developed at these other educational levels and in the labor market. This focus needs to include the possibility of exploring how digital competencies are developed and assessed throughout the entire educational and career trajectory. Understanding this evolution from early stages could be crucial for designing effective educational interventions that prepare students to face digital challenges at more advanced levels of education and in the job market.

On the other hand, instruments validated and evaluated in the context of higher education may not be directly applicable or relevant for students at lower educational levels, such as upper secondary or basic education. This underscores the importance of adapting and validating instruments for different student populations, considering age, cognitive development level, and prior digital competencies. In summary, while the study provides valuable information on the assessment of digital competencies in higher education, its limitation in terms of educational level highlights the need for additional research that addresses the assessment and development of these competencies across a broader educational spectrum with the depth of a SLR.
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Introduction: Work study aims to comprehend the potential of human work by assessing the duration of tasks and identifying methods for reducing them to enhance productivity and efficiency. On the other hand, methods engineering analyzes job processes to determine the most efficient and cost-effective techniques, resulting in improved operations. These areas are essential in the field of industrial engineering. Traditionally, they are taught using printed manuals and classroom-based instruction. Nevertheless, these conventional strategies frequently encounter difficulties engaging students and generating solid comprehension of the topics.
Methods: This study involved the development of a digital platform to improve methods engineering education. The platform adapts the curriculum of the methods engineering course offered at Universidad Panamericana. Each laboratory's practice includes detailed instructions and tasks for students to complete. Upon finishing, students submit their reports, which the professor then assesses. If the report meets the required standards, it is approved; otherwise, students must repeat the activities. An experience system serves as a tracker for course completion and keeps track of the student's progress.
Results: An experimental group of 26 students who responded to Doll and Torkzadeh's end-user computer satisfaction survey tested the platform. Participants responded positively, particularly regarding the platform's accuracy (73.08% high satisfaction), ease of use (majority rated 5 for user-friendliness), and timeliness (majority satisfied with up-to-date information). However, the format dimension received mixed ratings, indicating areas for improvement. Additionally, participants appreciated the platform's ability to track progress and motivate the completion of laboratories, with 61.54% finding the content relevant and valuable for learning methods engineering concepts.
Discussion: The results suggest that integrating digital platforms into educational settings could significantly enhance educational settings, particularly in engineering courses where conventional approaches struggle to maintain student interest and engagement. Participants' positive responses support digital platforms' potential to complement and improve teaching methods. Future research will focus on integrating adaptive learning and generating micro-credentials to certify student expertise.
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1 Introduction

Work study is the field that focuses on maximizing human work efficiency by analyzing the time it takes to complete tasks and finding new ways to minimize it (Alarcón Jiménez et al., 2013). It aims to optimize productivity and efficiency, thereby enhancing overall organizational performance. Methods engineering, closely associated with work study, involves assessing job processes to identify the most efficient and cost-effective strategies (García Criollo, 2005). In industrial engineering education, both areas contribute to improving operations and achieving substantial cost reductions by improving job procedures. They prepare students for the demands of the modern workforce.

Teaching methods usually rely on conventional educational resources, such as printed books and manuals. However, these traditional methods may not sufficiently prepare students for the practical challenges they will encounter in a rapidly evolving technological society (Luckin et al., 2012; Yarychev and Mentsiev, 2020). In recent years, there has been an increase in interest in using digital platforms to improve educational outcomes and provide students with engaging learning experiences directly related to industry requirements (European Commission, 2015). Current technologies are transforming educational resources and approaches, making them learning aids that are dynamic and interactive.

Education must address developing future skills to succeed in a technology-based labor market (Stewart et al., 2016; Escobar-Castillejos et al., 2024). According to Kirchherr et al. (2018), digital literacy, the ability to interact with digital tools, and the capacity for digital learning are becoming essential. In addition, the industry is placing greater importance on competencies that promote personal development, reflection, self-management, self-efficacy, motivation, and autonomy (Ehlers and Kellermann, 2019). These abilities empower students to assume control over their academic and professional development, encouraging continuous learning and flexibility (Chou, 2012).

Acquiring these skills is essential for aligning with Sustainable Development Goal 4, which seeks to guarantee high-quality education (UNESCO, 2023). Education systems should adapt and progress to provide students with the necessary skills and knowledge to navigate these emerging paradigms. Within this context, digital technologies are transforming educational settings by enabling students to interact with educational content, comprehend concepts differently, and actively engage in activities (Khan et al., 2017). This strategy could ensure that students have the technical proficiency required by the industry and the abilities necessary for resilient and sustainable innovation and leadership (Dondi et al., 2021).

This study presents the design and development of a novel digital platform for improving methods engineering education. The platform lets students view, carry out, upload, and monitor the advancement of their practical homework. This study aims to assess the platform's usability and educational efficacy in motivating students to complete their activities and receive recognition for their achievements. To address them, the following research questions were formulated:

	1. How does the digital platform impact students' ability to follow and perform their assignments?
	2. What is the usability of the digital platform for tracking the progress of students' activities?
	3. How does the digital platform influence students' motivation to complete activities and earn recognition for their expertise?

This study addresses the need for modern, interactive learning tools in engineering education, and it offers insights into the potential of digital platforms to complement traditional teaching methods. Therefore, this work consists of five main sections: Section 2 addresses the current educational obstacles and the challenges of incorporating digital platforms in educational environments. Section 3 describes the materials and methods used in developing and implementing the digital platform. Section 4 presents the study results. Section 5 highlights the findings related to the platform's usability and educational value and suggests future work directions. Section 6 concludes the study by summarizing the key insights.



2 Background

To promote the use of digital technologies in learning, addressing and overcoming several challenges is imperative. An obstacle to students' education is the inflexibility of the established curriculum, which leads to the acquisition of obsolete or inconsequential knowledge (Anna Hurlimann and Robins, 2013). Educational institutions suggest frameworks to encourage the development of innovative teaching methods (Ryan and Tilbury, 2013). These techniques aim to optimize learning and increase its adaptability to technology. Miranda et al. (2021) conducted a study to demonstrate the advantages of using innovative educational resources. The authors implemented technological tools to enhance students' visual analysis in solving a transportation problem in Mexico City. The results show that the students improved their capacity to analyze and apply academic knowledge in real-world scenarios. These approaches suggest that incorporating digital technologies into education could give students the necessary skills and knowledge for their future careers.

Another potential obstacle to integrating technology in educational settings is pedagogical adaptation. Authors have emphasized the importance of employing digital resources in higher education, stating that digital technologies facilitate self-directed learning by following constructivist principles, emphasizing student-centered learning and collaboration (Benavides et al., 2020; Qureshi et al., 2021). However, traditional teaching methods may encounter challenges when transitioning to digital environments (Asgari et al., 2021). A transition from passive to active learning is needed to solve this challenge. Educators should identify strategies that engage students and facilitate participation in digital environments. According to Laursen and Ryberg (2024), using pedagogical methodologies like structured freedom, flipped engagement, hybridity, and transparency can significantly improve active learning. These principles promote student autonomy in learning, participation in collaborative and adaptable learning settings, and the use of both digital and physical resources.

In addition, Koretsky and Magana (2019) conducted a study to identify the influence of computer technology on engineering education. The authors highlight the value of computer technology in learning to improve educational outcomes and boost student engagement. They emphasize the significance of designing educational resources that align with curriculum objectives and meet the needs of students. It is essential to regularly revise the curriculum to integrate the latest necessities in the industry and guarantee continuous student involvement. They also indicate the role of technology in building flexible and adaptable learning environments, as they can change how students, content, and teachers interact. This approach could enhance problem-solving skills, increase motivation, and provide more meaningful learning experiences (Coşkun et al., 2019).

Furthermore, Alhammad and Moreno (2018) argue that it is necessary to use tracking technologies in engineering education to monitor and analyze the relationship between the completion of activities and the achievement of learning outcomes. Integrating game components, like progress trackers, can offer comprehensive data on students' interactions with digital environments. For example, Mora et al. (2016) employed exercise stages to supervise tasks, allowing educators to obtain accurate information about student performance and task completion rates. In the same area, Fuchs and Wolff (2016) applied incentives to allow participants to check their progress throughout activities and encourage them to finish their tasks. The representation of progression through these elements can let students become aware of their level of engagement, measure their retention of knowledge, and improve their skills. Adopting these strategies in college and university curricula could create captivating and inspiring learning environments that support students' academic and professional development.

Lastly, it is essential for professional development to cultivate a culture that values constant improvement of skills and the acquisition of new knowledge (National Research Council et al., 1985). According to Zea Restrepo et al. (2013), integrating projects into classroom planning allows educators to introduce new materials and types of interactions to transform educational practices. The authors suggest that projects strengthen learning, involve teachers and students to participate in collaborative research, and discern new concepts and ideas. Rampazzo and Beghi (2018) also support this approach through their research on developing practical continuing education courses. The authors mention that students enrolled in a course of this type achieve high ratings on activities and exercises. Additionally, the authors listed strategies and guidelines for designing and modeling these types of courses. Collectively, these studies highlight the importance of emphasizing and improving lifelong learning programs in educational systems to meet the requirements of modern industry.

Consequently, to improve the level and competitiveness of future professionals, it is essential to prioritize continuous education and knowledge acquisition in emerging technological setups (Mourtzis et al., 2018). Colleges and universities function as centers of culture and technology, supporting the expansion and dissemination of worldwide knowledge. They provide students with the tools and knowledge to succeed and are specialists in creating new and improved education methods. Finally, these institutions promote economic growth by incorporating the advancement of knowledge into society, thereby fostering both personal and professional progress and development (United Nations, 2023).



3 Methods

Methods engineering and work study are the areas that analyze and seek to improve work processes to increase efficiency and productivity. These courses are often offered during the second year of an industrial engineering program. When introduced to these courses, students are intrigued by the practical application of their knowledge and how they can apply it. An effective strategy for methods engineering or work study courses is to incorporate project-based activities or laboratory exercises. This approach allows students to use the principles learned in practical scenarios (Zea Restrepo et al., 2013). Consequently, professors need to pay meticulous attention when designing these educational resources, as they have to be meaningful and aligned with the learning objectives of the courses. This section outlines the methodology used to evaluate the digital platform with a cohort of engineering students. A mixed-methods approach was employed, combining quantitative and qualitative data collection techniques. This approach was used to understand the platform's practical use and educational benefits and to measure whether the learning process was more captivating. This section describes the design and implementation of the digital platform developed for this study.


3.1 Design of the practical laboratories

The laboratory exercises manual for methods engineering at Universidad Panamericana was designed to offer students hands-on training by applying the course's theoretical concepts to practical scenarios. The laboratories cover essential topics such as process analysis, workstation design, task design, time studies, and productivity assessment. The structure of each laboratory session was designed to facilitate the gradual development of student's abilities and knowledge. The printed guidebook, which served as the basis for the digital platform, was created by Claudia Yohana Arias Portelas. The guidebook contains the following laboratory practices:

	1. Introduction to Methods Engineering Laboratory: This practice focuses on designing or redesigning workstations by applying methods engineering principles, considering standardization, and analyzing productive environment variables.
	2. Productivity and Process Indicators: Efficacy, Efficiency, and Effectiveness: This laboratory focuses on diagnosing processes using productivity and process indicators to address production issues and achieve the most cost-effective and highest production output, adhering to economies of scale principles.
	3. Operation Process Chart or Synoptic Chart: This practice focuses on applying the operation process chart to identify the effectiveness of a process and generate a solution to improve it, ensuring an orderly and efficient process from project selection to implementation.
	4. Process Flow Diagram and Travel Chart: This laboratory focuses on employing process flow diagrams and travel charts to substantially improve production processes, analyzing cross and major movement between workstations and proposing optimal layouts.
	5. Human-Machine Diagram: This practice focuses on understanding human-machine diagrams to study, analyze, and improve a workstation by examining the relationship between human work and machine operation cycles and balancing idle time.
	6. Operation Process Chart or Bimanual Chart: This laboratory focuses on applying bimanual charts to inspect hand movement synchronization and detect efficient and inefficient movements, generating substantial activity improvements.
	7. Line Balancing: This practice focuses on using line balancing techniques to determine processes that should be combined or eliminated to minimize imbalance between machines and personnel and meet required production rates.
	8. Time Studies: Observed, Normal, and Standard Times: This laboratory allows the students to practice continuous timing methods to evaluate operator performance and analyze data to determine standard times.
	9. Predetermined Time Systems: This practice presents to the students the use of the Methods-Time Measurement (MTM) system to calculate theoretical times for manual operations based on micro-movements, accounting for fatigue and delays and optimizing workstation design.
	10. Predetermined Time Systems - MOST: This laboratory teaches students the Maynard Operation Sequence Technique (MOST) to analyze manual operations and equipment operations by identifying the three types of movement sequences and applying human factor care competencies.
	11. Work Sampling: This practice enables students to determine representative observations and times in a production process using traditional statistical methods to determine the optimal number of samples and analyze the technique's reliability.
	12. Workstation Design - Anthropometry: This laboratory lets students employ anthropometric data to design workstations that accommodate human body dimensions, weights, shapes, strengths, and work capacities, ensuring a comprehensive and globally informed approach to ergonomics.
	13. Learning Curves: This practice permits students to understand the learning curve concept by applying the logarithmic method to plan man-hours for a disassembly project, recognizing its importance and how the industry could develop strategic improvements.
	14. Physical Risk (Lighting, Noise, and Temperature) - Safety and Hygiene: This laboratory grants students the knowledge to understand physical risk factors in the work environment that can impact worker health and performance, comparing ideal and imbalanced conditions and verifying exposure limits according to national and international standards.
	15. Industrial Safety - Personal Protective Equipment: This final practice allows the students to comprehend industrial safety and how using personal protective equipment (PPE) can control and mitigate risks in the workplace. This practice also lets students learn about different types of PPE for various body parts and hazards.

The laboratories in this course were carefully designed after conducting a comprehensive examination of relevant literature (Meyers, 2013; Kanawaty, 2014; Niebel and Freivalds, 2014; ACGIH, 2022). This approach guarantees that the procedures and techniques employed in the manual are based on established theories and practices, offering students an adequate and complete educational experience.



3.2 Development of the digital platform

The digital learning platform was designed to match and support the structure of the laboratories presented in the hands-on manual. The platform uses modern technologies, development frameworks, and principles of user interface (UI) and user experience (UX). The platform is responsive and functions on both web and mobile devices (Figure 1). It was built using Vite, a local JavaScript development server for React and TypeScript projects, and Tailwind, a CSS framework. Its key components include:

	• Login Module: It provides secure access, allowing users to authorize and manage their data.
	• Laboratory Instructions: It presents detailed instructions, objectives, and related content for each laboratory activity, ensuring students have a clear understanding of the tasks they need to perform.
	• Homework Upload Module: It enables students to submit their laboratory reports for grading. This ensures that submissions are securely stored and accessible for grading.
	• Experience Tracking and Badge System: The platform updates students' progress by adding experience points. Once all laboratories are completed with satisfactory grades, students receive a completion badge, which serves as a recognition of their achievement.


[image: A split-screen image shows two sections. On the left, people are sitting in a classroom setting, engaging in conversation and using laptops. On the right, a login screen for a university website displays, featuring the university's logo, the text "Iniciar Sesión," and a red button labeled "Iniciar sesión con Google."]
FIGURE 1
 User platform views: (left) desktop interface and (right) mobile interface.


The incorporation of these modules in the platform provides several benefits. Through digitization, the laboratory manual becomes accessible to students on any device, allowing them to access and review the laboratories conveniently. The login module guarantees the secure management of user data. The upload module simplifies submitting and grading laboratory reports and makes it more efficient for students and professors. Lastly, the experience points and badge system motivate students to complete their laboratory exercises, fostering a sense of achievement and encouraging them to complete the laboratories.


3.2.1 Platform interface and modules

To guarantee security and safeguard user data, the login module incorporates Google Sign-In, which prompts users to authorize access to their name, email, language preference, and profile image (Figure 2). Users can manage and withdraw these rights anytime, granting them control over their data. In addition, Firebase, Google's backend cloud computing service, was used to host the platform's database, enabling real-time database administration and authentication services.


[image: Two images are displayed. The first shows a browser screen with an account selection window in Spanish, showing email addresses and a Google account option, overlaying a website with a visible blurred-out header. The second image features two phone screens side-by-side. The first screen displays an English interface for signing in, with fields for email and password. The second screen shows a Spanish sign-in interface, also with email and password fields, and options to enter or cancel.]
FIGURE 2
 Login platform views: (left) selection of Google user account, (middle) input form prompted if no Google session is found on the device, and (right) Google's permission granting view to access user data.


Regarding the experience tracking system, users are presented with an initial dashboard when they access the platform. This dashboard enables students to monitor their progress by providing information on the number of pending laboratories, laboratories that are being reviewed, laboratories with assigned scores, and the student's experience tracker (Figure 3). Furthermore, the dashboard displays announcements from the professor, which serve to remind students about upcoming laboratory deadlines or to provide general comments.


[image: Web and mobile interface images displaying a dashboard for Facultad de Ingeniería with metrics: 14 participation certificates, 1 practical certificate, 0 in process, and 100 experiences. The web version shows detailed session information, while the mobile version highlights navigation options and metrics.]
FIGURE 3
 Dashboard views: (left) desktop interface showing the student's progress and the professor's announcements, (middle) mobile interface indicating that the student has completed all activities, and (right) mobile interface displaying the student's total experience achieved and a final announcement from the professor.


Moreover, the platform's sidebar provides quick access to the list of laboratories (Figure 4). Once the professor has graded the laboratory, any completed laboratory will appear with a checkmark and be highlighted in gold. This provides an additional tracking measurement of progress.


[image: Web and mobile interface of a university's learning management system. The platform displays course statistics and a list of available modules. The web version shows options like enrollment, certifications, and experiences. The mobile version similarly lists courses with a navigation bar at the bottom.]
FIGURE 4
 Sidebar views: (left) desktop interface showing the student's completed and pending laboratories, (middle) mobile interface displaying all the activities performed by the student, and (right) mobile interface displaying all the activities performed by the student (cont.).


When the user accesses a laboratory instruction via the platform's menu, he can read its introduction and objectives and follow the instructions to perform the laboratory (Figure 5). Once the student has finished the practice, he has to perform a report that can be uploaded using the platform's upload module (Figure 6). After the reports are submitted, professors assess and assign grades to them. Once a report passes the specified criteria, the laboratory is designated as completed, and the student is granted experience points. Conversely, If the report is incorrect, the professor provides feedback through the announcements module, and the student must revise and resubmit the laboratory report.


[image: Webpage showing a course module from the Faculty of Engineering at Universidad Panamericana. The page title is "PRÁCTICA No 2: Productividad e indicadores de proceso: eficacia, eficiencia y efectividad." It contains sections like "Introducción" and "Objetivos," with introduction text displayed. A sidebar lists various practice sessions dated from 2020 to 2023.]
FIGURE 5
 Laboratory's content view: the student can navigate the laboratory and review its introduction, objectives, and instructions.



[image: A computer screen displays a university webpage interface for submitting reports. The interface includes sections for "Introducción," "Objetivos," "Desarrollo de la práctica," and "Entregables." A pop-up window titled "Subir Reporte" instructs users to drag and drop files or click to select them, with "Cancelar" and "Subir" buttons visible. A sidebar lists practices labeled from "Práctica 1" to "Práctica 9."]
FIGURE 6
 Upload module view: the student can submit his laboratory's report for grading.


Once the student has finished all the laboratories, thanks to the badge system, he receives a completion badge as a form of recognition. The student can see it once he accesses the “My Badges” section. This badge is gray if the course is incomplete or displayed in color once all the laboratories have been finished with satisfactory grades (Figure 7).


[image: A desktop and mobile view of a webpage displaying badges. The left side shows a desktop interface with two badge options, "Laboratorio de Métodos" featuring a detailed emblem, and a placeholder for "Laboratorio Manufactura." The right side shows a mobile interface displaying the same badge options.]
FIGURE 7
 “My Badges” view: (left) the student has not completed all laboratories, and (right) the student has completed all laboratories.





3.3 Student's perception questionnaire

To evaluate the digital learning platform, the experimental group answered Doll and Torkzadeh (1988)'s survey on end-user computer satisfaction. This instrument combines ease of use and information product features to assess the satisfaction of users directly engaging with the computer applications. The survey comprises the questions presented in Table 1, and each question is evaluated using a five-point Likert scale, where a score of five represents the highest level of satisfaction and a score of one indicates the lowest rate.


TABLE 1 Doll and Torkzadeh (1988)'s end-user computing satisfaction survey.

[image: Table listing evaluation criteria for a system with item codes and descriptions. Content covers precision, relevance, sufficiency, and report adequacy. Accuracy assesses system reliability, satisfaction, and dependability. Format evaluates presentation, clarity, layout, and comprehension. Ease examines user-friendliness, usability, and efficiency. Timeliness checks promptness and information currency.]

Each item in Doll and Torkzadeh's survey assesses important dimensions related to computer applications:

	1. Content: This dimension refers to the relevance and completeness of the system's information.
	2. Accuracy: This dimension evaluates the correctness and reliability of the system's information.
	3. Format: This dimension assesses the presentation and layout of the information.
	4. Ease of Use: This dimension evaluates how user-friendly the system is.
	5. Timeliness: This dimension measures the promptness of the system's information.



3.4 Participants

In the academic semester of January to May 2024, an experimental group of 26 engineering students from Universidad Panamericana participated in the study. Participation was voluntary, and informed consent was obtained from all students. The students were from the 2nd to 8th semesters and had different experience levels with the topics. The students tested the platform and performed the laboratory work over two weeks. As mentioned in Section 1, the sessions were conducted to assess the platform's usefulness and gather students' perspectives on the learning experience provided by the digital resource.

The students were assigned a classmate as their partner to carry out the laboratory experiments. Due to space restrictions, some participants conducted their activities in the iOS Development Lab, as the development team was on-site to assist with any issues and debug the platform if necessary. However, some students took advantage of the platform's portability and performed the activities at home. Consequently, if they experienced any problem, they communicated via the institutional messaging system.

After the testing period ended, the end-user computing satisfaction survey was applied to the students. Additionally, two additional open questions were added: (1) What suggestions do you have to improve the digital learning platform to support you better in the laboratories? and (2) General comments. These questions allowed students to reflect on their experience with the platform and suggest any further comments they believe could enhance it.




4 Results

Figures 8–12 present the end-user computing satisfaction survey results. Moreover, as mentioned before, the additional two questions were open questions in which the students could freely comment on their perception, and in Table 2, a summary of the representative comments is presented. These results were analyzed to identify trends and patterns in student responses.


[image: Bar chart titled "Content Ratings" showing percentages for scores across five content questions. Each question has five scores, represented by different colors. Content four has the highest score in Score three.]
FIGURE 8
 Distribution of student ratings for the content dimension questions in the end-user computing satisfaction survey.



TABLE 2 Summary of students' comments obtained from the two additional open questions at the end of the study.

[image: Table titled "Students' statements" with feedback about a digital platform. Comments highlight its user-friendliness, engaging lab activities, helpful progress tracking, effective dashboard, and the wish for wider course availability and LinkedIn badge integration. There's a final suggestion to apply it to other labs.]

Figure 8 shows the results for the content dimension. For Content-1, most students find the information provided by the platform to be precise, with 61.54% of the participants giving it a high rating. This indicates that the system meets students' expectations for delivering exact information. However, a minority of students, reflected in the lower ratings, feel that there is potential for improvement in the provided information. Regarding Content-2, responses show that although many students find the content adequate (34.61%), a segment believes the content is inadequate (30.77%). On the other hand, Content-3 demonstrates that the reports generated by the system are appropriate and meet the student's needs, with a rating of 4 given by 53.84% and a rating of 5 given by 26.92%. An opposite tendency is presented in Content-4. The majority of students (69.23%) consider the information offered by the system to be satisfactory but not outstanding, while 23.07% rate it as it can improve. This indicates that students feel no difference between the digital content and the printed manual. This result may be connected with the one obtained in Content 2. Content-5 reveals that most students consider the output important, similar to the answers in Content-3, with a rating of 5 given by 61.54% of the students.

Figure 9 displays the outcomes of the accuracy dimension. The responses for Accuracy-1 indicate a high level of satisfaction with the system's accuracy since the ratings were predominantly in the range of 4 and 5 (50% and 42.30%, respectively). Accuracy-2 likewise got high ratings (73.08%), suggesting that the digital resource is reliable and precise in delivering correct information. Moreover, Accuracy-3 obtained a high level of satisfaction (88.46%), and Accuracy-4 only achieved ratings of 5 and 4. The high ratings across all questions can be attributed to the validation of the content by the references of each laboratory and the recognition it received from upper-semester students, as some of them are currently employed in companies.


[image: Bar chart titled "Accuracy Ratings" displaying percentages for four questions. Each question has bars representing Score 1 to Score 5. Score 5 has the highest percentage across questions.]
FIGURE 9
 Distribution of student ratings for the accuracy dimension questions in the end-user computing satisfaction survey.


Figure 10 indicates the format dimension received varied ratings depending on the question. For Format-1, most participants rated it with a 5 (88.46%), revealing they liked how the information was presented. Nonetheless, Format-2 and Format-3 obtained scores of 4 and 3, indicating that while most students are satisfied with the platform's UI and information, some feel that the platform's UX and the clarity of the information have areas for improvement. This implies that the laboratories' contents could be improved to increase students' engagement. Including more effective diagrams and multimedia, such as pictures, videos, or animations, could enhance the platform's educational value and address students' different learning.


[image: Bar chart titled "Format Ratings" showing percentages of scores one to five for four formats. Score five dominates in Formats 1 and 4, while Formats 2 and 3 are more evenly distributed among scores.]
FIGURE 10
 Distribution of student ratings for the format dimension questions in the end-user computing satisfaction survey.


Figure 11 demonstrates that the ease of use dimension received consistently high ratings for all questions. The majority of students rated them with a score of 5. This means that students found the platform user-friendly and easy to use, suggesting that the design and interface of the platform successfully meet the student's needs. Additionally, Figure 12 points out that a similar distribution was obtained in the timeliness dimension. Most students perceived that the system displayed current information in the right amount of time, indicating that the digital learning platform is responsive and reliable.


[image: Bar chart titled "Ease of Use Ratings" with ease questions on the x-axis and percentage on the y-axis. Each question shows ratings of scores one to five. Score five dominates, except for score one and two, which have minor appearances.]
FIGURE 11
 Distribution of student ratings for the ease of use dimension questions in the end-user computing satisfaction survey.



[image: Bar chart titled "Timeliness Ratings" showing percentages for two questions, "Timeliness-1" and "Timeliness-2". Score 3 and Score 5 have the highest percentages, represented in purple. Score 1 has lower percentages in orange.]
FIGURE 12
 Distribution of student ratings for the timeliness dimension questions in the end-user computing satisfaction survey.


Lastly, Table 2 shows that most students liked the platform. They agreed that the digital resource helped them track their progress and motivated them to complete the laboratories to obtain the completion badge. Moreover, students praised the academic and development team for their effort in providing new learning resources. Several students inquired when the platform would be available in the course and suggested other classes with a laboratory component where they would find this resource valuable.



5 Discussion


5.1 Main findings

This study introduces a digital platform that aims to support and enhance methods engineering and work study education. he platform uses current technological advances and incorporates gamification elements to motivate students to complete the activities. The platform adapts the curriculum of the methods engineering course at Universidad Panamericana, providing detailed instructions and tasks for each laboratory practice. The results from Doll and Torkzadeh's end-user computer satisfaction survey indicate that students value the platform's accuracy, ease of use, and timeliness. This finding aligns with the current trends in the area to emphasize the importance of digital tools in facilitating effective learning environments and promoting continuous education (Brown et al., 2015; Dabbagh and Fake, 2017).


5.1.1 Analysis of research questions

The study shows the potential of the proposed digital resource to provide a comprehensive and engaging learning experience. Regarding our initial research question, the high satisfaction ratings regarding accuracy and timeliness suggest that the digital platform significantly impacts students' ability to follow their assignments. Students reported that the platform provided precise and reliable information, which helped them complete their tasks effectively. The detailed instructions and promptness likely contributed to better assignment completion rates. Additionally, students' comments, such as “The digital resource could be a great addition to the course. Overall, I am very satisfied with the platform” and “I really enjoyed using the platform for my labs, as it was very user-friendly” underscore the platform's positive impact on their ability to perform their assignments.

For our second research question, students' feedback highlighted the effectiveness of the progress-tracking feature. Most students rated the platform's ease of use with a score of 5, indicating high satisfaction. Moreover, Format-1 and Format-4 obtained high ratings, indicating that the platform's intuitive design and user-friendly interface allowed students to navigate the content effortlessly and monitor their progress efficiently. Comments like “The progress tracking feature is very helpful. I liked how I could see which labs I had completed.” “The dashboard helped me check the progress of my assignments” and “I liked how I could see which labs I had completed” reflect the platform's usability in tracking progress and provide a sense of accomplishment.

Regarding our third research question, the platform's gamification elements, such as the experience system and completion badges, significantly influenced students' motivation. Results indicate that these features made the learning process more engaging and encouraged students to complete their laboratories. Students appreciated the ability to track their progress and earn recognition for their efforts. For instance, a student mentioned, “This platform makes the lab activities more engaging. I wanted to finish the laboratories to obtain my badge.” This suggests that the gamification elements provided an additional incentive for students to stay committed to their coursework. Moreover, this aligns with the European Commission's recommendation for implementing micro-credentials to encourage lifelong learning and improve employability (European Commission, 2022). Micro-credentials validate knowledge and skills acquired from brief educational experiences, such as a course, training plan, or short capacitation.

The survey results indicate a favorable reception of the digital platform, thereby addressing our research questions. However, the results also highlight areas that need further development to enhance the platform's effectiveness and user experience. While the platform's accuracy, ease of use, and timeliness were highly rated, the content and format dimension received mixed ratings, suggesting that improvements are necessary in how information is presented. Some students felt that the content could be more engaging and visually appealing. Incorporating more interactive elements like diagrams, videos, and animations could address these concerns and cater to different learning styles. This finding highlights the importance of researching how students' competencies and learning preferences impact their overall experience (Gonzalez-Nucamendi et al., 2022). Consequently, the platform's features' positive reception and the participants' constructive feedback provide a foundation for future development.




5.2 Ethical considerations and data privacy

Ensuring the ethical use of student data and compliance with relevant data protection regulations is crucial in any digital application. The proposed platform has a secure login module, as described in Section 3.2, that uses Google Sign-In for secure access. This module requests users to allow authorization to access their name, email, language preference, and profile image, giving them complete control over their data. Users can control and revoke these privileges at any given moment, guaranteeing the preservation of their data privacy. On the other hand, Firebase, a cloud computing service provided by Google, was used to host the platform's database. Firebase guarantees the secure storage and management of user data, adhering to industry data protection and privacy standards. In addition, the platform's design ensures that only authorized staff can access critical information, effectively protecting student data from illegal usage or breaches.



5.3 Limitations

Despite its contributions, the present study's limitations must be acknowledged. One significant limitation was the small sample size, as the study relied on a single experimental group. Having only a small sample of participants limits the generalizability of the findings, as the scores and comments gathered may not accurately reflect the experiences and viewpoints of a larger population sample. Additionally, some students experienced difficulties in completing all the laboratory assignments. This challenge could be attributed to a lack of prior knowledge of the topics or time constraints, as these activities are typically performed across the semester, and some participants were in their second semester.

Another limitation involved adapting certain laboratory practices due to the lack of access to specialized methods engineering laboratories. Some activities on the platform were adapted to allow students to complete the tasks using common materials available at their homes instead of specialized lab equipment. Without access to the specialized lab, students' understanding of the activity's objectives could be hindered, potentially affecting the depth and quality of their learning experience. The adaptations to the laboratory exercises were necessary to ensure that all students could participate, regardless of their access to specialized facilities. While this approach provided a feasible solution under the circumstances, it may have also influenced the results, as students working with non-specialized materials might not have gained the same level of practical understanding as those using professional lab equipment.

Several measures can be considered to mitigate these limitations in future platform iterations. Increasing the sample size by involving multiple experimental groups across different semesters and institutions would enhance the generalizability of the findings. Additionally, providing supplementary resources, such as video demonstrations, could help bridge the gap for students without access to physical labs. This approach would ensure that all students receive a comprehensive hands-on experience, regardless of their physical location.

Although there were several limitations, the study emphasizes the beneficial effect of interactive digital learning experiences on students' motivation and interest in methods engineering and work study. The findings underscore the need for meaningful learning opportunities to improve educational outcomes.



5.4 Future work

Future work will focus on enhancing the digital platform's educational impact. A follow-up study will increase the number of participants involved in testing the platform and aim to use the proposed digital resource to complement the methods engineering course. This approach could guarantee students sufficient time, resources, and assistance to finish all the laboratories' activities. Moreover, by increasing the number of participants, the platform can be evaluated in terms of its ability to deliver results within a specific timeframe. The increased number of users in the system could impact its performance. As a result, the platform will be transferred to a cloud service provider, such as Amazon Web Services (AWS), to guarantee the ability to handle the increased workload and maintain consistent performance. These actions will enable the platform to integrate more robust technologies to store information and improve data reliability, such as MySQL. Unlike Firebase's non-relational database architecture, MySQL is a relational database management system (RDBMS) that can handle complex queries and large datasets.

Another planned study intends to improve the platform by incorporating adaptive learning technology to customize the educational experience according to the individual needs and progress of each student (Liu et al., 2017; Muñoz et al., 2022). As technology has progressed, emerging technologies, such as generative AI and virtual assistants, are becoming interested in the research community to explore their potential in education (Baidoo-anu and Ansah, 2023; Chheang et al., 2024). Moreover, this study will incorporate quantitative metrics such as assignment completion rates, grades, time spent on tasks, frequency of platform use, and active engagement levels. These metrics will provide a more comprehensive understanding of the platform's impact on student performance and engagement. By combining adaptive learning technologies with these quantitative metrics, the study will aim to provide a deeper insight into how personalized education and gamification can enhance student learning experiences and outcomes.

Finally, there are plans to develop and issue micro-credentials at our institution and restructure the platform to incorporate laboratory courses from other engineering disciplines. Micro-credentials prove students' abilities and can be linked to digital resumes, such as LinkedIn profiles. As mentioned in the findings, students were motivated to complete their activities to obtain the platform's badge. To incorporate the platform into other engineering courses, the upcoming development stage will involve redesigning and restructuring the platform's infrastructure to ensure scalability and flexibility. Additionally, since the progression tracker received positive participant feedback, this development stage will consider adding gamified elements such as leaderboards and reward systems (Ratinho and Martins, 2023). However, careful planning and design are necessary to ensure these elements do not interfere with educational objectives or diminish the participants' learning experience. Depending on the course type, it is essential to investigate and balance gamification elements to maintain their effectiveness and relevance while supporting educational goals.




6 Conclusion

This study presents a digital platform designed to assist work study and methods engineering education by incorporating current technological advances and gamification elements to motivate students. The platform provides an organized and flexible approach to learning, including activity instructions, progress tracking, and effort recognition. The research addressed three main questions:

	1. Impact on Students' Ability to Follow and Perform Assignments: The high satisfaction ratings regarding accuracy and timeliness suggest that the digital platform significantly improved students' ability to follow and complete their assignments effectively. Detailed instructions and visual feedback likely contributed to better assignment completion rates and overall student satisfaction.
	2. Usability for Tracking Progress: Students' feedback highlighted the platform's effectiveness in tracking progress. Most students rated the platform highly for its ease of use, intuitive design, and user-friendly interface, which allowed them to navigate content effortlessly and monitor their progress efficiently. The progress-tracking feature provided a sense of accomplishment and motivation.
	3. Influence on Students' Motivation: The platform's gamification elements, such as the experience system and completion badges, significantly influenced students' motivation. These features made learning more engaging and encouraged students to complete their laboratories. Students appreciated the ability to track their progress and earn recognition for their efforts, aligning with the European Commission's recommendation for implementing micro-credentials to encourage lifelong learning and improve employability.

The survey results indicate a favorable reception of the digital platform, thereby addressing our research questions. However, the results also highlight areas that need further development to enhance the platform's effectiveness and user experience. While the platform's accuracy, ease of use, and timeliness were highly rated, the content and format dimensions received mixed ratings, suggesting that improvements are necessary in how information is presented. More interactive elements like diagrams, videos, and animations could address these concerns and fit different learning styles.

Although incorporating new technology into educational environments can be challenging, digital platforms offer an interactive resource to improve student involvement and academic outcomes. The current findings are positive, but further research is required to enhance and validate the platform's efficacy. Future research will focus on improving the platform's modules, increasing the number of users, incorporating new courses into the platform's catalog, and addressing identified areas for improvement. Efforts in this area should be dedicated to providing strong evidence that modernizing education is essential for ensuring employment opportunities and fostering a culture of continuous learning.
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In this study, we explore the key factors that educators must consider when designing challenges based on the Challenge-Based Learning (CBL) strategy, where the industrial sector serves as the educational partner. Building on our proposed definition of the CBL technique, we outline a methodology complete with practical suggestions to effectively tackle the challenges encountered during the strategy’s implementation. The recommended steps involve choosing a training partner, establishing the company’s role in the challenge, taking economic factors into account, and pinpointing crucial milestones in the course development, which includes recognizing the partner’s involvement and significance in the course evaluation. Our proposal draws from the authors’ experiences in applying this methodology within the context of an Industrial Automation course.
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1 Introduction

Without a doubt, the COVID-19 pandemic left great consequences in the world, and despite great efforts, the economy is recovering very slowly. In the area of education, the damage was not minor. According to the International Monetary Fund (2022) report, between 2020 and 2021 school interruptions affected approximately 1.6 billion students, with those countries with poor academic results since before the pandemic being most affected. Several studies have shown that this isolation produced, among many other complications, an educational gap, and this gap was greater if the school closed for a longer period (Jakubowski et al., 2024). There are multiple factors that influence the decrease in academic performance, for example, that the teaching-learning process during the pandemic was less cognitively demanding (Gasteiger et al., 2023).

Therefore, it is not enough to merely return to the classrooms today; we must seek or resume strategies that help recover lost education time. Based on this premise, in 2019 our institution made a significant change in study plans, transitioning from a traditional model to one centered around competencies and challenges. The primary tool for this approach is the Challenge Based Learning (CBL) technique, where students apply their knowledge to solve real-world problems. This is the objective pursued in the Industrial Automation subject: enrolled students must solve real problems applied to the industrial field, which is why the support of leading companies in this industrial sector has been sought.

However, the implementation of this teaching-learning strategy presents challenges that both teachers and students must overcome. For instance, Membrillo-Hernández et al. (2019) observed that students face difficulties due to their unfamiliarity with concepts such as openness, independence, and personal responsibility. To succeed in CBL, students need to be proactive and committed to competency development. Overcoming initial resistance, such as making individual decisions or tackling unresolved challenges, is crucial for achieving good performance.

Regarding teachers, the CBL model requires a transition from traditional lecture-based teaching to a more facilitative and mediating approach. However, research has primarily focused on teachers’ expected attitudes and roles, without delving deeply into their individual experiences. Sukackė et al. (2022) identify that specific results from surveys, questionnaires, or interviews targeting teachers have not been found. Therefore, the aim of this study is to address this gap in the literature by documenting teachers’ experiences in implementing this learning strategy.

In this work, important points that the teacher faced when developing this type of activities with the industry are presented and analyzed. Elements from the search and selection of companies to the implementation of the challenge, in general, the problems faced and the way in which they were resolved. Likewise, the impact on the perception of students and company engineers regarding this teaching methodology is presented.

While students gain diverse and valuable knowledge and skills through these types of projects, it is equally important to highlight the teacher’s learning experience when implementing this didactic technique. Such activities push educators out of their comfort zone, as each project presents unique challenges. The insights gained from tackling this work are what we aim to convey in this paper.

It is hoped that this work will serve as a guide for educators wishing to implement these teaching methodologies with industrial partners. Without a doubt, this teaching strategy helps to better prepare students by supplying them with the skills and knowledge required in today’s industrial world.



2 Review of related literature

In most Engineering programs there is a subject located in the last semester of the study plans called the end-of-degree project, stay or professional internships. The objective of this subject is for students to develop a project or carry out professional practices that allow them to apply the knowledge acquired (Sanchis et al., 2024). Recent works have proposed modifying this format by incorporating elements that improve the learning experience of students by making research proposals and evaluating theoretical understanding through oral defenses and the creative talent of students (Rana et al., 2024). Hojas and Del Toro (2021) argue that a final degree project should be a practical application that offers a real solution to a societal problem. Therefore, they propose that these projects be multidisciplinary, allowing different specialties to collaborate in designing various alternatives and selecting the one that best fits the problem’s characteristics.

While final degree projects are crucial for knowledge development, they are typically applied exclusively at the end of the degree. However, waiting until the end of the program to apply knowledge is not the only option. Students do not need to wait until the final stages of their studies to apply what they have learned. They can also develop projects where they apply their knowledge before reaching the final stage of their studies. Early application of knowledge during the degree is essential—it allows students to consolidate their learning, develop practical skills, and understand the relevance of their education. Furthermore, by applying theory to real-world projects, creativity and problem-solving abilities are encouraged. Ultimately, this experience contributes to better student preparation and is one of the fundamental pillars of challenge-based learning (Höffken and Lazendic-Galloway, 2024).

In summary, if the student applies what they have learned in the early semesters of their degree, they will gain several benefits. This will help solidify theory, develop practical skills, and enhance their understanding of the relevance of their education. Additionally, engaging in real-world projects nurtures creativity and problem-solving abilities, better equipping them for the professional world. To put it simply, starting projects early in their academic journey enriches their overall experience (Jiménez-Gaona and Vivanco-Galván, 2024).

On the other hand, it is undeniable that developing projects with the industry allows students to develop the skills and competencies necessary to address and generate innovative solutions to real problems. In the review of the literature, different investigations develop a plan to improve collaboration between the University-Industry. Ahmed et al. (2022) proposes a model that includes processes, methods or approaches, and tools. This proposal serves as a map showing the steps that help establish collaboration between academia and industry by implementing processes effectively. Broadbent and McCann, in 2016, proposed a guide designed to augment strategic guidance and case studies with practical, actionable suggestions for universities, industries, and professional engineering institutions. This guide aims to assist these entities in achieving and reaping the benefits of effective industrial engagement. Adopting a grounded theory approach, Bürger and Gonçalves (2021) demonstrated that university-industry interaction is influenced by several factors, such as networking, legal support, facilitating agents, and management practices. Strengthening the triple helix, greater legal security and promoting open innovation are other factors identified to improve University-Industry relations. Srinivas and Varaprasad (2024) carries out an analysis where the central element is collaboration, which promotes elements such as innovation, knowledge exchange and interdisciplinary advances. Collaboration refers to the practice of bringing together scholars, researchers, and academic experts from different disciplines to work collectively on research projects, educational programs, or problem-solving initiatives.

In the examined studies by Ahmed et al. (2022), Broadbent and McCann (2016), and Bürger and Gonçalves (2021), each author presents a guide of best practices for enhancing University-Industry Collaboration effectiveness, drawing on their experiences and/or consultations with professionals and academic researchers. They concur that this partnership offers invaluable experiences to everyone involved.


2.1 Review challenge based learning (CBL) technique

Although the exact origins of the CBL technique remain uncertain, Perna et al. (2023) have explored the beginnings of this learning strategy. They identify the Apple Classrooms of Tomorrow—Today (2008) project as the source with the highest number of citations. Perna’s work builds upon existing literature reviews and identifies additional publications to offer a deeper and more comprehensive understanding of CBL. Nichols and Cator (2008), mention that the CBL effort is part of a larger collaborative project initiated with the ACOT2 project. They establish that CBL involves collaborative experiences where teachers and students work together to explore compelling issues, propose solutions to real-world problems, and act.

According to Leijon et al. (2022), CBL is a pedagogical approach that actively engages students by integrating traditional learning courses with real-world challenges. These challenges require innovative, creative, and often multidisciplinary interventions for resolution. Students, external stakeholders, and training partners or external actors (from industry or the public sector) collaborate to address these challenges. The strategy exposes students and professors to real-world problems that need solving. In this context, acquired knowledge is tested, and students develop the skills necessary to navigate the labor market and meet the demands of today’s society (Membrillo-Hernández et al., 2023).

Doulougeri et al. (2024), emphasize that CBL builds upon the strengths of other active learning pedagogies, encouraging students to learn autonomously and collaboratively within specific contexts. It aims to develop students’ disciplinary and cross-cutting competencies by involving them in solving challenges. The novelty of the strategy lies in the diverse types of challenges that students tackle, varying in complexity, context, and global relevance, making CBL a dynamic and impactful learning experience (Doulougeri et al., 2021).

According to Sukackė et al. (2022), the role of teachers has undergone a significant transformation. Among their new responsibilities is establishing connections with industry partners who can actively participate in students’ learning processes. Additionally, teachers collaborate with these partners to organize student challenges, ensuring adequate time for achieving learning objectives and accessing necessary resources. Another crucial aspect is guiding students throughout the challenge, providing both individual and group support, overseeing sessions, and facilitating discussions when student teams collaborate. In all cases, teachers analyze student progress to adjust pedagogical strategies and modify resources as needed (ObservatorioIFE, 2023).

Based on the cited references and the work conducted, we define Challenge-Based Learning (CBL) as a pedagogical approach that actively engages students in real-world problem situations within an industrial context. We refer to these situations as “challenges,” which must be specific and achievable. It is essential for students to actively participate throughout the process, researching both the problem and potential solutions. The teacher’s role is crucial, as they must find an industrial partner willing to support course development, contributing time, effort, and even financial resources, all with the sole aim of maximizing student learning.

In summary, CBL is a dynamic pedagogical approach that immerses students in authentic real-world problem scenarios within an industrial context. Active student participation is crucial for the success of this methodology.




3 Methodological procedure

The subject in which the methodology was applied is Industrial Automation. This intermediate-level course in mechatronics engineering, located in the sixth semester of the curriculum, equips students to integrate and implement automation solutions in industrial processes using various industrial networks. Key networking concepts, including Interface Actuator-Sensor,1 Profibus,2 Profinet 3Ethernet/IP (EtherNet/IPTM | ODVA Technologies | Industrial Automation, 2024), and OPC-UA,4 among other protocols, are explored. The professor of the course has extensive experience working in these areas, with more than 20 years in the educational field and providing industrial training, so he knows the topics.

The course has a duration of 120 h spread over 10 weeks, with 80 h dedicated to covering the course syllabus and 40 h for challenge development. By this point in their program, students have established a strong foundation in mechanics, electronics, and computer science. They have previously completed courses covering basic programming for Programmable Logic Controllers (PLC) and acquired knowledge in sensors, actuators, control systems, and microcontrollers.

The theoretical course is complemented with practical exercises in the laboratory, where six practices are implemented:

	• Review of PLC programming fundamentals.
	• Interface Actuator-Sensor (AS-i) communication protocol.
	• Profibus DP communication protocol.
	• Profinet communication protocol.
	• Ethernet IP communication protocol.
	• OPC-UA communication protocol.

The course assessment consists of 40% based on challenge resolution and 60% on theoretical evaluation. Challenges are assessed at two points: during week 5 and week 10. The theoretical evaluation includes two individual exams, two quick exams, and the submission of practice reports. The challenge is evaluated by both the teacher and the industrial partner, while the instructor ponders the theoretical evaluation of the course.

It is crucial to emphasize that the course strictly adheres to the syllabus, ensuring comprehensive coverage. Furthermore, the challenge assumes a pivotal role in the curriculum, allowing students to apply knowledge not only from the current course but also from previous ones. Consequently, selecting an appropriate challenge becomes essential to align with the course syllabus.

The Industrial Automation course with the new teaching-learning approach based on CBL has had the participation of four groups of students. Specifically, during the period from February to June 2022, two groups participated, and during the period from February to June 2023 another two groups, with 18 students in each group.

The first group of students (February–June 2022) collaborated with GENERAC, a leading energy technology firm specializing in advanced electrical network software solutions, backup systems, and primary energy for residential and industrial use. The second group (February–June 2023) collaborated with Rockwell Automation a global leader in automation, industrial control, and communications.

These topics were chosen because they directly relate to industrial communication networks. Both projects involve control and communication systems within industrial environments. In the first case, the focus is on communication via the Controller Area Network (CAN) bus protocol between controllers and machinery (Buscemi et al., 2023). In the second case, the proportional-integral-derivative (PID) controller—also known as a three-term controller—is adjusted in industrial devices to control variables such as motor speed. These concepts play a fundamental role in the context of industrial communication networks, where efficiency, reliability, and safety are critical.

In the following subsections, the key elements identified by the professor when implementing the learning strategy are described. These elements are summarized in steps that outline their methodological proposal.


3.1 Search for training partner

As mentioned earlier, our institution’s curricular reform emphasizes the application of the CBL technique and aims to foster collaboration with industry partners. In this context, industry partners serve as external actors or training partners. This collaboration provides students with valuable experience in addressing real-world industrial problems, preparing them for their professional careers. Therefore, the first step in implementing the CBL technique is to search for and select the industrial partner.

According to Bürger and Gonçalves (2021), contact with the company can be established through colleagues who have executed successful projects with companies or through students currently doing internships in these companies. Additionally, it is possible that some students have relatives or friends in the industrial field who can provide support in this process. Identification of stakeholders and the problem to be addressed are intertwined and they are not sequential and can occur randomly (Awasthy et al., 2020).

When choosing companies, it is advisable to select those related to the subject of the course. Additionally, consider identifying companies located near the university for easier visits, interviews, and consultations. GENERAC has its Technology Center near the campus, allowing for smoother discussions to establish the challenge and receive advice from their experts, always respecting established schedules. Conversely, Rockwell Automation offices are distant from the campus, necessitating the use of virtual tools for guidance. Given that students are emerging from the pandemic period, there was a preference for in-person interactions with experts, as we have observed that face-to-face advising has a greater impact on students.

Finding companies willing to engage in these types of activities can be challenging. Post-pandemic, only a few companies have the resources or desire to support universities in developing such initiatives. Allocating budgets to these projects often does not yield tangible benefits for them. Additionally, they must consider costs like assigning personnel to coordinate with faculty and fine-tune the challenge proposal and related activities. This includes the time personnel will dedicate to advising and evaluating the challenge, as well as potential use of the company’s own software and hardware.

On the other hand, some companies may propose projects that are not aligned with the course content, or they may present excellent proposals without a genuine commitment to supporting this learning strategy. In such cases, it is advisable to either avoid or reconsider collaboration with them. It is also crucial to verify that proposed projects align with the course’s objectives.

Colleagues who had previously worked on projects with these companies recommended and introduced them for this project. The companies were informed about the CBL model and expressed interest in participating.



3.2 Project definition

As mentioned earlier, once you establish contact with the company, the next step is to design or structure the challenge, ensuring it aligns with the course. This is where the professor’s experience comes into play to redefine the problem. To achieve this, it is essential to initiate meetings to define the specific problem that will be presented to the students. Additionally, a clear explanation of the company’s role as a training partner in student learning should be provided, along with expectations for active contribution to initiate the collaboration.

In the CBL learning technique, students propose a solution to the challenge by researching, analyzing, proposing, and implementing solutions. Therefore, the following points must be clear and established in the first meeting with the company:

	• The teacher will not solve the problem.
	• The challenge is not a consulting project.
	• The problem will be solved by the students themselves, so due to their experience they may not get the solution they are looking for.

What will the company get?

• Identify students for recruitment.

• Brainstorm to explore a possible solution.

	• Train students in the use of their equipment. It is better that they receive prior training at school before coming to the company.
	• Positioning of your brand. Students will graduate with your products in mind.

On the other hand, company should appoint a responsible engineer who will maintain ongoing communication with the teacher throughout the course. The assigned engineer must recognize the significance of their role within the learning strategy. They actively contribute to formulating the proposal and implementing the necessary adjustments for the challenge. It is important to note that this activity takes place before the course begins.

Although the challenge will be solved by the students, it is necessary for the teacher to know and understand the issues required to address and solve the problem. At many points in the project, the student will doubt the proposed solution. Therefore, feedback from both the teacher and the company engineer plays a fundamental role in ensuring project success. The teacher’s expertise is vital in assessing whether the challenge aligns with the knowledge students will acquire during the course.



3.3 Course objectives vs. challenge

Another crucial aspect is ensuring that the challenge or project aligns with the course objectives. Sometimes, companies propose projects that students can technically solve easily based on their acquired knowledge. However, these projects may not cover the specific topics of the course, and ethically, they should not be considered. Conversely, there are cases where the project scope needs to be limited. Before selecting a project, it is essential to review the course objectives, intent, and learning outcomes. While an ideal project would cover 100% of the course topics, such projects are rare in practice.

The above is decisive for a meaningful learning experience.

	1 Alignment with course objectives:

	• Ensure that the project directly relates to the learning goals of the course.
	• Review the syllabus and objectives to identify key topics and skills students are expected to master.

2 Ethical considerations:

• Avoid projects that are technically simple but irrelevant to the course content.

	• Ethically, students should engage in tasks that contribute to their learning and skill development.

	3 Balancing complexity:

	• Strive for a project that challenges students without overwhelming them.
	• Avoid overly complex projects that hinder learning or exceed course expectations.

4 Ideal vs. realistic:

• While an ideal project would cover 100% of course topics, real-world constraints often limit this.

	• Prioritize essential topics and focus on meaningful application.

A well-designed project enhances student understanding and prepares them for real-world scenarios.



3.4 Economic resources, hardware, and software

The availability of equipment and software is crucial for meeting the challenge. It is worth checking the university laboratories for available devices and exploring the possibility of obtaining equipment from partner companies.

	1 School equipment:

	• It is essential to determine whether the school already possesses the necessary devices and software. Does the school have these devices to solve the challenge?
	• If so, it is important to assess how accessible they are to students. How many devices are available?

Company support:

• In some cases, companies may provide equipment or software for educational purposes. Will the company provide it?

	• If the company is involved in the project, it is worth discussing their level of support and any resources they can offer.

It is highly desirable that student costs be reduced to electronic components, supplies, and personal equipment. In addition, if the company has a factory or learning center, it is desirable to visit. This further enriches the learning experience, as students see where the exercise can be applied. Visiting a company’s factory or learning center can significantly enhance the learning experience for students. In this case, the University must cover the transportation costs to take the group on the visit. Other costs that impact the development of the challenge are consumables, in addition the University must provide the electronics and machine-tool laboratories, as well as the support of the technical staff for the construction of the required elements.

It is also necessary to consider the visits that the teacher makes to companies. Although the vast majority can be done virtually, it is desirable that at least one or two visits are made face-to-face to reaffirm the commitment that is being acquired in this learning process. The University must consider these costs in the budget.

Clear communication is the cornerstone of a successful collaboration. When all parties involved engage in an open dialogue, the results are positive (Awasthy et al., 2020), (Srinivas and Varaprasad, 2024).



3.5 Key events in the challenge

In the course development process, there are key moments that must be considered for the success of the CBL strategy. These can be summarized as follows:

	• The presentation of the challenge by the company’s engineers is crucial. This presentation must be delivered in person on the first day of classes, or alternatively, during the first week of classes. During this initial presentation, an overview of the company is provided, the challenge to be addressed is introduced, deliverables are outlined, and the evaluation methodology is established. Effective communication by the engineers is essential, ensuring that participants fully understand the scope of the challenge and the company’s expectations. This initial presentation can detonate enthusiasm and motivation among students, contributing to the project’s success.
	• Course feedback moments. During the course, the teacher should assess the project’s progress. Additionally, it is advisable for the training partner to conduct at least two interim evaluations of the project’s advancement. These evaluations can take place either face-to-face or online.
	• Expert Talks and Workshops delivered by professionals from the company. It is highly desirable that the company actively contributes by organizing talks on topics directly relevant to the challenge. This not only demonstrates the company’s commitment as a training partner for the course but also enriches the learning experience for students.
	• Final evaluation. It serves as the culmination of the project, and it is mandatory for it to be conducted face-to-face. During this evaluation, students must showcase a functional prototype or experiment related to their proposed solution for the challenge. Through a structured and convincing oral exam, they demonstrate the adequacy and effectiveness of their solution. This assessment ensures that students have successfully applied their knowledge and skills to address the challenge.

When planning a challenge, it is crucial to balance the hours allocated for the challenge itself and those devoted to developing the syllabus. It is essential to ensure that the time spent on the activities mentioned above aligns with the challenge schedule. Effective organization is key, as an inadequately designed challenge can inadvertently consume more time, potentially detracting from course development efforts. In the context of challenge activities, there are occasions when certain elements must be sacrificed. For instance, visits or talks may need to be foregone to prioritize advancing the agenda. Conversely, some topics may not receive an in-depth review to facilitate progress in the challenge. Achieving the right balance requires the teacher’s experience in managing such activities.




4 Methodology applied

In this chapter, we delve deeper into the steps described in the Methodological Procedure. We address the proposed challenges, the management of economic resources, the handling of hardware and software used in the projects, as well as the problems faced during project development.

This work is grounded in the experience and knowledge acquired from teaching these courses. It is worth noting that, although the methodology has been applied in other courses as well, our exclusive focus remains on Industrial Automation.

The choice of the CBL methodology is based on its ability to actively engage students in solving real-world problems in collaboration with industry. This approach not only enhances students’ technical competencies but also develops soft skills such as communication and teamwork. However, this approach carries certain risks, such as dependence on the availability and commitment of industrial partners. To mitigate these risks, clear agreements were established with the participating companies, and continuous support was provided to both students and industrial partners.


4.1 GENERAC proposal

As mentioned earlier, the first group of students (February–June 2022) collaborated with GENERAC. This company uses dedicated controllers called Deep-Sea (DSEGenset | Deep Sea Electronics, 2024) to communicate with a gas engine and obtain data such as revolutions per minute (RPM), pressure, temperature, and more. These data are displayed on the Deep-Sea. Additionally, the CAN bus communication protocol is employed for data exchange between both devices.

The issue raised by the company is that once they design a control algorithm in the dedicated Deep-Sea controller, they need to connect it to an actual motor for testing. While the controller is programmed in their offices, testing requires them to travel to the location of the motor or, in some cases, they lack physical access to one. The proposal involves designing a “dummy” motor that deceives the controller, simulating the presence of a real motor.

Initially, a specific microcontroller proposed by the company was required to simulate the “dummy” engine. However, neither the professor nor the students were familiar with that device. Studying a new processor was beyond the scope of the course curriculum, and the allotted time for the challenge would not suffice. Additionally, it was not an area of expertise for the professor, so supporting the challenge’s development was challenging. Consequently, the problem was redefined, and the decision was made to use an Arduino microcontroller—a platform already familiar to the students. The engineers at the company accepted the new proposal because they wanted to determine if communication with the dummy motor was feasible. The project’s original objective remained intact: studying the Modbus protocol and data exchange between the Deep-Sea controller and the dummy motor.

Since there is no Modbus equipment in the laboratories, the professor asked the university department to acquire equipment that would allow the Arduino microcontroller to have communication via Modbus. The company provided Deep-Sea controllers for final testing, as well as training for the use of the equipment.

In the CBL technique, students must solve the challenge by designing the necessary phases to achieve their objectives. However, the professor specified project milestones to align with the company’s deliverables. Forming teams of four members, as a first step, they were asked to establish Modbus communication between two Arduino microcontrollers. In a second step, two teams collaborated to establish communication between four devices. Finally, they were tasked with establishing communication between the microcontroller and the Deep-Sea controller.

During the middle of the course, a review was carried out where students communicated their microcontrollers via Modbus. In the final review, communication was established with the controller of Deep-Sea, which allowed the exchange of data requested by the company. Both reviews were face to face. In terms of orientation, the company organized two video conferences with experts in its programming modules. In these meetings, the programming codes were reviewed by team and suggestions for improvement were given. Additionally, due to their proximity, students had the opportunity to directly consult the Deep-Sea controller expert to address any doubts, all while adhering to the schedules established by the company.

The final presentation and deliverables including the white paper and manuals describing the Modbus communication process between the two devices were written in English at the request of the company (the native language is Spanish). A brief report on the results of this work is shown in Varela (2022).



4.2 Rockwell Automation proposal

The second group of students (February–June 2022) collaborated with Rockwell Automation a global leader in automation, industrial control, and communications. For this project, we utilized Rockwell Automation branded equipment, including the Compact Logix Programmable Logic Controller (PLC) and the PowerFlex 525 frequency converter. Additionally, AC motors were employed—commonly used in industry for controlling conveyors, compressors, fans, and pumps. Both the PLC and PowerFlex devices feature embedded Proportional + Integral + Derivative (PID) control loops. A PID controller is an algorithm used in engineering and automation to automatically adjust control system parameters. It helps regulate variables such as speed, temperature, or pressure in industrial processes. In our project, we tuned the PID regulators in both devices to regulate the angular speed of an alternating current motor and compared their performance. The resulting data was displayed on a human-machine interface (HMI) for better interpretation.

The Rockwell Automation initial proposal aimed to update their user manuals, requiring the exclusive use of their branded equipment. Fortunately, the laboratory had some of these branded devices, although not all that were requested. Consequently, we redefined the proposal to align with the available equipment. Due to limitations, the revised proposal was limited to an alternating current motor, a PowerFlex 525 controller, and a PLC for each workstation. The original proposal initially included a PowerFlex 4 M. However, due to budget constraints within the department, it was necessary to revise the proposal and adapt it to the existing equipment available in the laboratory.

Throughout the course, Rockwell Automation organized three conferences with its expert engineers in areas related to the challenge: two via video conferences and one in person. Additionally, a visit to their Technology Development Center was arranged, where they showcased industrial applications using the equipment employed in the challenge. The visit and conferences provided them with a broader perspective on the significance of solving their challenge by demonstrating how it is being implemented in the industry.

Overall, the evaluation process resembled that conducted with GENERAC including both an intermediate evaluation conducted via video conference and a final evaluation carried out in person. During the final presentation, the teams demonstrated the functionality of the experimental platform. They explained the programming code and showcased the Human-Machine Interface (HMI) design, which facilitated engine parameter control and monitoring.



4.3 General discussion and comments

There is a strong commitment between the company and the professor in this type of project. The company contributes resources by assigning an engineer to work in tandem with the professor for planning, monitoring, and evaluation activities. Additionally, it assigns other professionals for conferences and, as in the case of GENERAC lends industrial equipment to complete the challenge. With this moral commitment, the course had to be adapted to ensure satisfactory results in the challenges.

Among the factors that forced the modification of the curriculum is the equipment. The laboratory comprises four workstations equipped with industrial software and hardware. Considering that classes were conducted for two groups, coordination was essential for conducting experiments at these workstations. Each group was further divided into four teams, with each team assigned to a specific workstation. This assignment was non-negotiable, as it helped identify who was working at each station.

In the case of the GENERAC they provided us with four Deep-Sea controllers, one for each workstation. Strict control was maintained over equipment loans, and they were granted only after completing the training course on the use of this controller. The university acquired the microcontrollers and Modbus communication modules due to their cost-effectiveness. On the other hand, regarding the Rockwell Automation challenge, the necessary equipment is available at each workstation. However, any misuse or equipment breakdown could jeopardize project delivery due to the limited availability of additional equipment.

The laboratory administration has an online reservation system where students can reserve workstations. However, this system does not differentiate whether the reserving students belong to the same team. As a result, some teams monopolized workstations throughout the day, leaving no opportunity for the other group of students. To address this, immediate adjustments were made by balancing the reservation times for each team. Despite these efforts, the high demand for equipment led the instructor to eliminate Practice 6 to adjust project delivery times.

Another factor that influenced the change in the course structure is the varying complexity of challenges. In the case of the GENERAC challenge, the Modbus communication protocol was unfamiliar, requiring students to learn and understand it anew. They had to grasp new concepts and apply them effectively. Regarding the Rockwell Automation challenge, its main advantage lies in the fact that PLC programming is part of the course curriculum. Additionally, the study of PID controllers is covered in the Control Theory subject, which precedes this course in the curriculum. The students were already familiar with these concepts, and the challenge helped them deepen their understanding. By implementing the concepts and ensuring the required performance in controlling the angular velocity of an induction motor, they gained practical experience. In this instance, the practice for the IP Ethernet communication protocol was altered to incorporate the design and implementation of PID controllers within a PLC, and practice 6 was removed to allocate sufficient time for the project’s conclusion.

In conclusion, not all challenges are the same. The professor must adapt the course to support students in meeting the challenge deadlines. In our situation, specifying project milestones and tracking progress were essential to ensure the challenge was completed on time. Moreover, adjusting deadlines according to the project’s advancement was crucial. Consequently, we had to exclude practical exercises from the course that did not align with the core themes of the challenges. Although certain practical exercises may not be covered, the knowledge acquired through tackling industry-oriented challenges can compensate for this. Such experience has the potential to enhance competitiveness in the job market. Another important point in the challenge is having the necessary equipment to face it. Without the proper gear, it would not be possible to overcome it.

On the other hand, the University conducts an opinion survey among students to evaluate the course and the performance of the professors. This survey serves as a feedback tool that guides our teaching practices and helps us implement improvements in the course and teaching methods. Table 1 presents the results of this evaluation, which were obtained from the University’s assessment system.



TABLE 1 Teacher evaluation.
[image: Table displaying evaluation scores for different groups from February to June over two years. In 2022, Theory scores averaged 9.67, Laboratory 9.86, Group 1 in 2022 averaged 9.87, and Group 2 in 2022 averaged 9.84. In 2023, Group 1 averaged 10.0, and Group 2 averaged 9.2. The scores range from 1 to 10, measuring teacher mastery, challenge, environment, accompaniment, and overall experience.]

The first column, corresponding to the period from February to June 2022, represents the course in the traditional format, which was divided into two parts: the theoretical section and the laboratory, with a dedication of 90 h per semester. The second and third columns correspond to the same course but incorporating the CBL model, with a dedication of 120 h per semester. The difference in hours is due to the completion of the challenge. In the traditional methodology, a project assigned by the professor was carried out, contributing to research or the development of new laboratory practices.

The February–June 2022 semester was the last time the traditional methodology was taught and the CBL approach was simultaneously introduced. Despite the assessments being similar, I believe the challenge-based approach offers extra opportunities for learning. For instance, when students develop a project with industrial support, they could become more competitive in the job market.

The student participation was very low. In group 2 semester Feb - Jun 2023, participation was 50%, while in the other groups it was approximately 25%. Interestingly, the group with the highest participation percentage received the lowest grades in all areas. A possible justification could be the schedule, as the first group meets from 4:00 p.m. to 7:00 p.m., and the second session runs from 7:00 p.m. to 10:00 p.m. Here are two comments from students belonging to that specific group (The commentaries are written in Spanish and the translation is literal).

Student 1:

 “He is a teacher who has a lot of experience in programming PLCs, his teaching method is very good since you will NEVER forget everything you see in the classes, whether it is what you learn in theory or what you learn during practice, such as the origin of some errors in programming, settings, etc. and how to fix or remove them.”



Student 2:


“I loved the dynamics he must give the classes although I feel that the course is poorly planned in terms of syllabus and established hours (that has to do with the planning of TEC21 for this course, not with the teacher).”
 

Note: TEC21 is the name given by the University to the incorporation of the CBL learning technique in the courses.

Finally, we present an excerpt from the remarks of an engineer who contributed to the development of the challenge (The commentaries are written in Spanish and the translation is literal).


“When I was invited to participate in a challenge with students, I immediately agreed. I was excited to collaborate on a project where I could share knowledge acquired through years of work experience and, in some small way, give back to society. The environment that allowed me to pursue a university education is something I am clear about. Collaboration between educational institutions and companies enables them to work together to develop training programs that address skill gaps, foster innovation, and prepare professionals to face future challenges.

Collaborating with educational institutions can transform and enrich the learning experience, opening new horizons and creating strong networks among various stakeholders. Additionally, joint efforts enhance the creation of professional networks, generating growth opportunities for both individuals and the organizations involved.

I was pleasantly surprised by the adaptability of the students in finding solutions, which were approached in different ways but aimed at achieving the same result. I believe the experience would have been even more enriching if we had more frequent progress reviews and provided supporting materials in advance.”
 

Our results show that the implementation of the CBL model has had a positive impact on the evaluation of professors and students’ perceptions of the course. This is consistent with previous studies, such as Membrillo-Hernández et al. (2023), which found that the CBL approach enhances student motivation and engagement compared to traditional methods. Additionally, suggest that the transition to challenge-based teaching methods can initially cause a decrease in student satisfaction due to the learning curve associated with new methodologies. However, our data indicate that, despite a slight decrease in grades in some groups, the overall student perception of the course and the professor remains positive, suggesting a successful adaptation to the new approach.




5 Limitations and future work

The work developed in this article focuses exclusively on the teacher’s experience when facing the redesigned course that utilizes CBL methodology. The experience gained in the development of industrial projects was crucial to adapting to this new work proposal. The main limitation is that it is based on personal experience and individual conclusions. There has been no opportunity to share and discuss these experiences with other colleagues to draw general conclusions. This could be addressed in future work.

Moreover, the survey applied to students focuses exclusively on the teacher’s activity. However, it would be beneficial to include a series of questions oriented toward the industrial partner and the challenge.

On the other hand, based on the lessons learned, several aspects emerge that can enhance the methodology.

To enhance the partner search mechanism, consideration should be given to establishing connections with associations that represent the industrial sectors of the region. These partnerships often present real-world challenges that can be incorporated into educational programs. Additionally, create an academic department dedicated to facilitating these partnerships and develop a database that tracks the challenges undertaken and the companies involved. Such a database would allow educators to identify open problems that could be integrated into other courses. For example, in the GENERAC challenge, the company aims to replace the Arduino microcontroller with a specialized one used in its products. This specific challenge could be particularly relevant for teachers in the field of computer science.

However, our results show that the implementation of the CBL methodology in the Industrial Automation course has had a positive impact on the development of students’ competencies. These findings are consistent with the studies by Ahmed et al. (2022) and Broadbent and McCann (2016), who also reported significant improvements in university-industry collaboration and in preparing students for the job market. Additionally, our results align with those of Membrillo-Hernández et al. (2019), who observed that students face initial challenges but develop critical skills such as independence and personal responsibility.

The solutions to the challenges should be reimagined to create fresh educational material that students can incorporate into their coursework. The prototypes, which have already been developed based on the challengers delivered, exemplify practical industrial applications. Moreover, it’s essential for the teacher to familiarize themselves with the equipment and software employed by the company for the challenge. Prior training in the use of this equipment is necessary.



6 Conclusion

The acquisition and development of knowledge and skills by students through the CBL teaching methodology are truly invaluable and multifaceted. Students encounter authentic industrial challenges and acquire the skills to formulate well-structured solution proposals. This is where the teacher’s expertise comes into play.

Balancing practical experience for students with the expertise of teachers is fundamental in CBL. While involving students in real-world projects enhances their understanding and application of theoretical concepts, it is equally essential to recognize the valuable insights gained by educators during this process. The relationship between student learning and teacher expertise contributes to a holistic and effective learning strategy.

Although our results indicate that the CBL methodology is effective, it is important to compare it with other traditional pedagogical methods. Unlike project-based learning (PBL) and problem-based learning (PjBL), CBL not only involves solving real-world problems but also fosters closer collaboration with industry, providing students with a more practical and relevant experience for their future professional careers.

Finally, participating in these types of activities pushes educators beyond their comfort zones, as each project presents unique challenges. The experience gained by participating in these industry activities is shared in this work. It provides a concise summary of tips and suggestions to help educators begin implementing this learning technique.
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Footnotes

1   https://www.as-interface.net/


2   https://www.profibus.com/


3   https://us.profinet.com/


4   https://opcfoundation.org/
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Introduction: This study addresses the urgent need for standardized frameworks in Continuing Engineering Education (CEE) to support lifelong learning in the rapidly evolving global workforce. Significant events, such as the Digital Transformation and the rise of artificial intelligence, have highlighted the demand for adaptable and diverse learning systems, especially in engineering education. On the one hand, the World Economic Forum's, 2023 Future of Jobs Report predicts a transformation in 44% of workers’ core skills within 5 years, with engineering facing substantial labor shortages. On the other hand, the Paris Agreement’s call for sustainable development necessitates a workforce with skills aligned with the green transition.
Methods: The research introduces an innovative framework taxonomy that categorizes and organizes CEE programs by integrating standardized terminologies. It focuses on critical elements such as resourcing, organizational models, and program development strategies to provide a comprehensive structure that supports consistency and comparability across diverse educational contexts.
Results: Unlike existing models, the proposed framework enhances cross-institutional learning and dissemination of best practices. It identifies key components required for effective CEE management, filling a critical gap in the literature. The study’s output is a taxonomy for discussing and comparing CEE institutional approaches and practices to advance the field and foster a global CEE community committed to excellence in engineering education.
Discussions: This study equips educators, policymakers, and industry leaders with a practical tool to design, implement, and scale CEE programs. It ultimately fosters a skilled workforce prepared to meet the challenges of future technological and sustainable transitions, supporting the development of a standardized approach to CEE.
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1 Introduction

Despite the growing importance of Continuing Engineering Education (CEE) in addressing skills gaps driven by technological advancements and sustainability demands, there is a lack of standardized frameworks and taxonomies to categorize and manage CEE programs effectively categorize and manage CEE programs. This absence hinders cross-institutional collaboration, knowledge sharing, and the ability to assess the quality and effectiveness of CEE initiatives. Existing frameworks lack a common language, complicating CEE activities’ design, delivery, and evaluation and the design, delivery, and evaluation of CEE activities across educational contexts. Global events, such as the rapid adoption of artificial intelligence tools, widespread uptake in digital education, and a dynamic labor market (in terms of the nature of jobs, roles, and occupations) across diverse workforces, necessitate an innovative response to upskill and reskill those in the workplace. This urgency is apparent, with 44% of workers’ core skills expected to adapt by 2030. Moreover, engineering is a crucial occupation with identified labor shortages (World Economic Forum, 2023). Additionally, 18 million more green transition jobs are expected to be created worldwide in our effort to achieve the Paris Agreement (International Labour Organization, 2018). These developments highlight the need to boost the Continuing Education and Lifelong Learning systems and adapt them to be more diverse and agile. For the purpose of this study, Continuing Education (CE) is defined as the “professional development activities in which an employee, typically with a completed academic degree, seeks further learning from a higher education institution” (Friedman and Phillips, 2004). Lifelong learning (LLL) refers to the learning activities aimed at improving knowledge, skills, and competencies throughout life, having an impact on both professional and personal development (Froehle et al., 2022).

Skills and competencies are critical competitive factors in the industry. As companies continually adapt to rapid technological advancements that consistently impose new requirements on engineers, the significance of CEE cannot be overstated. Industries are transforming in response to these technological shifts and changing market demands, making it increasingly critical for professionals to update their skills and knowledge. Despite the acknowledged value of CEE, there remains a notable lack of standardization in how continuing education activities are categorized and delivered (Thwe and Kálmán, 2024). This absence of a unified framework complicates the ability of individuals and organizations to assess the quality, relevance, and effectiveness of CEE learning activities and challenges providers of CEE to design, develop, and compare activities, such as through credit systems like European Credit Transfer and Accumulation System (ECTS), levels of progression, and further also a common language for researchers to study CEE learning activities. Although this diversity provides opportunities for cross-fertilization of ideas and creativity, it can also result in fragmentation of the field and duplication of effort. Therefore, it becomes essential to develop a taxonomy that creates a language with common terminology to facilitate more precise communication and understanding among stakeholders involved in CEE, enabling more effective responses to these evolving demands.

Research within CEE is wide-ranging, diverse, and interdisciplinary; it builds on exciting and innovative research and practice being conducted in a broad range of educational and professional engineering settings across the globe. The timely and efficient capacity building of professionals and employees is becoming a priority in many countries, not only to ensure that no one is left behind in this era of great transformation but also that the labor market has the skills needed to meet the needs of this new economic, environmental, and social setup. Although influenced by unique country-specific contexts, governments and educational institutions actively seek appropriate responses to these challenges, often in isolation and without a clear guide to designing their CEE and LLL systems best.

The diversity of CEE activities, from formal to informal to non-formal learning activities, along with various delivery methods, such as online platforms, workshops, seminars, courses, and work-based learning, presents a complex ecosystem. This complexity also challenges participants in effectively navigating their learning paths and providers in efficiently designing and marketing their offerings. Furthermore, employers and accrediting bodies struggle to recognize and value CEE achievements due to lacking this common language and standards. These challenges suggest the need for a taxonomy of continuing engineering education activities and their delivery methods. A well-defined taxonomy would provide a standardized language that categorizes CE activities and delivery methods, facilitating stakeholder communication. However, no taxonomy, framework, or standardized language exists for comparing and managing CEE learning programs and interventions. A taxonomy is a hierarchical scheme that classifies terms within a field using a standardized language (Finelli et al., 2015). In the context of this research, a framework is taken to be a system of classification that can categorize and organize how institutions and program teams manage and deliver CEE (Nickerson et al., 2013). Additionally, there are limited conceptualizations around frameworks and taxonomies in Continuing Education (Jarvis, 1996, 2004) and recognition of the complexities in developing such taxonomies, as well as being focused on the learning [micro-level] activities rather than institutional decision-making (Lindsay and Richard, 1972). This paper addresses this gap by introducing a taxonomy around CEE models, and focusing on effectively managing these programs to encourage the exchange of best practices.

Recent studies underscore the need for a taxonomy in continuing education. Initial works in 2023 examined meso-level factors within academic institutions, primarily in Europe (Caratozzolo et al., 2023; Gomez Puente et al., 2023). These studies develop a systematic understanding of continuing education by categorizing key aspects into drivers and opportunities, organizational arrangements, types of offerings, and accessibility. These classifications not only refine the approach to continuing education but also provide a foundation for effectively comparing different educational systems and practices. Thus, a well-defined taxonomy is essential for categorizing and simplifying complex information and fostering dialogue and collaboration across educational landscapes. It acts as a critical tool in advancing the field of continuing education by enabling a clearer understanding of existing patterns and emerging trends and providing a structured framework that supports ongoing research and development in this vital area.

This study builds upon a 2023 comparative analysis of CEE at diverse universities in different countries, emphasizing the necessity for a standardized language to facilitate cross-country and cross-institutional knowledge sharing (Gomez Puente et al., 2023). This paper aims to unveil a new framework that could be adopted across different countries and continents, highlighting categories such as resourcing (of learning), organizational/business models, and program development strategies. The impact of this framework lies in facilitating the exchange of knowledge and best practices among actors in CEE and allowing them to embark much more quickly on collaborative projects in this space. Furthermore, the fact that CEE is on top of the agendas for many educational institutions and universities, it becomes essential to have a framework that allows for self-assessment of the organizations, for mapping and comparing CEE strategies, and, consequently, for the purpose of benchmarking. Finally, this taxonomy helps bridge the gap between academia and the labor market as education can be better aligned with industry needs at employers’ services.

Research Question (RQ): What are the critical components of a framework for comparing Continuing Engineering Education (CEE) programs?



2 Overview


2.1 The complexity of discussing continuing engineering education (CEE) practices

CEE offerings support ongoing learning, upskilling, and reskilling development to keep engineers abreast of evolving technologies, methodologies, and industry standards (Pérez-Foguet and Lazzarini, 2019; Kimmel et al., 2022; Li, 2022; Leon, 2023). These programs may include workshops, seminars, courses, certifications, conferences, and other professional development activities tailored to meet the specialized needs of engineers across various disciplines and career stages. However, discussing and comparing these practices presents inherent complexities due to the multifaceted nature of engineering education, which poses challenges when discussing and comparing CEE practices. Engineering encompasses diverse fields with specialized knowledge areas and skill sets (Caratozzolo et al., 2022; Skills Future Singapore, 2022). Additionally, CEE involves various stakeholders, including educational institutions, industry partners, professional associations, and regulatory bodies, each with distinct perspectives, goals, and priorities. Moreover, the rapid pace of technological advancements and industry changes further complicates the landscape, requiring CEE programs to adapt continuously to emerging trends and developments.

Traditional approaches to evaluating CEE programs often lack standardized language and taxonomies, which hinders effective communication and comparison of practices across institutions and countries (Lawanto et al., 2017). Without clear definitions and categorizations, assessing, comparing, and disseminating best practices in CEE becomes challenging. Standardized language ensures consistency in terminology, while taxonomies provide structured frameworks for organizing and classifying CEE practices based on critical criteria such as program objectives, delivery methods, learner outcomes, and assessment metrics. Standardized vocabularies and taxonomies can facilitate more efficient knowledge sharing, collaboration, and quality assurance in CEE initiatives.



2.2 Motivation for standardized language

In the context of CEE within the Industry 4.0 and Education 4.0 frameworks, standardized language facilitates effective communication and collaboration among professionals across diverse engineering disciplines (Chakraborty et al., 2023). The necessity for standardized language in discussing CEE practices stems from the urgency to adapt engineering education to meet the demands of a rapidly changing global workforce (Lagorio et al., 2023; Thwe and Kálmán, 2024).

The World Economic Forum's, 2023 Future of Jobs report highlights the impending evolution of workers’ core skills, emphasizing the critical role of CEE in addressing labor shortages and facilitating the green transition outlined by the Paris Agreement (Horowitz, 2016; World Economic Forum, 2023). As the skills required in the workforce evolve, CEE programs play a crucial role in upskilling and reskilling engineers to meet these changing demands. Researchers can identify common themes, emerging trends, and best practices in CEE by systematically examining various sources. These insights inform the development of a taxonomy with standardized language and an associated framework by highlighting key concepts, terminology, and areas where consensus or divergence exists among practitioners and researchers. Consequently, standardized language, a taxonomy, and a framework developed through this process are more likely to be comprehensive, inclusive, and reflective of the diverse perspectives and practices within the field of CEE (Baukal, 2022; Kimmel et al., 2022; Kubrushko and Kozlenkova, 2019).



2.3 The CEE taxonomy and its importance

A taxonomy is an essential prerequisite for further research and practice in CEE. The importance of a CEE taxonomy lies in the organization and categorization of diverse elements inherent in these educational initiatives (Finelli et al., 2015). It helps to break down complex phenomena into manageable and coherent structures, making it easier for stakeholders to understand and navigate the landscape of CEE programs. Moreover, a taxonomy allows for the standardized language development, promoting clarity and consistency in discussions surrounding CEE practices. Through the implementation of a taxonomy, stakeholders in engineering education can navigate the complexities of CEE more effectively, driving innovation and advancement in the field (Coleman and Radulovici, 2020; Caratozzolo et al., 2023). The taxonomy’s structure helps stakeholders identify critical components, relationships, and patterns within CEE programs, ultimately driving innovation and advancement in the field by promoting informed decision-making and strategic planning.




3 Methodology

The nature of the research question is predominantly qualitative, with the first objective of determining terms and concepts that describe CEE programs. When viewed in terms of any taxonomy of terms enabling the enhanced exchange of ideas, then the components need to encompass both (a) the educational aspects (what, who, where, and how it is delivered) and (b) include contextual components that speak to the way it is delivered. Specifically, the methodology is sequential mixed methods, with a qualitative, inductive analysis of existing case studies to generate the initial taxonomy and a quantitative step to count occurrences of identified terms within the literature to examine whether alternative wording in this initial taxonomy was supported through frequency of use of terms found in existing literature; the details of this are presented below.

The methodology for this research reflects that of Finnelli et al. used to develop a taxonomy for Engineering Education Research (EER) (Finelli et al., 2015). The EER taxonomy was developed to support a range of groups (researchers, novices in the field, journal editors, and funders) in having a standardized terminology. The development of the EER taxonomy was guided by two main principles: first, that it would be helpful, and second, the use of an inclusive process. Therefore, in line with (Hedden, 2010), a series of subject matter experts from different countries were engaged, along with studying the existing corpus in Engineering Education. In particular, Finelli (ibid) developed an initial draft version refined through conference events and engagement with groups of experts.

For this taxonomy around CEE, the authors sought to produce a helpful taxonomy through an inclusive process involving representatives from eight countries. The utility of this is that it is relevant to novice researchers, helps to “map the field” and will allow researchers and practitioners “to situate their individual research initiatives in the broader field, see connections and synthesize ideas, … and plan future work” (Finelli et al., 2015, p. 366). Specifically, the methods for the Research Question were: (i) to inductively re-analyze an existing comparative case-study data set, version 1.0 (Gomez Puente et al., 2023) to determine a broader range of concepts outlined and the language used, (ii) these terms were then inductively synthesized into an updated taxonomic framework, version 2.0, (iii) a mapping review was undertaken using originally-generated terms along with synonyms to determine the frequency of use of those terms, (iv) a subsequent updating of a taxonomic framework based on a review of frequency, version 2.1. Such a process aligns with the analysis of the existing corpus and the engagement of subject matter experts (Hedden, 2010; Finelli et al., 2015).

For the first step, eight previous case studies were re-analyzed, and a collaborative, online workshop was held between the eight co-researchers to list additional terms relevant to CEE. This workshop expanded the set of terms from 21 to 92. Subsequently, one researcher inductively grouped these additional and pre-existing terms, moving from the original five categories of Gomez Puente et al. (2023) to four top-level categories: (1) Drivers and Opportunities; Organizational Arrangements; (2) Types of CEE offering; and (3) Accessibility of CEE; this grouping synthesized previous top-level categories and provided a broader mapping of the CEE field. The other research team members evaluated and validated this grouping through a collaborative online review. In particular, the updated taxonomy was shared with co-authors 7 days before the online review. In the online review, the other co-researchers reviewed the overall taxonomy, specifically structure and language, and discussed whether the categories were (a) representative of the case studies and their institutional practices, (b) provided an appropriate clustering of the terms that had been generated from the previous workshop in which they had been involved; and (c) whether the current categorization would be helpful to [linking back to Finelli et al.’s (2015) principle]. This review saw broad consensus through confirmational discussion of each category. However, the review did lead to minor changes, such as the addition of ‘blended’ to ‘Delivery modes, and the change of the fourth category from ‘Accessibility of CEE’ to ‘Accessibility and inclusion of CEE’ that saw an expansion of terms in this category to reflect ‘Assistive technology’ and sub-terms, ‘Economic support’ and sub-terms. And ‘Geographical support’ and sub-terms.

A broad and exploratory mapping was performed to review the literature related to critical topics. This mapping aimed to describe the current state of knowledge in these areas. The search strategy focused on obtaining documents from the Scopus database, focusing on English language publications from 2015 onwards (Lockwood et al., 2019; Mak and Thomas, 2022). Each retrieved document was carefully examined to assess its relevance to the study objectives.

This process of retrieving and assessing these documents was performed by prioritizing documents published in English to ensure consistency across the international research team. In addition, only works published after 2015 were included to maintain relevance and reflect current trends in CEE. Key search terms included “taxonomy,” “lexicon,” “framework,” “labor education,” “continuing engineering education,” “continuing education,” “professional development” and “lifelong learning,” along with their synonyms. Only papers indexed in Scopus were considered, ensuring academic rigor in the selection process. Additionally, documents that significantly deviated from key topics or did not address relevant terms were excluded from consideration. Research published before 2015 was also excluded to focus on contemporary scholarship and those not in English to maintain consistency across the board. These criteria helped streamline the selection process, ensuring that only the most relevant and highest-quality papers were reviewed to inform the development of a comprehensive and up-to-date taxonomy.

Subsequently, a comprehensive base taxonomy of terms was compiled based on the authors’ previous work and studies. This initial taxonomy served as a basis for identifying synonyms and similar terms using Large Language Model LLM-based methods (Thießen et al., 2023). This aims to broaden the range of search terms and ensure the inclusion of the most prominent and widely recognized terms within the defined taxonomy.

After compiling synonyms and analogous terms related to the base taxonomy, a comprehensive review of the collected literature was conducted to identify works containing keywords related to the base taxonomy. The aim was to give priority to terms that were considered popular and current within the field. The objective was to integrate these terms into the taxonomic structure, refining it to reflect the contemporary standardized language of the study area. This iterative process involved modifying the base taxonomy to incorporate terms better aligned with prevailing terminology and thematic relevance, ensuring the resulting taxonomy was accessible and up-to-date. Once the collected works’ content, themes, and subthemes were identified, a detailed analysis was conducted to validate and refine the underlying taxonomic structure. The rigorous validation process involved comparing the identified terms with a complete corpus of related literature, focusing on integrating the most relevant and prevalent terms to enrich the taxonomic framework. The decision-making around this reflected the following decision criteria:

	1. An alternative term, highlighted by frequency analysis of literature, would be adopted if it still reflected current and emergent terminology;
	2. More general terms were kept, rather than terms or phrasing that was potentially limiting (e.g., workshop as just one method to develop a CEE educator, so while this term is prevalent in literature, then it was not adopted);
	3. Terms reflecting current and emergent usage were preferred, such as up- and re-skilling (over professional development);
	4. Redundant terms of the hierarchy were removed, such as having ‘Masters award’ in the category of ‘University full-awards’;
	5. Consideration was given to terms, based on the range of nationalities of co-researchers, to find terms that would be as international as possible and not tied to one nation or institution;
	6. That the most frequent term had not sufficiently captured the original term’s essence.

Finally, the additional components from this literature search were used to refine the taxonomy, version 2.1, presented in Section 4.3.

A methodological limitation of this research is that it is mainly European-focused on individuals within academic-only institutions. This emergent taxonomy needs further validation within the co-researchers institutions. Additionally, the intention is to use future conferences to share, discuss, and further refine the taxonomy with a broader range of participants (non-academic institutions, different countries, and continents) (Finelli et al., 2015).



4 Findings and discussion


4.1 Initial taxonomy refinement

An early form of the categorization was presented as part of the 2023 findings of Gomez Puente et al. which focused just on meso-level factors (so a subset of data and smaller in scope than the current RQ) (Gomez Puente et al., 2023). These findings were subsequently presented in a taxonomic format. The analysis of the comparative cases from eight (8) academic institutions with the broader RQ used in this research led to terms and categorization into four: (a) Drivers and opportunities, (b) Organizational arrangements, (c) types of CEE offering, and (d) Accessibility of CEE. Table 1 shows the uppermost three levels for each area for ease of display. The complete taxonomy has a maximum of six (6) levels. This refinement occurred when the researchers compared the CEE units of their respective universities and found many differences, mainly in how CEE is organized. In some countries, a clear separation of free basic education on the one hand and fee-based continuing education on the other hand needs to be observed which entails different organizational and financial settings. In case of such a separation, the university’s teaching staff must not be involved in continuing education as part of their teaching obligation but has to do it as a paid side job. Consequently, it may be appropriate to outsource the CEE activities to a private but associated company, which again leads to further differentiations. This and other aspects finally led to a deeper taxonomy tree with six levels that apply to universities as CEE providers.



TABLE 1 Emergent taxonomy from a broader analysis (version 2.0).
[image: A structured table with three hierarchical levels displaying a framework for Continuing Education and Extension (CEE). The table outlines categories such as Drivers and Opportunities, Organizational Arrangements, Types of CEE Offering, and Accessibility of CEE. Each category is further divided into specific elements and sub-elements, detailing government naming conventions, provider types, partnership models, naming conventions for offerings, assessment modes, and more. Entry requirements, assistive technology, economic, and geographical support are also included. The table highlights a comprehensive overview meant for practical implementation of CEE.]



4.2 Findings in the clustering process for the mapping review

This subsection presents the findings derived from the clustering process undertaken during the mapping review. This clustering process was integral to the research as it aimed to group related documents based on thematic similarities. It offered a structured way to analyze patterns in the literature on Continuing Engineering Education (CEE) and lifelong learning. By clustering documents around the key terms: “taxonomy,” “lexicon,” “framework,” “workforce education,” “continuing engineering education,” “continuing education,” “professional development,” and “lifelong learning” the researchers could discern relationships between different studies and identify recurring themes. The analysis encompassed a total of 83 documents distributed across various thematic categories: taxonomy (8), lexicon (2), framework (7), workforce education (13), continuing engineering education (24), continuing education (14), professional development (7), and lifelong learning (8). These documents formed the basis for identifying patterns, trends, and insights pertinent to the overarching objectives of the research endeavor, and the clustering process helped validate and refine the taxonomy by aligning the most relevant concepts from the literature with the research objectives. The clusters provided a clearer understanding of how CEE is approached across various institutions and frameworks, contributing to developing a more standardized language within the field. Ultimately, the clustering analysis allowed for a more focused exploration of the literature, ensuring that the taxonomy was both comprehensive and reflective of current trends.

To find a correlation between the themes and subthemes of the works found in the mapping, all this data was grouped based on the work of Azofeifa et al., which seeks to glimpse in a defined space how related or similar these works are from a general point of view of the whole (Azofeifa et al., 2022).

Using the themes of taxonomy (T), lexicon (L), framework (F), workforce education (WE), Continuing engineering education (CEE), continuing education (CE), professional development (PD), and lifelong learning (LL), in addition to classifying the works by topic, an extra classification was made where the other topics from the list are taken and if they are presented in the works they are taken as subtopics, taking into account that each work can use one or more of the options it has available among the subtopics. To compare these categorizations effectively, we devised a metric that assigns each item a value to each work based on the presence of the main topic (assigned a value of 2), subtopics (assigned a value of 1), or neither (assigned a value of 0). This value system provides a quantitative measure of thematic relevance within the dataset, facilitating subsequent analyses.

The computed distances between documents enable us to perform cluster analysis in a multidimensional space using the L2 Euclidean norm (Rump, 2023). We determined the optimal number of clusters using the elbow method, identifying the optimal cluster number of three (k = 3). Then, we applied the k-means algorithm to group the data effectively. This algorithm partitioned the works into distinct clusters based on their proximity in the multidimensional space, ensuring a balance between cluster compactness and member distribution. Initially represented by a dendrogram, the resulting clusters were further visualized using t-SNE (t-distributed stochastic neighbor embedding) to project the multidimensional data onto a 2D plane (Figure 1). This t-SNE method retains local relationships from higher dimensions in the lower-dimensional space, revealing intricate relationships and groupings among the works based on their thematic affiliations. Supplementary Data Sheet 1 contains the full mapping references represented by the “identification codes” used in Figure 1.

[image: Scatter plot with three clusters: red crosses at the top right, green triangles at the top center, and blue circles scattered around the bottom and right areas. The background shades of red, green, and blue correspond to each cluster.]

FIGURE 1
 The t-SNE method, with the three distinct clusters identified by the dendrogram and their correlation distribution.


Identifying three distinct clusters was not merely a technical outcome but a significant insight into the field of CEE and lifelong learning. Each cluster represented cohesive groups of studies that shared common themes, offering a more nuanced understanding of the different approaches to professional development and education. For instance, one cluster might emphasize the role of frameworks in guiding lifelong learning, while another could focus on specific educational models in engineering. These clusters provide valuable new insights by highlighting gaps in the literature or emerging trends that were previously overlooked.

Through this visualization, we observed three distinct clusters, each representing cohesive groups of works sharing common themes and subthemes. For example, the work of lifelong learning LL1 and lexicon L1, or the works of continuing engineering education CEE5, CEE6, and CEE7, among others, reveal close relationships. These connections could potentially unveil areas of opportunity for new research, sparking curiosity and anticipation for future developments. As a result, the clustering process contributes to the refinement of the taxonomy, helping to organize the diverse elements of CEE and fostering more effective communication and collaboration across educational institutions, addressing the broader research questions outlined in Section 4.1.

To validate and refine the foundational taxonomic structure in alignment with terms identified in the literature, we initially sought synonyms or analogous terms to those within the base taxonomy. Employing methods rooted in Large Language Models (LLM), we expanded the scope of search terms, aiming to include the most pertinent and widely recognized terms within the definition of the base taxonomy (Thießen et al., 2023). This process enriched the search terms pool and enhanced subsequent literature searches” comprehensiveness.

Following compiling a list comprising synonyms and akin terms to those present in the base taxonomic structure, we conducted searches within the previously identified corpus of related literature. This involved querying for the identified synonyms, similar terms, and base terms within the list of associated works, subsequently tallying and identifying those works containing these terms. After this step, we meticulously analyzed the outcomes of these searches to refine the foundational taxonomic structure. Emphasis was placed on integrating terms that best aligned with the lexicon of the field, considering factors such as prevalence, relevance, and contemporaneity. This iterative process ensured that the resultant taxonomic framework remained both accessible and current, reflecting the evolving terminology and conceptual landscape of the field.



4.3 Synthesized taxonomy

As outlined in the methodology section above, the frequency analysis of terms in existing literature and findings from the clustering process played a critical role in refining the taxonomy, directly influencing the transition from version 1.0 to version 2.0. By organizing the literature into distinct clusters based on shared themes, the research team could identify patterns that were not apparent through traditional qualitative analysis alone. These clusters revealed recurring concepts and terminologies across studies, highlighting gaps and redundancies in the initial taxonomy. For example, the clustering process identified frequent use of terms related to “upskilling” and “reskilling,” prompting the inclusion of these terms in the updated taxonomy version. Similarly, by recognizing overlaps in the literature on delivery methods, such as “blended learning” and “hybrid learning,” the researchers were able to simplify and clarify the categorization of these concepts within the taxonomy. This iterative process ensured that the taxonomy not only reflected the most current trends in CEE but also provided a more structured and comprehensive framework for categorizing educational practices. Based on these discussions, the following changes were made at the top level (Table 2). Additionally, some terms were adapted based on discussions. Supplementary Data Sheet 2 contains information on the more frequent alternative terms and the corresponding references included in Table 2.



TABLE 2 Summary of changes made to the taxonomy.
[image: A table with four columns: "Identifier/term," "Most frequent alternative [frequency]," "Identifier/chosen term," and "Rationale [decision criteria number from methodology; new or adapted]." The table lists various educational terms, their alternatives, selected terms, and rationales. Examples include: "Goal" for "Purpose" with rationale as "sufficiently general term [2]," and "Credit-bearing" for "Accredited [7]," with rationale relating to connotations and credit accumulation.]

In the review discussions, some terms were still felt that there was insufficient consensus amongst the research, such as ‘3.a. Naming’, or were terms that would need an accompanying definition to ensure consistency in use and understanding, such as ‘3.a.i. Course’. Moreover, while ‘3.b.ii.1. non-formal’ and ‘3.b.ii.2 informal’ are recognized forms of lifelong learning, so they apply to CEE; there was not sufficient clarity amongst researchers as to how these terms applied within CEE, so definitions are required, along with further engagement with the CEE community to determine how these fit into CEE (Johri, 2022).

There were some terms, such as ‘3.b.1.c. Sub-degree awards’ were included to reflect practices in some countries and may not be universally applicable. For some, CEE is seen as post-Bachelors education, so the use of ‘3.a.v Degree qualification’ indicating Masters would be the main focus. However, in some countries, a student can iteratively progress towards a bachelor’s degree through sequential studies and awards, with potential study breaks in between (Lester, 2015; Bohlinger, 2019):

	• VET/Further Education—HNC [Higher National Certificate]—EQF4.
	• VET/Further Education—HND [Higher National Diploma]—EQF5.
	• University - Bachelors (ordinary).
	• University - Bachelors (Honors)—EQF 6.

In this context, further refinement of the taxonomy is required to ensure it can broadly capture practices from different national systems while recognizing that an international taxonomy may not reflect all national and institutional considerations.

Figure 2 reflects a refinement of Table 1, with the updated version 2.1 taxonomy for the uppermost three levels and maintaining the four key categories: Drivers and opportunities, Organizational arrangements, Types of offerings, and Accessibility. The full taxonomic organization (six levels) is in Supplementary Data Sheet 3. However, the additional three levels in this full taxonomy only apply to the university as a provider (2.a.i). At the next level, the first aspect is where CEE is placed in the university organization: It can be a central unit or organized in a distributed way by faculties or departments, or it may be placed in an associated private company. The second aspect addresses the educators of CEE: They may be regular teaching staff who teach in CEE as part of their obligation, or they may teach as a paid side job. If external educators do teaching, it can be organized individually or in partnership with an external institution. Thirdly, teaching seasoned professionals may require additional training for educators, which can be part of regular academic preparation or the use of external experts. Finally, the courses may be aligned to the university calendar or independent.

[image: Flowchart illustrating factors related to Continuing Education and Extension (CEE). It shows drivers and opportunities, organizational arrangements, types of CEE offerings, and accessibility. Each factor branches into subcategories such as naming conventions, market alignment, organizational models, teaching methods, credit options, entry requirements, and technological support. Examples include government naming conventions, market-driven goals, partnership models, commercial options, credit-bearing courses, customization levels, teaching methods, assessment modes, and support measures.]

FIGURE 2
 Updated taxonomy after literature review, uppermost three levels (version 2.1), and four key categories.





5 Discussion

This study’s output is a taxonomy for discussing and comparing CEE institutional approaches and practices to advance the field and foster a global CEE community committed to excellence in engineering education. This ‘taxonomy enables discussion and comparison of CEE institutional approaches and practices to advance the field and foster a global CEE community committed to excellence in engineering education. The results of this study provide guidelines for both institutions and policymakers to critically analyze CEE practices in their own higher education institutions. Moreover, it provides a taxonomy in levels to facilitate the revision process in more detail and stimulate collaboration and knowledge exchange.

Despite the promising preliminary insights from this research study, there are some limitations to point out. Firstly, the research is framed in earlier work on analyzing CEE practices at the meso-level with a focus on university-wide practices. Furthermore, the analysis of the comparative case studies is based on researchers from eight academic institutions. That may not necessarily represent either the institutions’ views or the developments at the national level. Also, although these cases provide more in-depth observations, they are not broadly validated with similar higher education institutions elsewhere. Therefore, results may be considered limited to the context of this research. In this regard, it is worth noting that the taxonomy collects the practices of these institutions but may not reflect the national or international CEE practices. We suggest that the standardized terms and framework introduced in this study can be gradually integrated into both undergraduate and graduate engineering curricula by embedding them in existing course structures related to professional development, engineering management, and lifelong learning.

Secondly, the proposed taxonomy focuses on categories that serve to develop a structure that may suit the purpose of the institutions participating in this study. However, despite the multidimensional approach to include relevant categories such as business models, resourcing, and development strategies, the taxonomy does not serve all analysis purposes, failing to provide a broader scope to explain consequences for other levels, such as courses. Importantly, as detailed in section 4.3, some terms (e.g., course) carry different meanings in different countries, so definitions for each term will be required to reap the full benefits of this taxonomy.

Also, limitations regarding the methodology applied in this study need to be addressed. In this regard, the methodology chosen has taken both a qualitative and quantitative dimension. Qualitative methods were meant to revise terms and concepts to define elements of CEE programs. Also, well-defined methodologies to develop taxonomies, such as Finelli’s, were used, and a non-systematic literature review was conducted to help re-analyze a previous comparative study to determine a broader range of concepts to define the taxonomy used in this study (Finelli et al., 2015). The quantitative dimension made it possible to fine-tune the framework based on a survey of original CEE terms and synonym frequencies. Despite the thoroughness of the approach, the proposed taxonomy would gain more value when compared with the elements accepted by the international community and the body of knowledge in this field.

Together, the above limitations suggest that further refinement of the taxonomy will require a broader range of international collaboration among CEE stakeholders (industry, professional/accreditation bodies, CEE learners) and accrediting bodies and more representation from formal education (a more comprehensive range of universities and inclusion of VET institutions). Consequently, the subsequent phases of this research will involve a broader, more international engagement to refine the taxonomic framework further. Moreover, it will require the creation of definitions to accompany those terms.



6 Conclusion

The need for a standardized language to allow practical discussions and collective progress in Continuing Engineering Education has created a novel taxonomy with associated definitions. Furthermore, the methodology followed to propose a taxonomy is promising, as combining qualitative and quantitative methods accompanied by analyzing universities’ cases allows for the first verification of findings. To the authors’ knowledge, this is the first systematic organization of terms relevant to CEE, so it represents a significant contribution to the contemporary conceptualization of CEE.

Practically, this taxonomy at a macro- (broader national and international perspectives), meso- (institutional decision-making), and micro-level will support more efficient sharing of practices and meet the demand for engineers to reskill and upskill to meet the current and ongoing learning needs. At the national policy level, the taxonomy will allow for greater ease in consistently mapping practices, where good practices exist, where to target support, and where to invest in addressing barriers. Specifically, this mapping will serve the purpose of benchmarking among international institutions, which also serves quality assurance goals relevant to all universities. Similarly, at the institutional level, the taxonomy will allow individual organizations to assess their CEE policy and strategy, thereby identifying strengths as well as areas for enhancement. At a department or individual level, the taxonomy will allow for greater alignment of planned or emergent activity against drivers and options (lower levels of hierarchy) to influence effective decision-making around CEE offerings.

Importantly, this taxonomy and its standardized terms will allow for consistent modeling of the CEE ecosystems and determine the interplay between these factors and which are the most influential. Future research to map and visualize the CEE systems will be an important step in modeling how changes in taxonomy (factors) influence success and outcomes from different institutional approaches to CEE.

In conclusion, this paper is the first relevant step towards refining terms for shared understanding in categories and classification. The taxonomy can be a helpful tool for more consistently and effectively benchmarking institutions on current CEE practices. Finally, the taxonomy that covers macro-, meso- and micro-factors enables organizations and their partners to construct training and similar re-and upskilling professional development for CEE programs by aligning education levels with the needs of the job profile.
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Introduction: Gamification integrates game-like elements, such as points, badges, and leaderboards, into the educational process. This study examines the influence of a gamified approach on improving graphic design education. By implementing this methodology, we aim to create a more dynamic learning environment that could lead to better academic outcomes.
Methods: A quasi-experimental design was employed to compare students' average grades and academic achievements using the gamified technique with those taught using conventional methods. Thirty-two students participated in the study, with these students enrolled in three different terms. Data collection involved tracking students' grades, participation, and completion rates of gamified activities.
Results: Participants in the August—December 2023 semester (Experimental 2 group) who experienced the gamified approach with the proposed platform showed significant improvement, with a p-value of 0.033, compared to those in the August—December 2022 semester (Control group), which used only conventional approaches. Furthermore, better learning outcomes were obtained when the Experimental 2 group was compared with the January-May 2023 semester (Experimental 1 group), which used only the gamification methodology (p-value = 0.025). Additionally, out of 15 students in the Experimental 2 group, 10 achieved certification in Adobe Illustrator and 13 in Photoshop, suggesting that gamification elements applied through a digital platform can improve academic performance and enhance students' practical skills and readiness for professional challenges in graphic design.
Discussion: Results indicate that the gamified methodology can improve learning outcomes. Nevertheless, the proposed approach also has limitations and areas for improvement. Manual data capture, integration with external tools, the amount of teachers applying the approach, and the sample size of participants are limitations of the study that could have affected the accuracy of the results. Future work will focus on developing a proprietary platform that integrates course content and automates the tracking system to improve efficiency and accuracy. Moreover, a subsequent study will include a larger sample of students and professors to validate the present study's findings.
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1 Introduction

As society progresses, the necessities of the labor market have also advanced. This has also affected education by providing it with new types of resources. The emergence of technological tools and digital materials has been pivotal in shaping this transformation, leading to the establishment and global use of the term Education 4.0 (Miranda et al., 2021). According to The UNESCO-UNEVOC International Centre for Technical and Vocational Education and Training, this learning paradigm emphasizes using technology to transform the learning process, contributing to the generation of innovative teaching methods (UNESCO-UNEVOC, 2024).

Graphic design is an evolving discipline within STEAM (Science, Technology, Engineering, Arts, and Mathematics) education. This field focuses on the visual transmission of information through typography, photography, iconography, and illustration (Lupton and Phillips, 2015). Graphic designers produce visual and impactful content that can efficiently communicate messages across several forms of media. Thanks to the evolution of technology, graphic design has integrated concepts like web design, user interface (UI) design, animations, and user experience (UX) design into its curricula (Hardy, 2022).

Incorporating technology has significantly expanded the variety of outcomes professionals in this area can produce. Nevertheless, to effectively engage students and ensure they adopt new concepts and techniques, teaching methods should be adapted to Education 4.0 alongside these advancements. Consequently, future skills such as critical thinking, storytelling, mental flexibility, self-management, digital learning, and digital fluency are becoming relevant in graphic design (World Economic Forum, 2020). One possible approach for incorporating these future skills could be game-base learning and gamification. These strategies are based on integrating game-like elements into educational resources, and it could make learning more dynamic (Pacheco-Velázquez et al., 2023).

This study presents the design of a gamified approach aimed at examining the influence of game-like elements on improving graphic design education. The study focuses on assessing the educational efficacy of gamification and promoting its use to complement the concepts taught in a graphic design undergraduate course. To facilitate this approach, a digital platform was designed to support the implementation of gamified activities. Through the online platform, students can track their grades and access modules that allow them to engage in gaming activities to test their acquired knowledge and check the points obtained by completing these tasks. Hence, the primary hypothesis to be demonstrated in this study is as follows:

	1. Implementing a gamified methodology with a digital platform enhances academic performance compared to conventional teaching methodologies in a graphic design course.



2 Background

Nowadays, the challenge of effectively instructing undergraduate students revolves around attracting their attention to ensure that the information shared is assimilated and absorbed (Kember et al., 2008). This issue arises because students typically take at least five courses each semester, leaving them with minimal time for studying outside of class and difficulty absorbing new information (Thornby et al., 2023). Adhering to the principle that students should spend equal time studying after classes can help with this challenge. However, students frequently do not follow this methodology, and the educational community can confirm this by observing their performance in subsequent exercises or evaluations (Walck-Shannon et al., 2021).

Homework and classroom activities, meanwhile, play a key role in stimulating intellectual engagement and reinforcing understanding of the material (Fernández-Alonso and Muñiz, 2020). If an assignment is challenging for the students, they can conduct further research on the topic with the teacher's support or with different tools such as the Internet. This would ensure a better absorption of what they have covered in the classroom. Nevertheless, students often struggle to fully engage with or benefit from these due to various distractions (Dontre, 2021).

One of the most significant distractions students face today is video games. Gómez-Gonzalvo et al. point out that extended periods spent playing video games can negatively affect academic performance, sometimes leading to course failures (Gómez-Gonzalvo et al., 2020). This raises an important question: what is it about video games that makes them so appealing, drawing students to invest significant time in them? The psychology of games is, in essence, the feeling of obtaining skills and the recognition that they can reach a goal (Boyle et al., 2011; Chanel et al., 2011). Consequently, the integration of game-design elements and principles in education, commonly referred to as gamification, has emerged as a prominent area of study in recent years (Boskic and Hu, 2015; Chans and Portuguez Castro, 2021).

Gamification in education refers to the application of game mechanics—such as points, leaderboards, and progress tracking—to non-game environments with the aim of increasing engagement, motivation, and persistence (Christopoulos and Mystakidis, 2023). When these elements are aligned with pedagogical objectives, they can create a more engaging and motivating learning environment. Torres notes that certain game elements are crucial for a satisfying gamified learning experience, emphasizing the need for educators to set clear goals for the competencies students should develop while engaging in games (Torres, 2022). Furthermore, incorporating various types of games to accommodate diverse learning preferences is essential in ensuring that gamification is effective across different student groups.

On the other hand, game-based learning transforms the entire learning experience into a game, where activities and lessons are structured as interactive game-based tasks designed to promote engagement and learning (Liu et al., 2020). Kellinger outlines guidelines for designing curricular games, noting that games can improve learning outcomes when the connection between video game mechanics and established pedagogical strategies is well-structured (Kellinger, 2016). Moreover, in educational contexts, Kellinger suggested that progress bars can serve as an example of game mechanics that help students monitor their performance, providing a visual indicator of their grade advancements throughout the course. This allows students to set incremental goals, fostering a sense of accomplishment as they achieve each one.

In addition to progress tracking, reward systems play a significant role in maintaining student engagement. According to Chou, rewards such as points provide immediate feedback and foster a sense of accomplishment, key factors in sustaining students' efforts over time (Chou, 2019). The ability to accumulate points and exchange them for rewards encourages students to persist in their studies, tying effort to tangible outcomes. Likewise, Sheldon advocates for the use of leaderboards, which can stimulate competition by ranking participants in a way that motivates them to strive for excellence (Sheldon, 2020). When used effectively, leaderboards can enhance students' confidence and commitment to their academic pursuits, promoting a culture of self-improvement and goal achievement (Butgereit, 2016).

Lastly, as technology progresses, digital platforms could enable the seamless integration of gamified elements, allowing for real-time tracking of progress and personalized feedback (Zhukova et al., 2023). Harvey Arce and Cuadros Valdivia developed an online learning platform that integrated competitive and gamified elements (Arce and Valdivia, 2020). This platform encouraged students to take a more active role in their educational process, fostering motivation and sustained interest in course activities. Digital tools have the potential to set dynamic and engaging learning environments that mirror the intrinsic motivation students often experience in gaming, and educators can provide students with a more immersive and interactive learning experience, which not only holds their attention but also encourages sustained engagement over time.



3 Methods

This study's main objective is to examine the influence of gamification and game-based learning on creating a more dynamic learning environment in graphic design education. By implementing a quasi-experimental process, the study aims to determine whether these approaches can lead to improved academic outcomes.


3.1 Case study: Advanced Representation Techniques course

The Advanced Representation Techniques course (Técnicas Avanzadas de Representación, TAR for its acronym in Spanish) at Universidad Panamericana is part of the curriculum for the B.E. in Innovation and Design. The course was planned to provide students with the skills to design realistic and innovative representations using digital techniques and software. It focuses on teaching students how to produce perspective representations and manipulate both hand-drawn sketches and digital models to effectively express design principles and innovation. A key component of the course is extensive training in various techniques, including professional-level projects. Consequently, the syllabus incorporates the use of vectorizable software and other visual tools to enhance students' design capabilities. Adobe Suite©, specifically Illustrator©and Photoshop©, is one of the software used to provide students with experience in one of the world's most widely used design platforms.

The course begins with an introduction to color theory, covering the nature of color, the physics behind it, the wavelengths that produce different colors, and the relationship between light and shadow. Students then explore the differences between real and digital colors, such as RGB, CMYK, RYB, HEX, and Pantone, and the relationships and conversions between these color spaces. Once students have a foundational understanding of color, they learn about vectorization and its key principles. As the course progresses, students delve into composition, focusing on arranging objects in various art pieces like keynotes, flyers, photographs, and more. This section also includes an introduction to typography theory. Toward the end of the course, students will learn how to edit digital images using techniques such as blend modes, clipping masks, digital effects, and texturing. This knowledge will then be applied to create output files for different purposes, such as printing, cutting, and 3D modeling, to achieve the desired visual impact or prototype object.

One of the main objectives of the course is to provide students with tools relevant to the job market and expose them to real and everyday problems faced by design engineers. These problems include printing postcards, creating designs with clear and understandable graphic communication, and producing objects based on market needs to fulfill specific requirements. As part of this, in the course's final project, students must identify companies with particular needs they can address. Three milestones are set throughout the semester to ensure continuity and allow for feedback, helping students meet these needs effectively. Through this process, students will not only complete tasks that reinforce the knowledge gained in the classroom but also practice these skills in a professional setting and see the impact of their knowledge reflected in a tangible product.



3.2 Design of the gamified approach
 
3.2.1 Game-based learning implementation

The initial phase of the study involved integrating game-based learning into the course, allowing students to participate in structured learning activities through games. One of the students' first activities is to design a profile image based on a Funko POP!© figure (Funko, 2024). First, they create their customized Funko avatar using the official Funko “POP! Yourself” website (Figure 1). Upon obtaining their avatar, they employ Adobe© Illustrator© to vectorize and color it (Figure 2).


[image: Four screenshots of a Funko Pop! digital avatar creator. First, a blank avatar base is shown with options for body selection. Second, a partially customized avatar with a beard and suit appears. Third, additional clothing and outfit options are displayed. Fourth, the completed avatar in a suit is presented with options for saving or sharing.]
FIGURE 1
 Designing of a virtual avatar employing the “POP! Yourself” platform by Funko.



[image: Illustration showing three stages of creating a cartoon character in a drawing software. The first stage shows a pencil sketch of a character with glasses and a beard. The second stage adds bold black outlines. The final stage includes color and shading, depicting a character in a suit and tie with detailed features.]
FIGURE 2
 Use of Adobe© Illustrator© for designing the student's virtual avatars as part of the course activities.


The resulting avatar promotes a deep sense of ownership in students since they have produced a deliverable that can be used on media platforms such as Facebook©, Instagram©, and gaming websites. Moreover, this activity serves as their first practical experience, offering an immediate evaluation of the skills they have gained up to this point.

The course was structured to include game-based learning; consequently, the TAR Points system was introduced to motivate students throughout the course (Figure 3, left). TAR Points were awarded as incentives for achievement during interactive activities. These games were selected to measure and reinforce knowledge related to the course content. This approach ensured TAR Points could be accumulated throughout different classroom phases.


[image: Two gold coins are displayed. The left coin features a clenched hand holding a pen with the text "1 TAR POINT." The right coin shows a stylized pen nib with the text "1 TAR POINT."]
FIGURE 3
 Visual representation of the TAR Points: Original version designed by the professor (left) and a replacement version created by a student (right) in case students misplace their physical TAR Points.


Firstly, various activities were implemented to ascertain knowledge retention from previous classes (Figure 4). At the outset of each session, one of the following options was selected:

	• Kahoot Questions (Kahoot!, 2024): These questions, derived from the content of the previous class, were designed to identify any concepts that students may not have fully understood. This interactive approach promoted a friendly and non-critical environment for students to assess their understanding. The student with the highest score earned one TAR Point.
	• Jeopardy (Solis Creative LLC, 2024): This online game included questions categorized according to topics such as “From the Last Class,” “Color Theory,” and “Learned So Far.” These categories were tailored to the specific point in the course, covering topics such as Illustrator©, Photoshop©, color theory, light and shadow theory, and composition. Up to five students were randomly selected to begin the activity. Instructions on how to play were provided, and the player on the right started the game. Questions could be “stolen” by the first person to press the answer button; however, if the person who stole the question failed to answer correctly, points for the question were deducted. Each question had a 30-s duration, which could be adjusted. The correct answer was provided if no student answered satisfactorily within the time limit. The student with the highest score at the end of Jeopardy was awarded one TAR Point.
	• 1 V.S. 1: Students were divided into two teams, with one representative from each team selected to compete in a question-and-answer game. Participants had to press the answer button to respond. Correct answers allowed participants to continue, while incorrect responses resulted in elimination. This competitive format encouraged active participation, with the winner earning one TAR Point.


[image: The image consists of two screenshots from a game or quiz. The left screenshot displays a question about CMYK colors with four answer options in different colors. The right screenshot shows a scoreboard or result page, with highlighted sections and a question in Spanish asking about the most frequent color.]
FIGURE 4
 Activities selected for the first classroom phase: Kahoot questions (left) and Jeopardy (right).


Subsequent activities were selected to reinforce knowledge acquisition and skill improvement while addressing any lingering conceptual gaps. These activities, implemented when the group demonstrated a similar level of comprehension, fostered healthy competition among students. Each activity could award one TAR Point to all students or only to those who excelled. The chosen activities were:

• The Bézier Game (MacKay, 2024b): This interactive game was designed to teach students how to use the pen tool, aiming to complete tasks with the fewest anchor points possible (Figure 5).

	• The Boolean Game (MacKay, 2024a): This game reinforces knowledge about the Boolean tool, focusing on its application in design programs to create organic objects using tools such as Pathfinder or Shape Builder (Figure 6).
	• Can't Unsee (2024): This interactive game teaches students on interface design and user experience rules, corresponding to the subject's composition topic (Figure 7).
	• HEX invaders (352 Inc., 2024): This game provides an interactive way to learn about the HEX color system, addressing aspects of color theory and the conversion of color spaces (Figure 8).


[image: On the left, a digital interface shows a neon outline of a car design with 14 nodes. On the right, a graphic editing software displays a stylized illustration of a face with yellow and black mask-like features.]
FIGURE 5
 The Bézier Game interface (left) and a representation of using the pen tool (right).



[image: Design software interface showing two screens. The left displays a polygon drafting tool and panel options, including dark shapes on a purple background. The right shows a design workspace with circles and a light blue bird icon, possibly resembling a logo, on a white background.]
FIGURE 6
 The Boolean Game interface (left) and a representation of using boolean tools to make the Twitter© logo (right).



[image: Two screenshots side by side. The left shows a website with black background featuring chat message designs. The right displays a colorful design with geometric patterns and the word “COMPOSICIÓN” in blue letters.]
FIGURE 7
 The Can't Unsee Game interface (left) and a representation of the course content that is used to teach composition concepts (right).



[image: One image shows a retro-style video game with three alien-like creatures above a spaceship and score of eight hundred thousand. The other depicts an infographic titled "RGB - HEX" explaining color conversion from RGB to HEX codes, with examples and visual aids.]
FIGURE 8
 The HEX invaders Game interface (left) and a representation of the course content that is used to teach conversion from RGB to HEX presentation (right).


Similarly, mini-challenges related to the current topic were introduced during class time. These challenges were designed to enhance students' understanding of the subject matter and identify areas that required further reinforcement. Successful completion of these mini-challenges was rewarded with two TAR Points. It is important to note that the objective of these interactive activities was to provide continuous feedback, either direct or indirect, on concepts students may have struggled to grasp fully, thereby allowing them to strengthen their understanding.

Lastly, homework assignments and tasks completed in class could also earn students points. Students who submitted their assignments before the deadline were awarded one TAR Point, while assignments of exceptional quality earned an additional TAR Point.



3.2.2 Gamification of evaluation and badges

The second phase introduced a gamification approach with the TAR Points system. It operated under specific rules to ensure fair use and maintain its integrity. Acting as a form of printed currency, TAR Points allowed students to purchase “power-up” badges during theoretical and practical assessments (Figure 9). Consequently, a record of TAR Points was maintained to ensure transparency and accountability. If students misplaced their physical TAR Points (e.g., by losing them during transit or leaving them elsewhere), the professor verified the balance using the official record. If the discrepancy was confirmed, students had to replace the lost points by designing and creating new ones using their resources, promoting additional creativity and responsibility (Figure 3, right).


[image: Seven circular icons labeled A to G. A shows a question mark in a life preserver. B has a clock with "5 MIN's" and a computer. C is a sheriff's badge labeled "KAL-i-CAL". D and E feature magnifying glasses over small objects. F shows a book and phone. G depicts a calculator. Each icon is within a decorative border.]
FIGURE 9
 Visual representation of the “power-up” badges that can be acquired with TAR Points. (A) Lifesaver badge, (B) 5 mins of internet badge, (C) Kali call (support in examination) badge, (D) Theory track badge, (E) Practical track badge, (F) Use notes badge, and (G) Calculator badge.


The “power-up” badges were physically designed with unique designs to represent the type of support they offered during evaluations. The actions and costs associated with each badge were as follows:

	A) Lifesaver (lifeline question) = 15 TAR Points each (max. two available per evaluation).
	B) 5 mins of internet = 30 TAR Points each (max. of two available per evaluation).
	C) Kali call (support in examination) = 20 TAR Points.
	D) Theory track = 10 TAR Points each (max. of three available per evaluation).
	E) Practical track = 10 TAR Points each (max. of three available per evaluation).
	F) Use notes = 40 TAR Points each (max. of four available per evaluation).
	G) Calculator = 5 TAR Points each (max. of six available per evaluation).

Before assessments, students could exchange their TAR Points for “power-up” badges. Each student was allowed to purchase only one badge of the same type and a maximum of three badges overall. Since each badge type had a limited number available per evaluation, once sold out, no further badges could be acquired.

TAR Points could not be transferred, reused, or saved for future assessments, promoting individual accountability and active participation. Consequently, students were required to hand in their TAR Points when purchasing badges, and any unused points had to be returned to the professor during the examination session. Failure to do so would have resulted in disqualification from earning TAR Points in future assessments.

Finally, a PDF leaderboard was regularly uploaded to the Moodle platform for the course, showing each student's current standing based on their accumulated TAR Points. Although the points were consumed during evaluations, the leaderboard provided a real-time snapshot of student performance throughout the course. This transparency aimed to encourage continuous participation, foster healthy competition, and motivate students to actively track their progress.




3.3 Design of the platform and certification

In the third phase of the study, a platform was developed using Google's AppSheet to simplify student access to course modules. Students logged in with their institutional accounts, ensuring a smooth and secure connection. Once logged in, they could access a dashboard that allowed them to review their course grades, access links to educational games, and track their accumulated TAR Points (Figure 10). The platform centralized all relevant information from the gamified experience, enabling users to monitor their progress in one place, including real-time status on their current point balance. Additionally, each student's virtual avatar, submitted to the course instructor, was linked to their platform profile, fostering a sense of ownership as students saw their creations displayed. The platform also served as the primary medium for instructor feedback and student progress tracking throughout the course.


[image: Dashboard interface displaying a table with columns for name, total points, time zone, and panel info. An illustration of a person with a mustache is on the left. An expanded panel on the right shows detailed information for "Francisco G. Y Majer," listing total points, and specific points for panels one, three, four, five, and six, with panel two having zero points.]
FIGURE 10
 Dashboard's view: the student can see his course progress and the amount of “TAR coins” acquired at the moment of access.


Finally, an additional resource was introduced at this phase: the option for students to enroll in Adobe© certification exams for Photoshop© and Illustrator© through Certiport, a Pearson VUE provider specializing in certification exams. This initiative aimed to motivate students to validate the knowledge gained from the gamified activities. Additionally, approving the exam could earn students extra points toward their final grades. By undergoing formal certification, students not only assessed their skills but also could enhance their resumes and professional profiles, such as on LinkedIn©, further motivating them. This added an extra layer of assessment to the effectiveness of the gamified methodology, potentially improving students' professional qualifications and job prospects.



3.4 Participants

The study followed a quasi-experimental design to reflect a natural classroom setting and avoid influencing student behavior toward the teaching methodology. It included a cohort of 32 undergraduate students from Universidad Panamericana enrolled in the Advanced Representation Technigues course across three semesters: August–December 2022, January–May 2023, and August–December 2023. The selection process followed the university's self-enrollment method, allowing students to register for the course according to their individual academic plans. This resulted in varying group sizes: 11 students in the first semester (control group), 6 in the second semester (experimental group 1), and 15 in the third semester (experimental group 2).



3.5 Procedure

All students participated for only one semester, and the same teacher facilitated all three groups. At the beginning of the course, students in the January–May 2023 term were introduced to the gamified methodology, while those in the August–December 2023 term were introduced to the gamified approach, the digital platform, and the certification exam. Both groups expressed curiosity and enthusiasm about the gamified elements of the course. The teacher ensured that students followed instructions carefully to maximize learning and avoid technical issues during the activities. Students provided informed consent, understanding the use of gamification and game-based learning in the study.

Throughout their respective courses, students participated in the activities outlined in Section 3.2.1, accumulating TAR Points by completing in-class interactive exercises. The course is structured with two midterms and one final exam per semester. Students are able to use their TAR Points to purchase “power-up” badges during the midterms. In addition to in-class participation, gamified assignments were given as homework, and students were required to submit screenshots of completed tasks via Moodle. This ongoing evaluation aimed to encourage active engagement and help students stay organized in their interaction with the gamified material.

The teacher made minor adjustments to the evaluation plan across the different groups. In the control group semester (August–December 2022), students were taught using traditional methods. In the semester for experimental group 1 (January–May 2023), students were introduced to gamified methodology (game-based learning and gamification). Lastly, in the semester for experimental group 2 (August–December 2023), students used the current version of the digital platform, had the option to register for the certification examination, and used the gamified approach. If a student registered for the certification exam, they could earn up to 3 extra points for completing it, and these extra points were added to their final grade.




4 Results

The data presented in Table 1 shows the distribution of participants across different semesters and their respective group types.


TABLE 1 Participant distribution and group types across study groups.

[image: Table displaying group types and participant numbers for specific terms. Control group from August to December 2022 with eleven participants. Experimental 1 from January to May 2023 with six participants. Experimental 2 from August to December 2023 with fifteen participants. Total participants: thirty-two.]

The null hypothesis was:

[image: Null hypothesis notation showing the difference in means: \( H_0: \mu_{\text{exp}} - \mu_{\text{control}} = 0 \).]

and the condition to reject it was:

[image: Hypothesis notation stating \( H_1: \mu_{exp} - \mu_{control} > 0 \), indicating the experimental mean is greater than the control mean.]

A t-test was used to assess the significance of increase in academic performance. The results of the t-test for comparing means are presented in Table 2, where independent samples with unequal and unknown variances were assumed. The Aspin-Welch t-test was used since it does not assume equal variances between populations. Table 2 presents the final average grades obtained by each group and the significance of the learning gains.


TABLE 2 Final average grades and statistical significance of academic performance across study groups.

[image: Table comparing control and experimental groups. Columns show group name, sample size, final average grade, mean standard error, difference of means, t-value, and p-value. Control group has 11 samples, 6.96 average grade, and 0.073 mean standard error. Experimental 1 has 6 samples, 7.63 average grade, and 0.28 mean standard error. Experimental 2 has 15 samples, 8.90 average grade, 0.46 mean standard error. Differences of means are -0.66 for Experimental 1, -1.33 for Experimental 2. T-values are -0.85 for Experimental 1 (p-value 0.411), -2.49 for Experimental 2 (p-value 0.025). Control-Experimental 2 t-value is -2.01 (p-value 0.033).]

For the comparison between the Control group and Experimental 1 group (gamified methodology), the null hypothesis could not be rejected, with a p-value of 0.411, indicating no significant learning gain. However, when comparing the Experimental 1 group with the Experimental 2 group (gamified approach, platform, and certification), a p-value of 0.025 was obtained, which is below the threshold of p = 0.05. This result shows a significant increase in learning gains in the Experimental 2 group compared to Experimental 1. Additionally, comparing the Control group with the Experimental 2 group obtained a p-value of 0.033, further confirming significant improvements in learning with the addition of the digital platform and the certification.



5 Discussion

The results of this study highlight that integrating game-based learning and gamification, with a digital platform and application of an official certification, can significantly enhance student performance in graphic design education. The Aspin-Welch t-test provides statistical evidence of these improvements. While the gamified approach alone (Experimental 1) showed a slight, statistically improvement over traditional methods (Control), the combination of the gamified approach, the digital platform, and the certification (Experimental 2) led to statistically significant gains in learning outcomes.

Additionally, 10 out of 15 students in the Experimental 2 group passed the Adobe© Illustrator© certification, and 13 approved the Photoshop© certification. This demonstrates the efficacy of the gamified methodology in preparing students for industry-standard qualifications.


5.1 Comparison with current studies in the field

The design of our gamified approach differs from other studies in several key aspects. While many studies focus on point systems and leaderboards, the proposed approach integrates professional certification as a reward mechanism, linking game-base learning and gamification directly to industry standards. This prepares students for professional challenges. Moreover, our approach includes multiple phases of gamified activities, starting with simple activities and progressing to complex tasks integrated with digital platforms. This phased approach ensures that students gradually build their skills.



5.2 Limitations

Although the study offered favorable results, it had four important limitations. One limitation was the small number of participants per term. The small sample size limits this study's ability to generalize the results. Without a diagnostic test at the beginning of the course, learning gains were inferred from final grades rather than pre-post comparisons. Future studies could address this limitation by incorporating pre-course diagnostic assessments.

The second limitation was that only one teacher applied the methodology, which could affect its general efficacy. Teaching styles may influence the effectiveness of the gamified approach, so future research should involve multiple instructors to provide a more diverse experience and better assess the methodology's adaptability across different teaching styles.

The third limitation was the manual recording of students' performance and accumulated TAR Points, which proved to be both time-consuming and error-prone. This highlights the need for an automated system. Implementing such a solution would streamline the process, provide real-time scores and point tracking, and significantly enhance the efficiency of monitoring student progress.

The fourth limitation was that only academic performance was evaluated in this study. Since engagement and motivation are key components of game-based methodologies, future studies should incorporate validated instruments to assess these aspects alongside academic performance to provide a more comprehensive evaluation of the methodology's effectiveness.




6 Conclusion

This study demonstrates that the application of a gamified methodology, particularly when combined with digital platforms and professional assessments, could improve student performance in graphic design education. Students that participated in the gamified approach, used the digital platform, and were tested with the Adobe certification showed significant improvements in learning outcomes compared to those instructed by traditional methods. The success of students who obtained the certification highlights the efficacy of this methodology in enhancing academic performance and providing students with practical skills for professional challenges.

Nevertheless, several limitations should be addressed to improve the approach. The study was constrained by its limited sample size, absence of diagnostic assessments for pre-post comparisons, and the fact that only one teacher applied the methodology, which may have influenced the results. Furthermore, the study focused solely on academic performance, without directly assessing student engagement and motivation, which are necessary in gamified learning environments. Future research should involve the use of validated instruments to assess the effects of the methodology.

Moreover, the development of a more sophisticated digital platform specifically designed for educational gamification is essential. The current reliance on manual tracking of student progress and the limitations of using a third-party platform highlight the need for a proprietary system. Such a platform could incorporate real-time performance monitoring, automate the leaderboard, and provide interactive activities directly linked to course content, ultimately enhancing both the gamified experience and educational outcomes. Additionally, testing the gamified approach and platform with different instructors and larger cohorts could offer valuable insights into its adaptability across diverse teaching styles and contexts.

By addressing the identified limitations and expanding the scope of future research, this study presents a gamified approach for further exploration and improvement in game-based learning and gamification. This study seeks to encourage academics and researchers to design and develop engaging and effective learning environments.
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As 2023 became a disruptive year, due to the accelerated appearance of AI tools such as ChatGPT, the educational systems started to change and adapt to the new approaches observed in students, teachers, and employers. Although AI is likely to be integrated into different industrial and academic processes, its indiscriminate use could hinder the development of soft skills, including oral and written communication. Hence, it is important to identify any AI-generated assignments to secure a successful learning process. For those reasons, in this work, the effectivity of three plagiarism checkers, namely Turnitin, Unicheck and GPTZero, was evaluated on an engineering-based written text generated in ChatGPT in the Spanish language. A comparison with the plagiarism rate obtained for an original piece was conducted with One-way ANOVA. In all the cases, based on the low plagiarism rates (Unicheck: 14.44%, Turnitin: 12.43%), no plagiarism was detected in the AI-generated texts. Likewise, the GPTZero platform detected low AI-Origin in the texts created in ChatGPT (1.04%). Both results denoted the low efficiency of these platforms for assignments in Spanish and the high risk of conducting plagiarism without implications. Additionally, different alternatives were proposed for either integrating ChatGPT in learning activities or replacing the use of AI to ensure the development of skills and competencies in the students.
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1 Introduction

At the end of 2022, the company OpenAI (2024) released ChatGPT (Generative Pre-Trained Transformer) to the world, generating polarized opinions regarding the future and applicability of AI in our lives. In a few days, several tweets around the globe showed the scope of answers and problem-solving capacity of this ChatBot, while others debated the positive and negative impacts of this technology (Rooses, 2022). Even when its capacity for remembering conversations, filtering inappropriate questions, and interacting in different languages amazed the whole world, many questions arose from the appearance of ChatGPT.

Around the world, people started wondering about its negative effect on academic processes and specific jobs such as call centers and knowledge-related jobs. As well as its threatening presence for Google and similar companies, with all the cybersecurity issues possibly related to this platform. Besides, one of the biggest concerns was its effect on the way humans work, think, and create (Gordon, 2022).

Although more critical opinions considered that ChatGPT could not comprehend the complexity of human language and human connections through its conversations (Bogost, 2022), many people positively perceived this tool (Adeshola and Adepoju, 2023). From the beginning, professionals in education started exploring the use of ChatGPT for generating materials, teaching recommendations, translations, assessment questions, and course syllabuses. Likewise, students were exposed to a potential virtual tutor who could answer multiple questions, work as a scaffold for different assignments, and provide feedback and proofreading (Lo, 2023).

Unfortunately, this tool also resulted in certain issues and concerns regarding the accuracy and reliability of its answers, the potential plagiarism performed by the students, and the low detection power of plagiarism checkers (Lo, 2023). As its human-like responses took the world by surprise, ChatGPT also raised educators’ alarms regarding job replacement and incorrect information. Especially for plagiarism-related concerns, where risks from certain plagiarism detectors overlooking any AI origin, AI platforms becoming more complex and intricated, along with students developing and normalizing unethical behavior; could result in educators evaluating a deficient learning process (Grassini, 2023).

In addition to this new scenario, a common challenge for engineering programs has been providing technical and especially non-technical skills, as many of those abilities are sometimes not observed in graduates

(Mendonça et al., 2020). This has been outlined in the industrial sector, where graduates commonly lack soft skills, including creativity and innovation, along with communicative, adaptative, and collaborative skills. The industry-academia gap has been somehow potentiated by events such as the COVID-19 pandemic, while in some regions including Latin America, higher education institutions tend to prioritize technical skills over their non-technical counterparts (Reedy et al., 2020; Castelló et al., 2023).

Soft skills or socio-emotional skills are highly connected to the human nature of engineers and are fundamental for their behavioral and social assets (de Campos et al., 2020). From these, communication is included within the 4 Cs of learning for the 21st Century along with critical thinking, creativity, and collaboration (Gürdür Broo et al., 2022), which have been also classified as significant employability skills (Jackson, 2014). This is critical, as having the right and desired skills not only enhances the employability opportunities of engineering graduates but also reduces the training-related and other expenses invested by companies on their hired employees (Akdur, 2023). Unfortunately, when soft skills are not present, graduates can compromise their careers, and eclipse their technical proficiency (Hirudayaraj et al., 2021).

As already mentioned, the 2022-2023 period has been regarded as a disruptive year in which artificial intelligence (AI) gained traction and merged with the education process among other processes (industrial, health, commercial, agro-industrial) at many levels (Pãvãloaia and Necula, 2023). Although in some areas this disruptive technology has been efficiently utilized, some fields are still evaluating and researching the best way to gain value from its application and integration (Bharadiya, 2023; Hendriksen, 2023; Pires and Santos, 2023), and in some cases its potential negative consequences have derived in the exploration of their legal implications (Ballell, 2019).

Additionally, as discussed by some authors, AI such as ChatGPT not only can provide low-quality responses, but on a closer look, there is a risk of generating products without practicing and gaining important skills, that were commonly acquired throughout the learning process (García-Peñalvo, 2023). For example, despite being an impressive feature, the response speed from ChatGPT represents a limitation for developing problem-solving and critical-thinking skills (Rahman and Watanobe, 2023).

In the case of Tecnológico de Monterrey (Mexico), its Tec21 educational model is based on the assessment of competencies through challenge-based learning, which makes it ideal for allowing the students to face and solve real-life issues, while developing technical and soft skills (Pérez and Campos, 2021). However, the appearance of ChatGPT and similar AI tools can compromise and modify how teachers monitor and assess the individual competency level of the students.

For engineering students, depending on the curricula, there are specific moments in which teachers can identify and provide feedback regarding oral and written communication skills. Therefore, the learning barriers that the indiscriminate use of ChatGPT can create, should be avoided at different stages of the learning process. Although Tecnológico de Monterrey has recently switched its plagiarism detectors from Unicheck to Turnitin (Turnitin, n.d.), its reported efficiency for detecting AI origin in English might be compromised because most classes and tasks occur in Spanish.

For those reasons, this work explored the effectiveness of three plagiarism checkers for detecting AI origin in argumentative texts from a Food Engineering class. This was necessary, as higher education institutions in Spanish-speaking countries (including Tecnológico de Monterrey) rely on the ability of institutional licensed plagiarism checkers to determine any lack of academic integrity when using ChatGPT. In addition, a discussion on different reported and implemented alternatives for developing and evaluating written communication skills under the menace of AI platforms, was included. The main hypothesis was that universities and educators utilize those three plagiarism detectors because of their assertiveness in detecting AI-related plagiarism even for assignments that are written in Spanish.



2 Materials and methods


2.1 Class selection and activity settings

The selected class was the “Design of Process Management and Safety Systems” class with code TA2006b,1 which is a 5-week class from the Food Engineering program at Tecnológico de Monterrey, Campus Monterrey (Monterrey, Mexico). The class was taught in Spanish to 25 students (8 male, 17 female) from the fifth semester. In this class, in addition to the food safety and quality assurance technical activities, the students were asked to produce a one-page written opinion/reflection about “The importance of effective communication applied in a collaborative work.” For comparison, all the students had to produce two written opinions on the topic. The first written opinion was an original piece created in Word (maximum one-page, Arial 12, 1.5 line spacing) by reflecting on the topic and writing their main thoughts in a structured and coherent manner (25 opinions in total). The second written opinion was a text obtained through ChatGPT (25 opinions in total). To allow more diversified responses from ChatGPT, there were no specific feeding criteria, the main instruction was to ask ChatGPT to create a one-page opinion on the topic, with a structured order (introduction, development, conclusion). Hence, each student was free to ask in their own words, by only respecting the given topic title in the request.



2.2 Originality of the written opinions

The students were asked to produce and submit both opinions through CANVAS as separate activities, between November 23rd and 28th, 2023. Both activities were linked on CANVAS to plagiarism check with Unicheck, which was the utilized checker at Tecnológico de Monterrey. From the beginning of 2024, Tecnológico de Monterrey switched to Turnitin as a plagiarism checker, hence the opinions were resubmitted on CANVAS, between February 23rd and 26th, 2024, where plagiarism with Turnitin was linked on the CANVAS submission interface (In this period only 20 opinions were received through CANVAS). In both submissions, a plagiarism check was linked to each submission and automatically conducted as the students uploaded each text. The plagiarism level results were individually collected as percentages, and an average percentage was calculated for each plagiarism checker tool. Additionally, the 25 ChatGPT-generated texts were individually analyzed through GPTZero,2 from which the rate (%) of human, AI, and mixed origin were recorded and averaged. The experimental design is indicated in Figure 1.


[image: Flowchart illustrating "Activity 16.2 Individual Opinion" on effective communication in collaborative work. It begins with two parallel tasks: a CHAT GPT opinion and an original opinion, both requiring no cover, name, or student number. These lead to a plagiarism check using Unicheck, Turnitin, and GPTZero. Finally, it suggests alternative actions for assessing critical and creative thinking.]

FIGURE 1
Experimental approach of this work for the evaluating the effectiveness of plagiarism checkers on detecting AI generated products.




2.3 Alternative solutions for assessing arguments and written communication skills

Different papers were included to outline some reported alternatives considering the utilization, integration, or replacement of ChatGPT and AI in academic activities focused on developing oral and written communication skills. Besides, the author’s experience and perception of already implemented alternatives in class were also included in the discussion.



2.4 Statistical analysis

All the statistical analysis (normality tests, One-way ANOVA with Tukey Test) were performed in Minitab 21.4 Statistical Software, with a confidence level of 95%.




3 Results and discussion


3.1 Effectiveness of plagiarism checkers for detecting originality and AI-generated texts

The comparison of the Unicheck detection for both groups is indicated in Figure 2a, while its ANOVA data is presented in Table 1. No plagiarism was identified by Unicheck in both the original and the ChatGPT-generated opinions, as noted by their similarity percentage values (Original: 10.14 ± 6.88%; ChatGPT: 14.44 ± 7.13%). Despite the significantly higher plagiarism percentage found in the ChatGPT-generated opinions (p = 0.037), both groups portrayed low similarity percentages below 15%, which resulted in a green-colored result from Unicheck, indicating an acceptable plagiarism rate.


[image: Bar charts comparing percentage similarity in two scenarios. (a) ChatGPT shows higher similarity than Original, labeled a and b respectively. (b) Both ChatGPT and Original have similar values, both labeled a. Error bars are shown in both charts.]

FIGURE 2
Average similarity percentage (mean ± SE) detected in the ChatGPT and the original opinions with (a) Unicheck (n = 25, α = 0.05, p = 0.037, 95% CI ChatGPT: 7.27–13.02, 95% CI Original: 11.62–17.26) and (b) Turnitin (n = 20, α = 0.05, p = 0.071, 95% CI ChatGPT: 9.52–15.34, 95% CI Original: 5.62–11.58). Different letters indicate significant differences between the compared groups, p ≤ 0.05).



TABLE 1 One-way ANOVA and Tukey test for the plagiarism check in Unicheck.

[image: Table displaying ANOVA results and factor means. The first section shows the factor with degrees of freedom (DF) 1, adjusted sum of squares (Adj SS) 226.1, adjusted mean squares (Adj MS) 226.06, F-value 4.61, and P-value 0.037. The error has DF 47, Adj SS 2306.1, and Adj MS 49.07. The total has DF 48 and Adj SS 2532.2. In the second section, factor CGPT has sample size (N) 25, mean 14.44, and grouping A. Factor OG has N 25, mean 10.14, and grouping B.]

The results of the plagiarism check through Turnitin are shown in Figure 2b, and its ANOVA data is displayed in Table 2. The results from Turnitin were also below a similarity value of 15% (Original: 8.60 ± 4.92%; ChatGPT: 12.43 ± 7.85%). In the case of this plagiarism checker, no significant differences (Table 2) were found between the original and the ChatGPT groups (p = 0.071), which denoted the lack of capacity from this tool for detecting AI-generated texts, written in Spanish.


TABLE 2 One-way ANOVA and Tukey test for the plagiarism check in Turnitin.

[image: An analysis of variance table showing source factors, degrees of freedom (DF), adjusted sums of squares (Adj SS), adjusted mean squares (Adj MS), F-value, and P-value. The factor has DF of one, Adj SS of 150.2, Adj MS of 150.15, F-value of 3.46, and P-value of 0.071. Groups TCGPT and TOG both have a sample size of 20, with means of 12.43 and 8.60, respectively, both grouped as A.]

On the other hand, the GPTZero tool could not identify any AI origin, which is graphically indicated in Figure 3. As noted, any AI origin was calculated with an average of 1.04 ± 1.14%, as all the documents were mainly attributed to human origin (82.52 ± 5.77%) or a combination of human and AI contributions (16.16 ± 5.04%).


[image: Bar chart showing origin percentages: Human at 80% (green), Mixed at 10% (yellow), and AI at about 1% (red). Error bars are labeled a, b, and c respectively.]

FIGURE 3
Average origin by percentage for the 25 opinions generated in ChatGPT according to the GPTZero platform (n = 25, α = 0.05, 95% CI Human: 80.74–84.30, 95% CI Mixed: 14.38–17.94, 95% CI AI: –0.742 to 2.822).


Unfortunately, these results reflect the lack of effectiveness from Unicheck, Turnitin and GPTZero for identifying documents generated in Spanish language, with the aid of ChatGPT. Likewise, this evidenced the ease of those AI platforms for generating humanized responses that could impede the development of written communication skills in learners, which are commonly practiced and improved when writing argumentative essays (Muthmainnah et al., 2022).

Unicheck and Turnitin are subscription tools utilized by many higher education institutions to detect plagiarism in different types of tasks and activities, due to the possibility of obtaining a colored plagiarism percentage, which is very useful and visual for educators. In the case of Turnitin, since its appearance in 1997, it has been utilized for its diverse searching scope, supported document formats, and language availability (19 languages) (Chandere et al., 2021).

Often referred to as text-matching software products, Unicheck and Turnitin have different strengths and weaknesses. For instance, Turnitin is more suitable for detecting letter-like symbols and plagiarism tricks known as disguised plagiarism, while Unicheck is more functional for quoted plagiarism. Nevertheless, Unicheck has been disclosed as non-functional for plagiarism tricks, such as copying images into text, modifying the font size and color, replacing letters with symbols, and inserting invisible letters. Yet, just as observed in this work, in terms of plagiarism percentage, Unicheck has been reported as slightly more effective than Turnitin (Elkhatat et al., 2021).

Because of the complexity of detecting the origin and construction of texts, platforms such as Turnitin and Unicheck still face a challenge in identifying machine-generated content. Hence, the incorporation of these checkers into AI detection tools is a potential integration to detect AI-related plagiarism (Dalalah and Dalalah, 2023). Unfortunately, the observed low efficiency when detecting ChatGPT-generated texts could motivate morally disengaged individuals to get involved in AI-related plagiarism (Zhang et al., 2024).

Although this scenario might seem negative, AI platforms can still be applied to acquire and support current technical and non-technical skills. In the case of GPTZero, this platform has been reported as the most prominent for identifying ChatGPT and AI-generated texts, yet a conscious and critical use should be implemented to avoid false positives (Heumann et al., 2023). In addition, GPTZero has also been rated as low/mediocre when identifying false negatives, which results in the mistaken classification of AI-generated texts as human origin (Habibzadeh, 2023). The latter corresponds to the observed result in this work, where only 1 % of the opinions were detected as AI originated. Even when higher education institutions integrate Unicheck and Turnitin as institutional plagiarism checkpoints, while some educators filter suspected AI-plagiarized assignments through GPTZero, their effectiveness should be questioned and proven for different languages, before its widespread use in many assignments.



3.2 Alternative options for assessing and promoting critical and creative thinking in engineering students: the specific case of ChatGPT

From the moment ChatGPT was presented to the world in 2022, a worldwide revolution in the educational systems occurred at an accelerated speed. Far from the initial frightened approximation from educators, ChatGPT has been currently integrated into different fields, mainly due to its versatility for generating texts, social media content, problem-solving, data analysis, and information search (Diego Olite et al., 2023).

There are many concerns regarding the use of ChatGPT in terms of academic integrity, especially since it has been designed to provide humanized natural language interactions, including creative and argumentative texts. The main concern about this AI platform is the worldwide availability and accessibility, and the possibility for its users to generate essays irresponsibly, without the appropriate tools for identifying its utilization as potential cheating and plagiarism (Eke, 2023). In addition to the academic integrity issues, the use of ChatGPT could be affected by low-quality inputs, the output’s veracity, the absence of knowledge acquisition as part of a cognitive process, which is limited by the sole acquisition of data through AI, as well as the generation of incorrect, biased and judgmental responses (Dalalah and Dalalah, 2023).

The way ChatGTP receives any input requires an appropriate use of grammar and syntax. Therefore, this tool is an opportunity for educators to improve and redesign their pedagogical approach and learning strategies. Nevertheless, it also represents a challenge for achieving deep learning, receiving truthful responses, and utilizing it with criticism and responsibility (Diego Olite et al., 2023).

The written opinion analyzed in this work is integrated and assessed in the selected course, to promote the student’s reflection on their role as food engineers. This has been linked to a conscious development of competencies in the students, including social intelligence, collaborative skills, and negotiation effectiveness. In addition, this activity also works as an opportunity for the students to practice their writing skills, as well as their capacity for communicating their thoughts and ideas.

Through this activity and after feedback is provided, improvements can be observed throughout the course in the student’s writing and communication skills. Unfortunately, with the use of ChatGPT and other similar text-generation AI platforms, many educators started questioning the effectiveness of these types of activities for truly assessing competency achievement levels, especially when considering the time invested in evaluating these products. Hence, this is an ongoing discussion, for creative writing assignments where practicing is crucial for learning and acquiring skills (Shidiq, 2023).

Different alternatives for using, limiting, and avoiding ChatGPT in creative writing are indicated in Tables 3, 4. Some reported strategies outline the use of ChatGPT as a tool for starting texts or editing an original piece (Eke, 2023). Nevertheless, as there are divided opinions among educators, many universities have established guidelines for the use of ChatGPT (Harvard University, n.d.; Tecnológico de Monterrey., 2023), in which there are sections regarding the protection of confidential data and working with academic integrity.


TABLE 3 Proposed actions for the integration of ChatGPT and similar AI in writing assignments.

[image: Table titled "Integration of ChatGPT" with columns: Proposed action, Positive aspects, Negative aspects, and References. Actions include antiplaigiarism tools, staff training, text generation, and controlled utilization. Positive aspects highlight AI's creative support, while negatives caution about ethical considerations. References are from Kangas-Olson, Eke, García-Peñalvo, and Lingard, all 2023.]


TABLE 4 Proposed alternatives to prevent the use of ChatGPT and similar AI in writing assignments.

[image: Table titled "Alternatives to ChatGPT" with columns: Proposed action, Positive aspects, Negative aspects, and References. Actions include assignments with interesting topics, first-person assignments, paper-based assignments, debate, oral exams, and video creation. Positive aspects highlight personalized data, student voice, skill sharpening, real-time evaluation, and demonstrating skills. Negative aspects mention risks of plagiarism, AI text copying, and implementation challenges. References are to Kangas-Olson, 2023 and Shidiq, 2023, with some actions implemented in class.]

Apart from plagiarism detectors, educators can identify language inconsistencies, uncited content or segments, lack of coherence, and similar details related to AI utilization (Rahman and Watanobe, 2023). Based on previous teaching experiences, the authors of this work have applied certain recommendations for avoiding the irresponsible use of ChatGPT (Table 4).

One of the perceived key aspects is the creation of a safe studying environment, formed by a teacher-student trust relation. If this bond is created, educators can easily explain the importance of an original written text with total understanding from the students. In some cases, assigning specific moments for in-class activities, is crucial for the total inspection and control of this type of activity during the class, which also eliminates the uncertainty when the students work on their assignments at home. There are still more changes and adequations to come in the education and industrial fields. Whether AI integration or ban is selected by educators and employers, specific guidelines, ethical considerations, and regulations, are necessary elements to consider in light of the exponential growth of AI (Dalalah and Dalalah, 2023).




4 Conclusion

Oral and written communication skills are necessary to increase the employability of engineering graduates, and to fulfill the demands of the labor market. However, the fast appearance of different AI platforms, such as ChatGPT sets a challenging scenario for the different actors involved in the educational process, especially when developing and evaluating soft skills through creative and argumentative activities.

Even with current plagiarism checkers, one of the main challenges is linked to the inefficiency of these tools for detecting AI-generated products, especially when other languages are utilized. Because of the low AI-detection power observed from Unicheck, Turnitin, and GPTZero, for assignments written in Spanish, pedagogical modifications should consider not only the implementation of new learning strategies but also the familiarization of facilitators and learners with applicable AI tools that could enrich the education process and the developed skills. Moreover, educators should be able to identify the use of ChatGPT without using plagiarism checkers and create activities where the students truly practice and develop skills without recurring to plagiarism.

Finally, ethical considerations and academic integrity should be promoted and developed in the students, to avoid any indiscriminate use of ChatGPT. This is expected to prevent barriers, gaps, and limitations during the development of technical and non-technical skills.
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Footnotes
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Engineering education is complex and demanding. The COVID-19 pandemic necessitated a sudden shift from face-to-face to virtual teaching modalities, highlighting the need for robust university continuing education programs. This caused professors to invest more hours in attending training, which added to the stressors of the profession and those caused by the global situation and could add to the appearance of mental disorders such as anxiety, depression, stress, or burnout. This research aims to explore the relationship between continuing education programs and the prevalence of mental disorders such as anxiety, depression, stress, and burnout among faculty members. Utilizing a quantitative, non-experimental, cross-sectional, correlational design, the study involved 307 professors from the School of Engineering and Sciences at a private university in northeastern Mexico. Tools included a burnout scale, a stress scale, an anxiety scale, and a self-report depression scale. Findings suggest that faculty members dedicate an average of 20 h per semester to training programs. Although no significant gender differences in training hours were observed, perceived intensity differed with educational level and contract type, suggesting that continuing education programs impact faculty mental health variably. The study concludes a statistically significant relationship exists between stress, anxiety, burnout, and continuing education programs; but the magnitudes are too low to make generalizations. However, it was found that excessive time commitment is a factor that is detrimental to mental health; therefore, it is essential that training programs, in addition to meeting institutional and operational needs, also consider controls that promote the well-being and mental health of teachers. In this sense, continuing education programs contribute to professional growth and can also be a crucial component in the prevention and mitigation of mood disorders among teachers.
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1 Introduction

Engineering programs are inherently complex, necessitating continual adaptation to meet the evolving challenges of industry and the environment (National Research Council, 1985). This complexity not only demands universities to maintain faculty who are current in their disciplines but also deeply knowledgeable about their operational contexts. Faculty of this discipline are expected to possess advanced teaching competencies to effectively impart knowledge and ensure the professional formation of future engineers (Sigahi and Sznelwar, 2022; Zilbovicius et al., 2020). Consequently, universities have become environments characterized by perpetual change and escalating demands (Villamar Sánchez et al., 2019).

Transitioning from being an expert engineer to an educator poses significant challenges, primarily involving the development of pedagogical skills and the ability to simplify complex content for students (Kokhan et al., 2021). A pertinent example is the increasing necessity to utilize digital tools and adapt teaching materials for online platforms. This adaptation requires professors to master technical procedures during virtual classes, a task that can induce anxiety and frustration, particularly among those unfamiliar with educational technology (Alfaro de Prado Sagrera, 2008). This intricate responsibility, coupled with the need to meet academic and social expectations and maintain high educational standards, contributes to an increased workload (Mitchell, 2004). Consequently, faculty members are at a heightened risk of experiencing mental health issues such as anxiety, depression, and burnout (Mora et al., 2021), which are interconnected and compound the challenges faced in academia.

This situation has been exacerbated by the COVID-19 pandemic, during which an educational paradigm shift occurred, adding to the challenges already faced (Maslach and Leiter, 2021). The consequences of the rapid transition to remote learning continue to be felt, highlighting significant impacts on educational processes (Said-Hung et al., 2021). Moreover, Evers et al. (2002) noted that with each passing year, teachers increasingly perceive a greater inability to continue their work due to activity overload and burnout. These psychosocial risks have become a prominent phenomenon within the workplace and have swiftly gained notoriety (Castañeda-Aguilera and García De-Alba-García, 2020).


1.1 Mental health concerns in academia

Recent studies among university faculty have identified multiple risk factors for anxiety disorders, including age, gender, marital status, educational level, discipline, and workload (Ma et al., 2022). This development is concerning for engineering schools and the broader community, with reported increases in cases of this syndrome worldwide (García and Ortiz, 2021; Gaitán-Rossi et al., 2021; Neri Vázquez et al., 2023).

Furthermore, the link between stress and anxiety in university professors has been extensively explored (Alvites-Huamaní, 2019; Cansoy et al., 2020; Ticona et al., 2021). Such disorders arise when individuals are unable to manage their activities or tasks effectively, necessitating the investment of additional personal resources (Lazarus and Folkman, 1984; Smetackova et al., 2019). Often, this situation is compounded by institutional pressures, such as demands for scientific production and dissemination, academic overload, conflict management, and administrative duties (Escudero and Barreto, 2022; Monroy-Castillo and Juárez-García, 2019). These pressures not only undermine well-being but also significantly impact work performance and classroom effectiveness (Corbett et al., 2021; Romeiro, 2015).

In response to growing awareness of burnout syndrome, faculties and schools of professional education have implemented measures to manage workload effectively (Oliveira et al., 2021). Burnout syndrome, characterized by emotional exhaustion, depersonalization, and diminished personal accomplishment, predominantly affects professions involving intensive social interaction, such as teaching (Karavasilis, 2019; Maslach and Leiter, 2016; Unda Rojas et al., 2020). Initially, burnout may be underestimated or remain unnoticed, often concealed by high levels of motivation (Bitran et al., 2019). However, continuous exposure to unmitigated stress can deteriorate an individual’s capacity for self-care, leading to more severe consequences (Burić et al., 2019; Pandey and Tripathi, 2001).

Depression, defined by the American Psychiatric Association (2014) as a pervasive feeling of sadness impacting interest, motivation, and satisfaction, frequently coexists with anxiety and burnout (Koutsimani et al., 2019). Research indicates a complex relationship between job stress, depression, and the overall mental health of university teachers, highlighting the multifaceted impacts of these conditions (Mendes et al., 2020). The significant overlap between burnout and depression underscores the necessity of addressing both the environmental stressors and their emotional and psychological repercussions (Sieglin and Ramos, 2007). Recognizing its importance, the World Health Organization (WHO) has included burnout in the 11th edition of the International Classification of Diseases (Živanović et al., 2021), further emphasizing the need for targeted interventions in professional settings.

The confluence of anxiety, depression, stress, and burnout severely impairs the psychological well-being and job performance of university teachers, highlighting the critical need for proactive mental health interventions (Mendes et al., 2020). The World Health Organization (2022) noted that mental disorders affect 15% of working-age adults, with depression and anxiety resulting in an estimated 12 billion lost workdays annually, costing the global economy about $1 trillion USD.

In response, universities have increasingly turned to continuing education programs to address academic, operational, and welfare needs comprehensively (de Lima Ferreira and Bertotti, 2016). According to Saline (1983) and Hammond (2004), these programs are typically structured into three main categories:

	a. Teacher Training: Focused on enriching didactic and psycho-pedagogical competencies.
	b. Discipline-Oriented: Aimed at keeping teachers current with the latest advancements in their respective fields.
	c. Development and Integration: Designed to foster a fulfilling work environment and support positive psychological health.



1.2 Continuing education programs

Continuing education programs are instrumental in promoting lifelong learning and enhancing the capacity for and interest in professional development, crucial in the fast-paced technological landscape (OECD, 2017). Particularly in engineering, where the dynamic demands constant learning, continuing education programs serve as an essential strategy for fostering self-directed learning and personal growth management (Diaz, 2020; Hadgraft and Kolmos, 2020). Research has shown that continuing education programs enhance faculty engagement with engineers and other professionals, facilitate the creation of learning communities, and bolster the ability of engineering educators to design and implement effective instructional plans (Mesutoglu and Baran, 2021).

However, training may be affected by external conditions, such as the pandemic. The education sector, particularly hard-hit by COVID-19 pandemic, faced unprecedented challenges as it transitioned from traditional face-to-face instruction to online formats. This shift, crucial for maintaining both educational continuity and community health, placed considerable strain on all educational systems, including engineering education, which is inherently content-intensive and practice-oriented (Asgari et al., 2021; Beltran-Sanchez et al., 2020). The sudden need for online education highlighted the importance of robust continuing education programs (Donitsa-Schmidt and Ramot, 2020; Miranda et al., 2021). These programs expanded rapidly, offering an array of courses focused on teacher training and well-being, including educational technology and mental health care. While these resources were intended to support faculty, the surge in available courses may paradoxically impose additional demands on teachers’ time, potentially making these initiatives counterproductive.

The aim of this research is to examine the relationship between stress, anxiety, burnout, and participation in continuing education programs among faculty members at an engineering school in Mexico. Also, test the following hypothesis:

	• H1: There is a statistically significant relationship among training hours, perceived training intensity, and mental health variables (p ≤ 0.050)
	• H2: There are statistically significant differences in training hours, perceived training intensity, and mental health variables between men and women (p ≤ 0.050)
	• H3: There are statistically significant differences in training hours, perceived training intensity, and mental health variables, across academic degrees (p ≤ 0.050)
	• H4: There are statistically significant differences in training hours, perceived training intensity, and mental health variables across types of contracts (p ≤ 0.050)
	• H5: Burnout and its dimensions, perceived stress, anxiety, and depression scores differ significantly across groups categorized by the number of hours invested in training (p ≤ 0.050)




2 Method


2.1 Study design

A quantitative, non-experimental, cross-sectional, correlational study was conducted to explore the relationship between continuing education programs and faculty mental health.



2.2 Context

This study was conducted at a private university in northeastern Mexico during the COVID-19 pandemic. At that time, the university’s continuing education programs aim to enhance knowledge, skills, and competencies across various domains, including institutional work culture, educational models, technological proficiency, and teaching practices, as well as the emergent teaching topics due to the switch to online education.

Typically, the institution’s teacher training comprised four basic courses totaling approximately 16 h, designed to integrate teachers into the instructional practices of the university. In response to the pandemic, the continuing education program was expanded to include four additional courses focused on remote technology and distance learning methodologies, extending the total training duration to 24 h. Subsequently, four more courses aimed at promoting mental well-being were added, bringing the minimum total program duration to 30 h. This expansion not only increased the workload for faculty but also introduced significant emotional and logistical challenges. The rapid shift to virtual teaching required teachers to navigate a steep learning curve and adapt to new tools and pedagogical approaches.

Under this framework, the institution categorizes courses as priority or optional. Priority courses address immediate institutional needs and are time-sensitive, focusing on strategic curriculum requirements and critical institutional issues. These courses are pragmatically designed with an applied orientation to cover essential knowledge areas and competencies crucial for the institution’s effective functioning. In contrast, optional complementary courses are characterized by their elective nature and flexible scheduling, accommodating the diverse interests and needs of university faculty. This flexibility allows faculty to select courses that align with their professional interests within a structured framework of institutional priorities, fostering a sense of autonomy and empowerment. Such an approach not only motivates faculty but also contributes to the continuous improvement of educational quality and job satisfaction. Complementary elective courses provide faculty with the freedom to explore personal interests, develop specialized skills, and broaden their knowledge beyond the core disciplinary areas. Their voluntary and adaptable format promotes a personalized and enriching educational experience, enhancing both professional and personal growth.



2.3 Sample

For the determination of the sample, a non-probabilistic convenience sampling method was used. This method is characterized by obtaining responses from individuals who are willing to participate in the study and who were selected without conscious bias (Coolican, 2017; Kerlinger and Lee, 2002). In this study participated 307 teachers of the engineering school at a private university in northeastern Mexico. The sample included 115 women and 192 men with an average age of 44.72 years (SD = 10.81) and an average teaching experience of 13.68 years (SD = 12.20). Professors were categorized by contract type: full-time teaching, full-time teaching and administrative duties, full-time teaching and research, administrative role with possibility to have teaching load, and part-time teaching (see Table 1).



TABLE 1 Distribution of the sample by university contract type.
[image: Table showing various contract types with their frequency, percentage, and cumulative percentage. Full-time teaching: 69 (22.5%, 85.3% cumulative). Teaching and administrative role: 19 (6.2%, 91.5% cumulative). Teaching and research: 26 (8.5%, 100% cumulative). Administrative role: 33 (10.7%, 62.9% cumulative). Part-time teaching: 160 (52.1%, 52.1% cumulative). Total: 307 (100% for both percentage and cumulative percentage).]

Academic qualifications among the participants were as follows: 47.6% held doctorates, 49.8% master’s degrees, and 2.6% bachelor’s degrees. Participants also reported an average institutional tenure of 11.14 years (SD = 11.65).

Participants were informed about their confidential participation and about the use of their data for academic purposes.



2.4 Measures

Participants provided demographic information (gender, age, academic qualifications, contract type) and details about their engagement in continuing education programs, including the number of hours and perceived intensity of training. The number of training hours was self-reported by the participants. It was not possible to validate the number of hours given that some training is offered by the institution (internal continuing education programs) and some training is external. The maximum number of hours that the survey allowed in the survey was 150 h per semester. Regarding the perceived intensity of training was also self-reported in a 5-point Likert-type scale from very low intensity (1) to very high intensity (5).

Mental health outcomes were assessed using four adapted and validated scales measuring symptoms of depression, anxiety, stress, and burnout. The description of each scale follows.


2.4.1 Burnout

The burnout measurement model used is an adaptation of the proposal made by Gil-Monte et al. (2009), consisting of three dimensions: illusion, composed of five items (e.g., I feel that my participation as a teacher is a stimulating challenge; emotional exhaustion), measured with three items (e.g., I think I am saturated by my work as a teacher); and indolence, with four items (e.g., During my activities as a teacher I do not feel like attending to some students). The response options were in a Likert-type frequency scale (0 = never and 4 = always). The scale demonstrated evidence of construct validity (χ2 = 2054.0, p = 0.001, KMO = 0.85, λ = 0.32 to 0.94, variance explained = 60.8%) and reliability, as indicated by internal consistency measures, including Cronbach’s alpha (α = 0.86) and McDonald’s omega (ω = 0.83). The complete Spanish version of the scale is provided in Annex 1 for reference.



2.4.2 Perceived stress

Perceived stress was measured with an adaptation of the Cohen et al. (1983) scale, which is unidimensional and consists of five items measured by frequencies, where 0 equals never and 4 equals always. An example of an item is: “I feel unable to control the important things in my life.” The scale had evidence of construct validity construct validity (χ2 = 751.01, p = 0.001, KMO = 0.86, λ = 0.75 to 0.80, variance explained = 59.3%) and reliability, the latter identified by internal consistency, calculating Cronbach’s alpha (α = 0.88) and McDonald’s omega (ω = 0.88) coefficients. The full Spanish version of the scale is available in Annex 2 for reference.



2.4.3 Anxiety

An institutional version of the Generalized Anxiety Scale proposed by Spitzer et al. (2006) was applied. This is a Likert-type instrument composed of five items that are scored from 0 (never) to 3 (almost every day), where the maximum value obtained is 15, which indicates a severe degree of anxiety. An example of an item is: “I am so restless that it is difficult to sit still.” The scale demonstrated evidence of construct validity (χ2 = 768.44, p = 0.001, KMO = 0.87, λ = 0.67 to 0.86, variance explained = 60.0%) and reliability, the latter identified by internal consistency, calculating Cronbach’s alpha (α = 0.88) and McDonald’s omega (ω = 0.88) coefficients. Annex 3 includes the complete Spanish version of the scale.



2.4.4 Depression

The Self-Report Depression Scale proposed by Zung (1965) and validated by Diaz et al. (2005) was used. This adapted scale consists of seven items measured with a frequency scale where 0 equals never and 4 equals always. An example of an item is: “I feel more irritable than usual.” The scale had evidence of construct validity (χ2 = 1072.95, p = 0.001, KMO = 0.83, λ = 0.51 to 0.86, variance explained = 61.1%) and reliability, the latter identified by internal consistency, calculating Cronbach’s alpha (α = 0.84) and McDonald’s omega (ω = 0.84) coefficients. The complete Spanish version of the scale can be found in Annex 4.




2.5 Procedure

The present study lasted 5 months. During this time, the necessary approvals of the institutional authorities were obtained, and the data collection strategy was designed. Then, the implementation of the instrument occurred, in accordance with the ethics committee guidelines, through the Qualtrics platform, which facilitated the collection of data via an online portal accessible via a generic link sent by email. Participation was voluntary; all participants signed an informed consent form, and data was kept confidential. For the analysis, all identification information was removed to ensure anonymity. The data collected was analyzed and discussed by the research team. Finally, reports were prepared on the results found and recommendations.



2.6 Data analysis

Data analysis was performed with the IBM SPSS Statistics version 26 statistical software. The mean (measure of central tendency) and standard deviation (measure of dispersion) were used to describe the data. Likewise, quartiles were used to define groups (measure of position) and symmetry and kurtosis were checked to determine the distribution of the data.

Additionally, a series of hypothesis testing tests were applied, where the statistical significance value is equal to or less than 0.050. The tests are:

	• Student’s t test for independent groups to compare means, complemented by Levane’s statistic to test the homogeneity of the variances of the groups and Cohen (1988) d statistic to determine the effect size.
	• Pearson’s test-moment correlation coefficient (r) to identify linear relationships between two variables.
	• Analysis of Variance (ANOVA) used to compare the means of three or more independent groups. Homogeneity of variances was tested by means of Levane’s statistic and effect size by means of the ω statistic2 (Field, 2009).

The levels of the measured variables were determined by intervals, considering the values of each of the scales, that is, equal-sized intervals centered around the mean. Thus, for perceived stress, depression and burnout with their dimensions, we considered: Very low (0.00–0.80), Low (0.80–1.60), Medium (1.60–2.40), High (2.40–3.20), Very high (3.20–4.00). On the other hand, for anxiety the intervals are: Very low (0.00–0.60), Low (0.60–1.20), Medium (1.20–1.80), High (1,0.80–2.40), Very high (2.40–3.00).




3 Results

The main findings indicate that teachers dedicate, on average, about 20 h to training programs during the semester and that this time investment represents a medium level of perceived intensity of the training. Table 2 shows the results related to teachers’ mental health, where the highest score corresponds to emotional exhaustion, one of the dimensions of the burnout model. The rest of the indexes tend to be low or very low.



TABLE 2 Descriptives related to training and mental health indices.
[image: Table displaying statistics for continuing education and mental health. For continuing education, semiannual training hours have a mean of 18.89, standard deviation 19.92, minimum 0, and maximum 121. Perceived training intensity has a mean of 2.83, standard deviation 0.96, minimum 1, and maximum 5. Mental health factors include burnout with mean 0.79, illusion 3.54, emotional exhaustion 1.89, indolence 0.37, perceived stress 1.03, anxiety 0.55, and depression 1.19. Each factor lists standard deviation, minimum, and maximum values.]


3.1 Continuing education, gender and mental health variables

Training hours in the continuing education programs were analyzed with respect to gender, academic qualifications, contract type, and the mental health variables. With respect to gender, a t-test was conducted to compare the mean hours of training between women and men. The results showed no statistically significant differences by gender in either duration of training, measured in hours (t = 1.04, p = 0.299, Cohen’s d = 0.12), or perceived training intensity (t = −0.43, p = 0.667, d = 0.05). Likewise, the differences between men and women were examined in relation to the mental health variables. Only the exhaustion, dimension of burnout, exhibited statistically significant differences, with women displaying a higher prevalence than men (t = 2.27, p = 0.024, Cohen’s d = 0.27).



3.2 Continuing education and teachers’ contract type

Further ANOVA testing with “contract type” as a factor showed differences in training hours and perceived training intensity among contract types. Faculty members with full-time teaching contracts (focus on teaching or on research) reported the highest training hours (F = 8.79, p = 0.001, ω2 = 0.32). Differences in the perceived training intensity were noted between part-time instructors and full-time researchers, with the latter group reporting higher levels (F = 2.82, p = 0.025, ω2 = 0.19). Moreover, analysis by contract type found significant differences among part-time instructors in perceived stress (F = 3.39, p = 0.020, post hoc = part-time teachers, administrative role < teaching and administrative role, ω2 = 0.25) and emotional exhaustion (F = 3.09, p = 0.033, post hoc = administrative role < teaching and administrative role, ω2 = 0.25).

In addition to the above, it was found that teachers with a “Teaching and research” contract report systematically higher levels in each of the mental health variables: Burnout (F = 19.51, p < 0.001, ω2 = 0.19), Illusion (F = 9.15, p < 0.001, ω2 = 0.10), Exhaustion (F = 21.06, p < 0.001, ω2 = 0.21), Indolence (F = 5.03, p = 0.032, ω2 = 0.05), Stress (F = 9.56, p < 0.001, ω2 = 0.10), Anxiety (F = 5.61, p < 0.001, ω2 = 0.06), and Depression (F = 5.18, p = 0.006, ω2 = 0.05). In most cases, the difference lies between part-time teaching and full-time teaching and research contracts.



3.3 Continuing education and academic qualifications

An Analysis of Variance (ANOVA) was performed to examine differences in training hours and perceived training intensity across academic qualifications. The analysis revealed no significant differences in training duration (F = 1.38, p = 0.253). However, significant differences were found in the perceived training intensity (F = 4.27, p = 0.010, ω2 = 0.17), with professors holding bachelor’s degrees reporting the highest perceived training intensity, although data homogeneity between groups was not observed. On the other hand, the same test was performed to identify differences in mental health variables among academic qualifications, the test results were that teachers with doctoral degree report higher in burnout (F = 10.16, p < 0.001, ω2 = 0.06), exhaustion (F = 12.46, p < 0.001, ω2 = 0.07), indolence (F = 3.47, p = 0.032, ω2 = 0.02), stress (F = 7.75, p < 0.001, ω2 = 0.04), anxiety (F = 5.24, p = 0.006, ω2 = 0.03), and depression (F = 5.51, p = 0.004, ω2 = 0.03).



3.4 Continuing education, training hours and mental health variables

Pearson’s correlation analysis explored the relationships among training hours, perceived training intensity, and mental health variables, revealing statistically significant correlations (p < 0.050). However, all correlations were trivial as none were greater than 0.30.


3.4.1 Analysis of training hours quartiles

To delve deeper into this last result, four groups were formed based on quartiles of reported training hours: low, mid-low, mid-high, and high. The criteria of training hours for each quartile is as follows: Professors were categorized into quartiles based on reported training hours:

	• Low: 0–6 h (n = 99)
	• Mid-Low: 6.01–15 h (n = 69)
	• Mid-High: 15.01–25 h (n = 70)
	• High: 25.01–121 h (n = 69)

An ANOVA was conducted to compare these groups, indicating significant differences in some dimensions of mental health. In Table 3, it is possible to observe that the test results indicate that training time has a statistically significant effect on burnout syndrome and its exhaustion dimension, as well as on perceived stress, anxiety and depression. That is, teachers who reported having received more hours of training (Group 4) also report higher levels of the above variables. However, the results for anxiety and depression should be interpreted with caution given the low effect size (Faul et al., 2007).



TABLE 3 Means, standard deviation, and Analysis of Variance between groups by hours of training in mental health variables.
[image: Table displaying the means (Χ̅) and standard deviations (s) for psychological variables across four groups: Low, Mid-low, Mid-high, and High. Variables include Burnout, Illusion, Exhaustion, Indolence, Perceived stress, Anxiety, and Depression. F-values, p-values, Post hoc comparisons, and ω² are provided. Notable comparisons show significant differences for Exhaustion, Perceived stress, and Depression with p < 0.05. Groups classified as: 1 = Low, 2 = Mid-low, 3 = Mid-high, 4 = High.]





4 Discussion

For coherence, this section is structured as the previous one.


4.1 Continuing education, gender and mental health variables

Even though the academic community is a population at risk, especially during the pandemic (Gaitán-Rossi et al., 2021; García and Ortiz, 2021; Gómez et al., 2019; Neri Vázquez et al., 2023), the results of this study reveal that the participants present a low level of anxiety, depression, perceived stress and burnout and no significant differences were found between age and gender groups. These findings, coincide with a systematic review by Ma et al. (2022) who conducted a meta-analysis on anxiety in teachers, where most of the analyzes studies suggest that anxiety levels tend to be low in the field of higher education. Although, this discrepancy cannot be attributed exclusively to the continuing education program, it is known that job satisfaction, academic grade, and sense of accomplishment are protective factors that significantly decrease the risk of mood disorder (Ma et al., 2022; Menghi, 2018).



4.2 Continuing education and teachers’ contract type

Although all professors have as a common denominator their participation in engineering education, it has been observed that tenured professors tend to dedicate more time to the continuing education program compared to their peers, especially in comparison with part-time instructors. This disparity in participation may be attributed to greater institutional commitment and job stability, as working on temporary contracts may lower attachment to the institution (Gómez et al., 2019). Regarding the differences found in the perceived intensity of the continuous education, this can be attributed to the level of commitment and responsibility by contract type; part-time instructors may require more training.



4.3 Continuing education and academic qualifications

Regarding the differences found in academic qualifications, these results coincide with the findings of Ma et al. (2022), who identified that groups of teachers with lower academic degrees tended to have a greater tendency to suffer burnout and stress. This phenomenon is mainly seen when learning and incorporating new technologies into the learning process (Fernández-Batanero et al., 2021). However, this stress factor gradually disappears when the individual masters and integrates technology into his or her life. This is because it facilitates social contact, creating a positive feeling that allows coping with stress instead of causing it (Mheidly et al., 2020).

However, in the context of engineering, according to the National Research Council (1985), the success and results of continuing education are not reported as a function of time spent. It is known that programs tend to show a positive effect as long as they have a clear objective that is aligned with the goals established by the companies and they combine interactive and non-interactive instructional support (Robertson et al., 2003). In this sense, the institutional program offered by the university combines a modality of courses called synchronous (instructor-led) and asynchronous (self-directed), which allows to adapt to the time of teachers and also allow self-management of learning.



4.4 Continuing education and training hours and mental health variables

The study reveals that professors at the institution average 18.89 h of training, perceived as moderately intense, aligning with the university’s statutory requirements. Despite the absence of clear guidelines in the literature regarding optimal duration for continuing education programs, factors such as duration, material quality, trainer experience, training context, participant knowledge level, and follow-up procedures significantly influence their effectiveness (Robertson et al., 2003).

It was observed that increased training duration correlates with heightened perceived stress and burnout, although these relationships are of low magnitude and do not necessarily indicate clinical anxiety disorders. Instead, they may reflect typical adjustments to new educational technologies and methodologies, a common occurrence among engineering faculty seeking to enhance their skills (Sastre-Merino et al., 2021).




5 Conclusion

The main objective of this study was to identify the relationship between stress, anxiety, burnout and continuing education programs in teachers of an engineering and science school. In this sense, it is possible to conclude that there is a statistically significant relationship between these variables, but with magnitudes too low to make the desired generalizations. Thus, hypothesis 1 was supported, however it is important to continue with its study for the reasons mentioned above.

In general, no significant differences were identified between men and women in terms of the number of hours invested in continuing education programs and the intensity with which they were perceived nor between mental health variables. Thus, hypothesis 2 cannot be confirmed. Conversely, statistically significant differences were identified among academic degrees about both the perceived intensity of continuing education programs and the mental health variables. Thus, hypothesis 3 is confirmed. Likewise, hypothesis 4 is confirmed by finding differences between the types of contracts, both in the hours spent and the perceived intensity of the training and the mental health variables Furthermore, a high number of training hours was identified as a factor detrimental to mental health (hypothesis 5).

The institution’s continuing education program is strategically based on four pillars: institutional culture, integration into teaching practice, human dignity, and health and welfare (Valenzuela and Galvis, 2019). By focusing on these key areas, the program underscores a commitment to holistic development, addressing both pedagogical skills and emotional well-being. This comprehensive approach reflects a deep understanding of the unique challenges faced by faculty, aiming to improve educational outcomes and foster a supportive work environment (Rodríguez-Martínez et al., 2018). Being human development part of institutional philosophy, their training programs, from the design to the implementation, promote well-being as well as equal opportunities for all, besides the disciplinary content. We consider that the continuing education programs by embedding such characteristics play a fundamental role that could act as a buffer to mitigate the stressors inherent to the academic environment through the promotion of educational effectiveness and the creation of a positive work climate (Menghi, 2018).


5.1 Limitations and recommendations

It is important to acknowledge the limitations of the present study. Despite the large sample size, the study is not representative of the entire engineering teaching population at the participating university. It is recommended to conduct further replications using a probabilistic sampling technique with a greater scope, which would allow to generalize the findings and increase the impact. Also, the inclusion of other disciplines would facilitate a more comprehensive understanding of the phenomenon under study. Moreover, as a cross-sectional study, it is challenging to ascertain the causal relationships between variables, and the results may be influenced by atypical situations. Therefore, it is recommended to pursue the study through longitudinal research designs that can monitor trends and provide more reliable results.



5.2 Future directions

Educational institutions develop continuing education programs as a strategic response to adapt to the new realities introduced by the pandemic. However, it is crucial to acknowledge that increased participation in continuing education programs could lead to work overload, adversely affecting teachers’ mental health and well-being. Balancing the demands of continuing education with academic and personal responsibilities is challenging and can exacerbate stress, contributing to feelings of overwhelm among faculty members (Kyndt et al., 2019).

It is important to adopt a holistic approach to the design and implementation of continuing education programs offered to university faculty. This approach should ensure the relevance and utility of courses while providing adequate support to enable effective participation without compromising faculty well-being. Considerations may include institutional policies that encourage a balance between professional development and self-care and the integration of additional resources for mentoring, counseling, and wellness services (Skaalvik and Skaalvik, 2017). Through such measures, continuing education programs can effectively enhance faculty skills and well-being, thereby improving the overall quality of higher education.

Thus, continuing education programs implemented by the university not only promotes faculty well-being and professional development but also acknowledges the critical importance of addressing both pedagogical and emotional needs. These programs contribute significantly to enhancing educational quality and creating healthier, more engaging work environments. However, it is imperative that these initiatives are carefully designed and implemented, considering the real-world challenges and daily realities faced by faculty. Properly executed, continuing education programs can effectively strengthen teaching capabilities and foster well-being in higher education settings.

To deepen understanding of continuing education programs and their impact on engineering faculty mental health, further research should adopt a qualitative approach to capture the nuanced realities of teaching experiences. Differentiated analyses of course types could elucidate which are most taxing, and longitudinal or quasi-experimental studies could help identify various influencing factors and test intervention strategies.

Despite the low prevalence of anxiety and depression found in this study, it is imperative not to underestimate the importance of mental health within this sector. Continuing education, especially programs that emphasize wellness, can play a pivotal role in mitigating risks associated with mental health issues, thereby not only contributing to professional growth but also helping prevent and mitigate mood disorders among faculty.
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Well-rounded professionals must have competencies that adapt their expertise to contribute to future advancements. Beyond technical prowess, skills such as critical thinking, teamwork, communication, leadership, management, and entrepreneurship are essential for the modern workforce and solving twenty-first-century problems. Lifelong learning is a fundamental educational principle that prepares individuals to acquire knowledge and skills at any stage. With this interest in mind, higher education institutions pursue abroad study programs to involve students in different learning opportunities. Stepping outside familiar environments immerses individuals in new challenges, fostering a rich learning experience that promotes the development of critical competencies shaped by a global perspective. This research analyzes the competencies students developed according to their educational model and during their experience abroad. Data were collected through a 43-question semi-structured interview with 13 undergraduate engineering students experiencing an abroad study program. Participants conducted a personal assessment to reflect on their enhancement of competencies through personal and academic performance. The analyzed competencies correlate to those defined in the Tec21 Educational Model, a model designed by Tecnologico de Monterrey in 2019, in which the participants of this research are enrolled. The model defines seven competencies that every degree must develop: self-knowledge and management, innovative entrepreneurship, social intelligence, ethical and civic engagement, reasoning for complexity, communication, and digital transformation. Results indicate that the participants mainly developed competencies in reasoning for complexity, social intelligence, and communication. Such skills are essential for tackling global challenges, as they demonstrate the ability to generate creative solutions, communicate ideas effectively, and foster meaningful collaboration. Conversely, the competencies of digital transformation and ethical and civic engagement were less developed. These findings suggest areas for improvement within the Tec21 model, emphasizing the need to cultivate individuals aware of their societal impact and proficient in applying technological tools effectively.
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1 Introduction

The world is constantly changing and evolving. With the rapid pace of technological and social advancements, engineering professionals must develop higher adaptability to keep up with modern challenges (Allain and Rabb, 2023). It is widely acknowledged that conventional educational models, which rely on short-term memorization, are inadequate for preparing graduate students for successful professional practice (Williams, 2015). Therefore, it is crucial to equip students with tools that foster higher levels of cognition and a capacity for lifelong learning. As Williams (2015) emphasized, “Genuinely acquired deep knowledge will be internalized to create personal understanding.” When knowledge is deeply ingrained, graduates can develop lifelong learning abilities. This skill is essential to identifying situations in a dynamic world and adapting acquired knowledge to contribute to future advancements (Kruchten, 2015).

Engineers, in particular, must constantly evaluate and develop skills to meet the demands of the twenty-first century (Chadha and Heng, 2024). However, besides technical expertise, graduates across all disciplines need abilities that extend beyond their specific fields (Hansen and Bertel, 2023). Multidisciplinary approaches, especially in engineering, are essential to solving modern-day situations (Allain and Rabb, 2023). In light of global issues and events, engineers must be equipped with more professional skills than they did two decades ago (Chadha and Heng, 2024).

Although technical prowess is needed to form a successful engineer, other professional competencies are required to perform correctly in the workplace and society. These competencies encompass creative and critical thinking, teamwork, effective communication, leadership, project management, and entrepreneurship, all of which are vital to cultivating well-rounded professionals (Allain and Rabb, 2023; Chadha and Heng, 2024).


1.1 Lifelong learning in higher education

Lifelong learning is the ongoing process throughout an individual's lifetime, allowing people to acquire knowledge and develop new skills at any point in their lives (Håkansson Lindqvist et al., 2024). This ability enables learners to adapt to evolving circumstances by restructuring their way of thinking to provide innovative solutions to complex problems (Alt and Raichel, 2022). At the core of the lifelong learning paradigm is enhancing individuals' knowledge and skills through active participation in learning activities. According to Pillay (2002), learners should be positioned at the forefront of the educational journey. Lifelong learning rests upon two key pillars: a vertical one, acknowledging that learning occurs not only in youth but also throughout one's lifetime, and a horizontal one, recognizing that learning happens not only within formal educational institutions like universities but also in workplaces, communities, social settings, and through non-formal individual study (Schuetze and Slowey, 2000).

The importance of lifelong learning for the future is underscored by the UNESCO Institute for Lifelong Learning (2022), as evident in the United Nations 2030 Agenda for Sustainable Development and its Sustainable Development Goals (SDGs). Furthermore, international organizations such as the [The Organization for Economic Cooperation and Development (OECD), 2009] and the Council of Europe endorse lifelong learning as a fundamental educational principle, equipping individuals with the skills necessary to confront evolving challenges and shape a desirable future.

The competencies required for lifelong learning act as the cornerstone for education and work, nurturing a diverse set of skills essential in a rapidly changing world. The COVID-19 pandemic has accelerated shifts in labor market demands, underscoring the urgent need for individuals to swiftly adapt their skills to meet evolving requirements (OECD, 2021). In response, educational institutions were compelled to modify their teaching strategies and curricula to adapt to distance learning, integrating digital tools to sustain the educational process (Songu, 2022). This shift underscored the critical role of lifelong learning, as students were placed at the center of their learning journeys, requiring them to acquire new or enhance existing skills (Deveci, 2022). The analysis of global trends highlights the close relationship between lifelong learning and twenty-first-century competencies (Collins, 2009; Güven, 2021). However, research by Du Toit et al. (2016) reveals a persistent gap between the skills university graduates possess and those demanded by employers, stressing the importance of addressing this disparity.

Through higher education, students can engage in programs tailored to cultivate lifelong learning skills (Håkansson Lindqvist et al., 2024), while institutions may also offer continuing education initiatives to complement academic pursuits and reinforce various competencies (Güven, 2021; Håkansson Lindqvist et al., 2024). Curricula and academic content should be designed to facilitate student engagement in enriching learning experiences and provide avenues for ongoing development and training throughout their careers and lifetimes (Soares and Dias, 2019). As higher education institutions adapt to meet these needs, new approaches are needed to close the gap between the skills graduates possess and those demanded by the workforce.



1.2 Tec21 educational model

In 2019, Tecnologico de Monterrey (Tec) introduced the Tec21 Educational Model (TEM) to address lifelong learning challenges. The base of this initiative was designed to foster undergraduate students with a range of disciplinary and transversal competencies (Olivares et al., 2021). As defined by the TEM, competency is a conscious integration of knowledge, abilities, attitudes, and values to overcome structured and uncertain situations involving mental processes of higher order (Instituto Tecnológico y de Estudios Superiores de Monterrey, 2018). Disciplinary competencies are dependent on the career in which the student is enrolled, encompassing the knowledge and abilities necessary for the specific field. On the other hand, transversal competencies are defined as the skills that must be developed in every undergraduate program, regardless of the career of choice (Instituto Tecnológico y de Estudios Superiores de Monterrey, 2018).

The TEM seeks to enhance seven transversal competencies: (1) self-knowledge and management, (2) innovative entrepreneurship, (3) social intelligence, (4) ethical and civic engagement, (5) reasoning for complexity, (6) communication, and (7) digital transformation (Tapia Gardner, 2021). Each of these competencies is defined by Tecnologico de Monterrey, as observed in Figure 1.
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FIGURE 1
 Seven transversal competencies as defined by the Tec21 Educational Model.


Amidst the challenges posed by the COVID-19 pandemic, one notable silver lining was the accelerated adoption of digitalized teaching methods. Numerous studies underscore the significance of internationalization at home (Thier et al., 2024; Rivas and Espinoza, 2023), mainly through the increasingly popular Collaborative Online International Learning (COIL) methodology (Simões and Sangiamchit, 2023). Furthermore, among the competencies extensively studied are intercultural competencies (Wolff and Borzikowsky, 2018; Diego-Lázaro et al., 2020; Meaux et al., 2021), global citizenship (Thier et al., 2024; Aktas et al., 2017), professional competencies (Marques et al., 2014; Witkowsky and Mendez, 2018; Meaux et al., 2021), and language literacy (Van Maele et al., 2016; Gruber et al., 2023). However, recent literature on soft skills or transversal competencies within internationalization experiences appears scarce (Sisavath, 2021; Brennan et al., 2023). Hence, this study serves as a potential pioneering effort in this area.

To foster students' different learning experiences and enrich academic opportunities, students in the TEM can participate in international programs in the semester before graduating. Participants reside in a foreign country for an entire academic semester while enrolled at a host university abroad during this period. By interacting with people from different backgrounds and experiencing living independently for the first time, students can reflect on their capabilities, areas for improvement, and personal growth.



1.3 Internationalization in higher education

Internationalization in higher education entails actively integrating international and intercultural dimensions into all aspects of academia, including teaching, research, and services (Knight, 2004; Kosmützky and Putty, 2016). This approach has been pivotal in higher education policy for the past three decades (de Wit, 2020) and is recognized as crucial for its advancement in the twenty-first century (Klopper, 2020). It is best understood as a dynamic and proactive response by universities to enhance intercultural relations across borders (De Wit, 1999). Commonly associated phenomena with internationalization include heightened knowledge transfer, physical mobility, international collaboration, and education and research within a global context (Tight, 2021).

Individual mobility represents the foremost aspect of internationalization, defined as the physical movement of students, faculty, and staff to engage in learning, research, and collaborative endeavors (Buckner et al., 2022). Promoting opportunities to study abroad during short periods has been one approach of higher education institutions (HEI) to implement highly valuable experiences to develop lifelong learning competencies.

The significant rise in student numbers over the last decade underscores the importance that many universities have placed on internationalization as a fundamental aspect of their growth (Ge, 2022). As per the 5th Global Survey on Internationalization of Higher Education conducted by the International Association of Universities (IAU), over 90% of institutions include internationalization in their mission or strategic plans (Marinoni and de Wit, 2019).

Internationalization practices cultivate an enriched learning environment, allowing faculty and students to step beyond their familiar contexts and develop a global perspective (Drake et al., 2015). These experiences facilitate encounters, interactions, and experimentation, solidifying learning within intrapersonal and interpersonal realms. Moreover, they encourage participants to develop cultural sensitivity and tolerance competencies (Braskamp et al., 2009), gaining insights into diverse values, behaviors, and interactions (Datar et al., 2010). Additional notable benefits include fortifying international collaboration, enhancing capacity, and enhancing teaching and learning quality (Buckner et al., 2022).



1.4 Internationalization after COVID-19

The COVID-19 pandemic caused significant disruption to internationalization projects, particularly evident in the measures and policies implemented to curb the virus's spread, such as border closures that hindered international mobility (Mok et al., 2021). In response to the global health crisis, universities have had to adapt and innovate, embracing virtual mobility through information technologies (Romero León and Lafont Castillo, 2022). HEI implemented “internationalization at home” projects, which allowed for online collaboration with foreign universities, surging a possibility of internationalization that surpassed the limitations of the pandemic (Chans et al., 2023). However, as we transition back to in-person education, reflecting on the lessons learned during this period and prioritizing face-to-face interactions whenever possible while maintaining the flexibility and innovation gained during the pandemic is essential.




2 Objective

This research seeks to evaluate the enhancement of students' competencies through an educational model tailored with a challenge-based approach. Additionally, the aim is to analyze students' outlooks on their personal and academic growth by comparing the experiences at their home institution and the international university in which they enrolled.

The following questions guided the research:

	1. What are Tecnologico de Monterrey students' perceptions regarding the competencies they have developed throughout their academic journey via the TEM framework?
	2. How do students perceive the competencies they acquired while studying abroad at foreign universities?

The data presented analyze the significance of preparing engineering professionals with competencies that adapt to a rapidly evolving field. An educational model based on the development of competencies can be tailored to continuing education, as it supplies the skills necessary to respond to the problems and demands of the modern world.



3 Methodology


3.1 Study design and data collection

The study employed a qualitative methodology to investigate students' perceptions of the competencies cultivated during their international endeavors. This cross-sectional study was conducted in November and December 2022 with thirteen engineering undergraduates from Tecnologico de Monterrey who participated in international study programs.

Participants were selected through convenience sampling, as they were enrolled in the 5-week capstone course, Immersion Week 18, as part of their semester's culmination. This course prompts students to reflect on their academic journey thus far, chart a course for the upcoming semester, and reflect on their experiences. The convenience sampling approach ensured that all participants shared relevant contextual experiences, aligning with the study's focus on the competencies gained along their Tec21 experience and during their time abroad.

Data were gathered through semi-structured interviews performed remotely through video conference using Zoom during the last month of their program abroad. Participants were encouraged to provide honest responses. Each interview session lasted between 45 and 60 min and was conducted in Spanish, the researchers' and participants' native language. By sharing his contact number and email address, the researcher invited the participants to reach out if they desired access to the research results. Interviews were video recorded with previous consent to review further and transcribed verbatim. All recordings were checked against transcripts to verify clarity and accuracy.



3.2 Procedure

The researcher asked each student to respond to 43 questions regarding their perspectives on the internationalization experience. The questions focused on personal and academic performance or their perceptions of the TEM as observed in a different university and educational model. Other questions were designed to inquire about the progress and development of the seven transversal competencies while comparing knowledge, skills, attitudes, and values with their international peers.



3.3 Analysis

The qualitative analysis employed two distinct methods: thematic and text mining (Figure 2), for methodological triangulation of our findings, ensuring the credibility, objectivity, and validity of the results. While thematic analysis requires active researcher involvement in data interpretation, text mining minimizes researcher bias by relying on algorithms.
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FIGURE 2
 Flowchart illustrating the methodology employed through thematic analysis and text mining.


In the thematic analysis, interview questions were categorized into specific and general types based on their objectives. A coding framework was established, clearly defining categories for each of the Tec21 competencies and their criteria on the evidence of their development or proficiency to guide the analysis. Raters underwent a training process to ensure a consistent understanding of the coding framework and to minimize subjective interpretation. A pilot test was conducted with a subset of the data, allowing for the resolution of any initial doubts and the refinement of the coding scheme.

The specific interview questions were designed to evaluate the development level for each of the seven competencies. Data were organized into tables summarizing students' responses, highlighting recurring themes. For instance, the question, “How do you perceive your innovative entrepreneurship skills compared to those of your peers in the subjects you are studying (specifically in terms of being proactive and innovative)?” was aligned with the innovative entrepreneurship competency. Responses to this question were categorized based on students' perceived skill levels relative to their peers, with options such as lower, higher, equal, not perceived, or unable to demonstrate.

Additionally, Supplementary Tables were generated to analyze broader questions exploring the presence of competencies in students' experiences. These general questions included (1) perceptions of differences with new classmates, (2) advantages or disadvantages of working within a challenge-based model, and (3) perceived differences in abilities, attitudes, or values. Responses were classified according to their alignment with one or more competencies defined by the Tec21 model (Figure 1).

Before writing the results, two authors contrasted their coding decisions in depth until consensus was achieved. This collaborative approach ensured alignment in the themes' interpretation, enhancing the findings' reliability and trustworthiness. Direct quotes from the interview transcripts were selected and included to illustrate specific instances of competency development.

Voyant Tools was employed as a text mining technique software to analyze the transcriptions of the responses to the question, “What is the most valuable thing you take away from this experience at another university?” This tool facilitates visual and analytical representations of the most relevant aspects of the corpus. The transcribed responses from each participant were compiled into a document for a revision process, where unnecessary terms that did not aid in text analysis were eliminated. Additionally, words were simplified to their roots to ensure consistency throughout the text. In this research, two visual aids offered by the software were utilized: a word cloud, which highlights frequently used words, and a network graph, which illustrates connections among key terms and their commonly associated words.



3.4 Ethical considerations

This study followed the principles of the Declaration of Helsinki (World Medical Association, 2013) and the Belmont Report (National Commission for the Protection of Human Subjects of Biomedical Behavioral Research, 1979). All procedures were conducted in strict accordance with the applicable guidelines and regulations. All students were explicitly informed of the voluntary nature of their participation, the confidentiality of their responses, the absence of any incentives for participation, and their right to withdraw voluntarily at any point.

The research methodology exclusively utilized online interview measurements, avoiding sensitive content for participants. Furthermore, the study abstained from collecting biological samples or implementing experimental interventions. As a result, these precautions categorize the study as low risk.




4 Results and discussion

The 13 participants involved in this study were enrolled in an international program for a single academic semester. All individuals were Mexican students from Tecnologico de Monterrey (Tec), comprising eight women and five men, aged between 21 and 22. They were in their seventh semester of engineering studies. Eleven participants resided in European countries such as Spain, Germany, Sweden, the United Kingdom, and the Netherlands. The remaining two stayed in Latin American countries, specifically Argentina and Chile. Each student attended a different institution based on location, with two enrolled in private universities (Students 1 and 2) and the others in public institutions. Their international experience occurred a few months after Tec initiated international travel allowance, notwithstanding Mexico's ongoing COVID-19 health emergency (Secretaría de Salud, 2023).

The sample used in this study aligns with Guest et al.'s (2006) framework, as it meets the criteria of a homogeneous group, where shared perceptions and experiences are examined through semi-structured interviews. A systematic analysis (Guest et al., 2006) demonstrated that a sample of at least 12 interviews is sufficient to reach data saturation, with critical themes often emerging as early as the sixth interview.

Students 1, 2, 5, 7, 8, 9, and 13 opted to enroll in classes outside their designated academic field at Tec. As observed in Table 1, Students 1, 2, 7, and 8 selected courses in the business field, while the rest opted for subjects such as finance, industrial design, and smart city management. Additionally, Students 4 and 8 enrolled in classes that were part of Master's programs. Students 3 and 12 participated in classes intended for international students, not integrating with local students.


TABLE 1 Students' degrees taken at Tec compared to the classes during their international studies.
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This study evaluated how students recognize and develop the seven transversal competencies during their semester abroad. Participants engaged in constructing a personalized assessment, enabling them to gain fresh insights into the competencies fostered throughout 3 years of their educational journey, as well as those areas requiring additional refinement.

The transversal competencies emphasized by Tec closely mirror the eight key competencies for lifelong learning endorsed by the Council of the European Union (European, Commission Directorate-General for Education Youth Sport and Culture, 2019). These competencies are fundamental for individuals to attain personal fulfillment, maintain a healthy and sustainable lifestyle, enhance employability, actively engage as citizens, and contribute meaningfully to society.

The results revealed that participants identified three highly developed competencies during their careers (Table 2): reasoning for complexity, social intelligence, and communication. However, the students did not report improving these competencies during their international experience; instead, they noted applying what they had already learned. This insight was based on the reflections provided in the three general questions categorized to give a broad perception of competencies:

	• What differences do you notice between your level of preparation and that of your new classmates?
	• What advantages or disadvantages have you gained from working with challenges in Tec's educational model?
	• What differences do you perceive between your skills and those of your new classmates?


TABLE 2 Categorization of competencies developed through undergraduate studies and during their international experience.
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Regarding reasoning for complexity, five students identified challenge-based education in the TEM as a beneficial method to implement theoretical concepts in real-life problems (Table 2). During the projects proposed in the courses held at Tec, students found a connection with the professional environment, which motivated them to strive for optimal solutions to the presented challenges. This form of experiential learning incentivized students to aim for higher grades and encouraged them to immerse themselves deeply in the subject, often exceeding expectations. By engaging with the topics this way, students gained a profound understanding, recognizing that problem-solving can be approached through various strategies with no definitive answer (Alt and Raichel, 2022). This mindset empowered them to explore innovative solutions through creative thinking, extending theoretical knowledge beyond the confines of the classroom.

Reasoning for complexity was not explicitly perceived as developed during the international experience (Table 2). Patiño et al. (2023) noted that these skills are primarily trained through problem-based and case-based learning. These approaches foster a student-centered environment, empowering learners to derive insights from seeking solutions.

When reflecting on their experiences at foreign universities, students observed a pronounced emphasis on theoretical aspects in classes, with assessments primarily centered around exams, indicative of a traditional educational approach. Consequently, they identified a notable disparity: while their counterparts exhibited a deeper comprehension of the theory, they possessed a more hands-on, practice-oriented background. For instance, three students observed that their peers often tended to rely on short-term memorization rather than pursuing genuine comprehension of the subject matter. Conversely, they endeavored to grasp and internalize the concepts to facilitate their practical application.

Focusing on social intelligence, students were asked about their collaborative work and the effectiveness of their interactions with their classmates. Five participants responded that when paired with international classmates, they encountered an ineffective environment for teamwork that hindered the collaborative process. They mentioned that their new classmates often had an individualistic attitude, complicating interactions and affecting the final delivery.

This attitude was highlighted by student number nine, who provided insight into her perspective on collaborative work during her internationalization experience:

	“Here, people aren't 100% committed to a team. [...] We're back to the individualism [...]; working in a team bothers them, it annoys them, so they don't know how to communicate; they don't know what it is like to agree to work collaboratively.”

Five students acknowledged that teamwork is always part of every project at Tec, enhancing the social skills necessary to work with a diverse group (Table 2). This principle can be exemplified by the answer given by student 10 when asked about the differences perceived between his preparation and that of his new classmates:

	“As they are very closed-off and not used to working in teams, when I arrived from Tec, where all my work was in teamwork, it was very easy for me to work with them because there are things that I know I can help them with, and it facilitates our work.”

In this address, although collaboration was not explicitly perceived as developed during the international experience (Table 2), further analysis demonstrates that participants valued interacting with people from different backgrounds (see Figure 3). Therefore, they likely had the opportunity to enhance other critical aspects of social intelligence.
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FIGURE 3
 Word cloud of participants' most valuable aspects taken from their international experience.


Communication competency was specifically observed when students were asked to identify the differences perceived in their abilities compared with those of their new classmates. Five students expressed confidence during class presentations, conveying a sense of assurance in their understanding of the subject matter (Table 2). In contrast, the participants declared that their peers seemed nervous in front of the classroom and did not seem prepared enough to express themselves fluidly. Tec students could also effectively communicate their ideas within their teams while guiding the conversation to ensure that every contribution was heard (Table 2). This ability to communicate ideas can be evidenced by the answer given by the 10th participant:

	“Tec has given me more ability to relate and express my ideas regarding projects because here, people do not have as much ability to speak in public. For example, when presenting a presentation for a project, I see that they do lack a little of that. Also, in terms of the material they use for oral presentations, they tend to be basic and simplistic. At Tec, we elaborate it to make it more attractive and professional.”

In contrast, this competency was not explicitly perceived as developed during the international experience (Table 2).

Concerning self-knowledge and management, five students reported that the TEM's 5-week course structure improved their ability to work in short periods, emphasizing an advancement in time management skills (Table 2). These challenge-based courses prompted students to deliver high-quality assignments in shorter periods. Students must evaluate effective work distribution among teammates and create optimal structures for collaborative work to ensure time is used wisely. Nevertheless, it was also noted that Tec students required an adjustment period when transitioning to international universities, where they had to shift their management skills to accommodate a semester-long course structure.

However, when asked to describe the level of stress they had experienced, seven students noted that they had significantly higher stress levels at Tec compared to their new university, where the stress was minimal (Table 2). The two contributing factors mentioned by students were a high workload and a lack of free time. Academic pressure from test preparation, learning significant concepts in a short period, ongoing study, realization and preparation of evaluated activities, and excessive work outside school hours have been reported as one of the most recurrent stressors in higher education (Yang et al., 2021; Vega Martínez et al., 2022). High levels of academic stress can lead to a deterioration of wellbeing (Chow et al., 2018), which has been linked to depression, anxiety, ill health, and poor academic performance (Deng et al., 2022). Students shared a feeling of relief, referring to the lower workload in the foreign university. This allowed them to make time for themselves and to enjoy different experiences beyond the academic field. These findings can be correlated with those obtained by Muro et al. (2022) who discovered that exchange students at a university in Barcelona exhibited higher sociability, activity level, and susceptibility to boredom than local students. Nevertheless, two participants acknowledged the value of the high-stress environment at Tec, noting that it had equipped them with valuable skills in working under pressure and managing stressful situations. They found these skills beneficial for their daily lives and future professional endeavors.

When discussing self-knowledge, participants noted that it was a skill developed further during the international program (Table 2). Five students revealed that this experience marked their first foray into independent living. Consequently, they had to learn how to balance academic responsibilities and social engagements to overcome autonomy challenges. This also entailed regulating proper habits, such as maintaining a healthy diet and keeping a tidy living space. Although stress levels were initially high due to the demands of independent living, most students adapted to their new lifestyle after a brief adjustment period. Participants viewed this transition as a valuable learning experience, where they identified the strengths that propelled them forward while simultaneously recognizing areas for growth.

The competency of innovative entrepreneurship yielded diverse outcomes among Tec participants. While five students perceived themselves as possessing higher innovation skills than their international peers, three expressed lower confidence in their innovation abilities within specific subjects, and four reported no noticeable difference. Additionally, two participants mentioned constraints in demonstrating their innovation skills during their courses abroad, limiting the analysis scope. One participant noted that projects at the foreign university were excessively structured, impeding their ability to propose alternative solutions or methodologies. Participants also observed that only some of their peers demonstrated exceptional entrepreneurship. Therefore, it is premature to conclude whether TEM is responsible for developing this competency.

Nevertheless, outcomes of this competency can also be correlated with those identified in reasoning for complexity. As illustrated in Figure 1, innovative entrepreneurship aims to deliver creative solutions to surrounding problems (Tapia Gardner, 2021). Challenge-based education enables students to analyze real-life scenarios and determine the optimal pathway to a solution. Student 3 highlighted the advantages he perceived in working through a challenged-based model:

	“To think beyond what is explained to us. There are different ways to solve the projects.”

As the student described, “thinking beyond” demonstrates that working through challenges fosters innovation and creative thinking.

Assessing the strengthening of ethical and civic engagement competency is limited by the nature of the international programs (see Table 2) in which participants were enrolled, as these programs did not prioritize social work or community service. The absence of activities focused on this subject hindered students' competency development. When participants were questioned about perceived differences in values compared to their international classmates, four students commented that their classmates seemed more reserved, making them appear less empathetic and tolerant. However, this disparity can be attributed to cultural differences, where a reserved demeanor does not necessarily indicate a lack of respect or tolerance but rather a different cultural expression. Although isolated incidents of perceived lack of empathy or respect toward international students and other classmates were noted, they did not represent most of their international peers. These findings contrast with Luo and Jamieson-Drake's (2015) conclusions, demonstrating that studying abroad led to a deeper understanding of moral and ethical dilemmas.

While not explicitly observed, there is potential for students to enhance this competency through their experiences in internationalization. Jon and Fry (2021) conducted a study exploring the impact of study abroad programs in higher education, investigating how participants contributed to local and global engagement. Their research addressed whether these contributions to the worldwide community stemmed from their experiences abroad. The findings revealed that internationalization significantly heightened participants' involvement in civic engagement, social entrepreneurship, and proactive measures to tackle global issues such as climate change and inequality. This outcome underscores the pivotal role of internationalization in cultivating individuals aware of local and global challenges and motivated to take tangible steps toward societal contribution.

Similarly, Millora (2011) demonstrated how internationalization significantly fostered civic and global engagement among U.S. students immersed in international education. Participants exhibited heightened awareness and empathy toward global issues and increased interest in addressing these challenges.

During the interviews, only one question directly addressed digital transformation. The question focused on the technological tools implemented at their new university, mainly using Learning Management Systems. Unfortunately, this line of inquiry failed to provide adequate insight into enhancing the competency. However, one student noted that he felt more prepared than his new classmates to use MATLAB, applying his previous knowledge of software in engineering to economics. Another student shared that she integrated technology into everything she did, employing digital tools like Excel. At the same time, her classmates relied on traditional methods such as pen and paper and lacked proficiency in Excel. It can be argued that digital skills have become a second language for a generation immersed in technology from a young age (Koumachi, 2019). As digital natives, they effortlessly navigate technological tools, integrating them seamlessly into their daily lives (Gulsecen et al., 2015). This innate familiarity with technology may lead participants to view digital transformation competency as inherent, requiring no further guidance (Tóth et al., 2022). Furthermore, participants may perceive their digital skills as instinctual rather than a competency consciously developed through the TEM.

To finalize the interview, students were asked: What is the most valuable thing you take away from this experience at another university? This final question prompted students to reflect on the lessons learned while living in a foreign country. Their responses provided valuable insights into the most significant and enlightening experiences gained through internationalization.

After examining the transcriptions, we employed Voyant Tools software to visually represent the most prevalent ideas in the responses. Figure 3 illustrates the most recurrent terms with font sizes adjusted to reflect their frequency. The analysis revealed that the most frequent words were different, people, learn, and international. These terms highlight students' significant value in experiencing different learning environments and cultures.

Figure 4 demonstrates how keywords (blue) are frequently observed in proximity to other terms (orange). It reveals that the students' reflections on their international experience are centered around learning, interactions with people, diversity, and the international context. These central nodes are interconnected, forming a cohesive network that underscores the multifaceted nature of the internationalization experience in higher education.
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FIGURE 4
 Web diagram of most frequent links found in students' valuable aspects taken from the international experience.


The network of words suggests that students value the opportunity to meet diverse people, learn new skills, and develop a global outlook. These experiences are crucial for fostering a well-rounded education that prepares students for the complexities of a globalized world. The visual representation underscores the importance of internationalization in higher education and its impact on student's personal and academic development. This evidence complements the thematic analysis, underlining that the international experience by itself, beyond the perception of the students inside the classrooms, clearly offers them the opportunity to strengthen their communication and social intelligence competencies.

As evidenced by the figures and corroborated by the transcriptions, the findings underscore the profound significance of experiencing life in a different country and interacting with many people from diverse cultures and nationalities. A notable theme across responses was the invaluable opportunity to interact with people from around the globe, learning from their diverse perspectives and encountering many cultures. Ten students echoed this sentiment, emphasizing the enriching experience of meeting individuals from various backgrounds. Participants 7, 8, and 12 exemplify this sentiment in their responses, articulating the most valuable aspect they took away from the experience:

Participant 7:

	“To see how work is done here, how the country, well this country that I am in, Germany, operates, or how they envision the future [...] also to meet people from all over the world, who have a different point of view than yours or a different way of living.”

Participant 8:

	“The environment in which they [international classmates] work, the people you meet, what you learn, how you perceive how people are managed, how everyone is open to international people.”

Participant 12:

	“I believe I greatly benefited from meeting people from numerous countries; I really enjoyed sharing from other cultures and learning how to communicate effectively with them. [...] I like having teachers from other countries, as I haven't had teachers from other countries before. So, seeing another perspective of how they think, not just the teacher, but from another field and country.”

This multicultural connection fosters the development of social intelligence among students (Tran and Pham, 2016). Varied ideas and perspectives create an environment where students can learn from one another and exchange viewpoints. Consequently, a foundation of mutual respect is established, welcoming and appreciating diversity, thus encouraging students to remain receptive to exploring new approaches (Braskamp et al., 2009).

Furthermore, participants highlighted the empowering aspect of the flexibility in their coursework during their internationalization experience. The opportunity to study at a different university exposed students to new theoretical concepts through coursework abroad. Notably, the program where the participants were enrolled offered the flexibility to explore fields beyond their engineering degree. This freedom to choose courses in business, economics, management, computer science, or industrial design or to delve deeper into areas of interest related to their degree empowered students to shape their learning journey with stress on multidisciplinary. Students remarked that these courses equipped them with concepts relevant to their daily lives and career aspirations, emphasizing their value as learning experiences.

Our findings evidence the steps the Tec21 educational model has taken to achieve valuable competencies relevant for graduates to be incorporated into the labor market and effectively contribute to a better global society. It also points out that competency-based education and its benefits on competencies like reasoning for complexity, communication, and social intelligence are not fully spread in universities worldwide. This last affirmation must be taken with caution since it does not mean that hosting universities are not addressing these competencies better or more effectively, as discussed in the following section.


4.1 Limitations

While the presented results offer valuable insights into assessing students' competency development, it is essential to acknowledge the study's limited sample size. With only 13 participants, the ideas presented may not fully represent the perspectives of all students and can only offer a general overview. For future research endeavors, conducting more interviews would enable a more comprehensive analysis, incorporating a broader range of different viewpoints.

The authors also acknowledge the reliance on self-reported data and potential biases due to researchers' rank and positionality. However, conducting more profound research to evaluate each competency with validated instruments was beyond the scope of this exploratory approach.

Additionally, diversifying the sample is essential, as the current research solely focused on students from one private Mexican university who had experienced internationalization. Expanding the study to include universities across Mexico and Latin America would provide a more comprehensive understanding of how internationalization influences students' ongoing education in various contexts.

Furthermore, the participants in this study were exclusively from a single campus and pursued only engineering careers in mechatronics and industrial engineering. Incorporating multiple campuses of either the same institution or from different ones would offer broader insights into competency development through a challenge-based model. Likewise, including non-engineering programs would offer insights into competency growth across diverse fields of study and throughout different career paths.




5 Conclusions

Education extends beyond the confines of a classroom, persisting throughout one's life and embracing diverse pathways beyond formal schooling. Higher education institutions are a fundamental pillar in the upbringing of professionals, established as lifelong learners. These institutions must transition to models that cultivate lifelong learning, as it is a guide that will provide graduates with sufficient tools to keep up with a rapidly changing environment. As knowledge continually evolves, graduates must be able to keep pace with technological and scientific advancements. This ensures that their education remains relevant and does not become outdated.

This research explores how a competency-based educational model prepares students for future challenges and professional success. Results from Research Question 1 highlight that challenge-based learning effectively develops key competencies by engaging students in solving real-world problems from multiple perspectives. Effective communication and a confident attitude, alongside collaborative teamwork, were essential for producing high-quality results in this approach.

For Research Question 2, international experiences were found to enhance or reinforce competencies developed during higher education, fostering multicultural understanding, communication, and collaboration.

A competency-based model can clearly benefit from international experiences by enhancing many skills beyond those inside a local higher education institution. It also offers a great opportunity to assess students' competency development; it can guide curriculum adjustments and continually improve educational models, ensuring students are prepared to face twenty-first-century challenges with a multidisciplinary and innovative approach.
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Introduction: Alternative credentialed forms of learning provide important learning pathways for professionals to up-and re-skill. In Scotland, credit-rating of learning is one option to create these credentialed courses, based on national principles from the Scottish Credit and Qualifications Framework (SCQF) Partnership. However, there is currently almost no evidence on the benefits of such an approach for those involved, so this study focuses on examining the benefits of having a flexible national qualification system (SCQF) that allows ‘credit-rating’ of organizational learning.
Methods: An exploratory research methodology using a single case study design (based on one Scottish university) was used. Nine semi-structured interviews (with both learning providers and university employees) were inductively analyzed using a two-cycle thematic analysis approach to determine themes.
Results: The SCQF guidance and the business-orientated nature of Scottish universities in credit-rating of learning were highlighted as an important enabler for this alternative form of credentialed learning to being possible. Value to learners focused on having a professionally relevant qualification that had validity, both through possible credit transfer to other programs and providing recognition of competence. Such credit transfer and entry into university programs is a benefit for the university and aligns to Scottish Government priorities of widening access as well as supporting up-and re-skilling. Credit-rating of learning also enhances the credibility of the learning provider’s offering and enhances their own quality assurance processes.
Discussion: Clear value to a range of stakeholders is created, with the university able to determine its own business model to provide credit-rating of learning, and this flexibility is important to align to institutional strategy, as well as to provide an effective, efficient service. It is recognized that credit-rating of learning co-creates value for the participants, and future research and opportunity lies around exploring this further. Credit-rating of learning has great potential to support national priorities, but this service needs to be better understood by companies and employers for it to reach its potential.

Keywords
 credit-rating of learning; lifelong learning; professional education; Scottish credit and qualifications framework; alternative credentials


1 Introduction

The landscape of education and workforce development has undergone significant transformations in recent decades, driven by globalization, technological advancements, and evolving labor market demands. The World Economic Forum estimates that, by 2025, 50% of all employees will need re-skilling due to adopting new technology (Li, 2022). Similarly, a McKinsey report indicates that by 2030, 1 in 16 workers will have to change occupation to meet the changing needs of the labor market (McKinsey, 2021). In addition, the workforce is more fluid as workers are motivated by varied factors (Work Institute, 2020, 2024), particularly millennials who highly value career development, with associated training and development. This group also changes employers more frequently, often intending to spend no more than 3 years with an employer (Tenakwah, 2021). Consequently, up-and re-skilling are important considerations for both individuals and organizations alike.

Responding to these career development needs, there are more options for individuals and organizations to support their employees to develop and grow, and this can support talent retention (McKinsey, 2023; LinkedIn Learning, 2024). These options cover both credential and non-credential options (Brown et al., 2021). The range of providers extends beyond formal education institutions, such as universities, and includes professional bodies (e.g., Chartered Management Institute, Institute of Engineering and Technology, and Institute for Electrical and Electronic Engineering), for-profit training providers, EdTech learning providers, learning platforms supporting Massive Open Online Courses (MOOCs) and online education, employers, and third-sector (charity) organizations. Consequently, a competitive marketplace for training and development has emerged, and this is highly beneficial to learners and organizations alike to find a suitable solution to address short-term and long-term development needs.

While some of this learning is training, as it is focusing on skills development, not contextualized within formal education institutions and their systems and awards, there is an increasing development of more formalized learning, whether this is in the form of alternative credentials, micro-credentials, micro-and nano-certificates, and qualifications, typically in conjunction with formal learning providers (OECD, 2020a; West and Cheng, 2023). Gallagher (2022) and Díaz et al. (2022) conceptualize the university credentials landscape from degrees (long and broad offered by Education Institutions) to digital badges (short, targeted learning offered often by non-educational institutional providers), with alternative credentials occupying an intermediate space. Moreover, there are different practical and institutional implementations (business models) that range from content-push (such as universities offering short courses and micro-credentials based on areas of expertise), market-pull (courses with clear market requirement and companies partnering with universities) to partnership and co-creation (collaborative working to match expertise to meet clear need) (Carton et al., 2018; Rybnicek and Königsgruber, 2019). Furthermore, implementations allow varying loci of control and coverage, depending on technology platforms, partnership agreements, and national infrastructure and policy. Currently, there is an evolving credentials ecosystems and landscape that varies across country and institution.

This marketplace of credentials, reflecting the complexity outlined above, can make it more challenging for employers to understand what credentials mean and their associated quality. So, there are new forms of organizational and professional learning that seek credibility of that learning through working with formal education institutions. In essence, learning providers (outside of formal education institutions) are increasingly looking to make their learning provision more portable through quality-assured recognition within and benchmarking to National Qualifications Frameworks.

Within the Scottish education system, the Scottish Credit and Qualifications Framework (SCQF) is Scotland’s national framework for lifelong learning and is one of the oldest formal frameworks in the world. The SCQF is an inclusive framework for all forms of qualifications and learning (formal, non-formal, academic, and vocational) reflecting that there are diverse pathways of learning (Dunn, 2022; SCQF Partnership, 2024d). The SCQF provides a framework for learning throughout life (from pre-school to doctoral level) and seeks to “show learners and others potential routes to progression and credit transfer” (Dunn, 2022, 47). Reflecting this inclusive approach, currently 8% of qualifications registered in the SCQF Partnership database (SCQF Partnership, 2024a) are offered outside of formal education institutions and national award bodies. Most of these qualifications would be considered alternative credentials, or micro-credentials based on the definition of QAA Scotland (2022). These qualifications reflect that the SCQF allows non-educational organizations to have their training evaluated against the five characteristics of the SCQF criteria. This process, called “credit-rating,” evaluates the learning (and the assessment of that learning) to indicate the SCQF level of the training, as well as a recognition of the learning hours; one credit is based on 10 notional learning hours in Scotland (Dunn, 2022; SCQF Partnership, 2022). This evaluation is conducted by approved Bodies - all Scottish universities and colleges can, along with approved ‘SCQF Credit-Rating Bodies’ – organizations that have been approved by the SCQF Partnership, such as Scottish Qualifications Agency, and other Professional Organizations, e.g., Scottish Fire and Rescue Service and Scottish Police College (SCQF Partnership, 2024e). Figure 1 below outlines the top-level process of credit-rating of learning, and Table 1 summarizes key terms used in this study.

[image: Flowchart diagram illustrating the process of credit rating with three main stages, involving learners, the learning provider, and CRBs (Credit Rating Bodies) within the Scottish Credit and Qualifications Framework (SCQF). Stage 1 shows the learning provider identifying market needs and receiving SCQF guidance. Stage 2 depicts agreement with CRBs. Stage 3 results in course registration on the SCQF register with ongoing monitoring. Each stage includes relevant icons, such as people, a globe, and a computer screen, with the SCQF logo present in stages 1 and 3.]

FIGURE 1
 Top-level outline of credit-rating process between learning provider and CRB (Credit-rating body that include Scottish universities and colleges and select other organizations).




TABLE 1 Summary of key terms around credit-rating of learning in Scottish context.
[image: Table listing key terms and their definitions related to the Scottish Credit and Qualifications Framework (SCQF). Terms include "Alternative credentials," "Credit," "Credit-rating (of Learning)," "SCQF Credit-rating body (CRBs)," "Learning providers," "SCQF," and "SCQF partnership." Each is defined briefly, highlighting aspects like assessment processes, frameworks, and the roles of institutions and organizations in the SCQF system. The table provides a concise overview of how learning programs are evaluated and recognized in Scotland.]

Currently, there is a lack of contemporary evidence around how “credit-rating” of learning courses are supporting skills development in Scotland and globally; only one Scottish Government report describing how the SCQF can be used for community learning and development was found (Scottish Government, 2008). Therefore, the objective of this study examines the quality assurance mechanisms and benefits of such a collaborative system of formal learning assessment within Scotland, using one Scottish university (as an approved learning assessor/SCQF Credit-Rating Body) and learning providers in the digital services sector. Its contribution is to provide an exploratory and contemporary evaluation of credit-rating of learning at one Scottish University, thereby establishing benefits to the university and learning providers and how credit-rating supports national priorities.

The research question was “what are the benefits of having a flexible national qualification system (SCQF) that allows ‘credit rating’ of organizational learning?” This question was answered by examining the drivers and practices at one Scottish University—Glasgow Caledonian University (GCU).

This study first reviews drivers for alternative forms of credentialed learning, before outlining the qualitative, exploratory methodology adopted for this research. The findings from a thematic analysis of the semi-structured interviews are presented, before discussing the implications of these findings for GCU, the Scottish tertiary education more broadly, as well as wider societal considerations.



2 Review of drivers, benefits, and arrangements for credit-rating of organizational learning

Considering the exploratory research question that seeks to understand the value and benefits of credit-rating of learning, then this review of existing literature and practices considered (1) the drivers for lifelong learning in a contemporary, professional, and international landscape, (2) a synthesis of literature to analyze the advantages of adopting a flexible approach to national qualifications and credit-rating of organizational learning in the Scottish context, and (3) outlining the arrangements in place for third-party credit-rating of learning as outlined by the SCQF Partnership and as embedded at GCU.


2.1 Drivers for credit-rating of organizational learning

There are different drivers across the macro-, meso-, and micro-levels that create a need and market for diverse forms of up-and re-skilling learning (PricewaterhouseCoopers, 2018; Valenti, 2021; World Economic Forum, 2020, 2023, 2024; OECD, 2024; European Commission, 2024b) that Figure 2 summarizes. Some key aspects of these drivers are explored below that provide relevant contextual background as to the increasing need for flexible, high-quality alternative credentials.

[image: Diagram illustrating three levels of skills transition: Macro, Meso, and Micro. At the macro level, topics include AI, global challenges, productivity, skills shortages, and education funding. Meso level focuses on upskilling staff, alternative learning providers, and organizational strategies. Micro level emphasizes continuous professional development, lifelong learning, and sector transitions.]

FIGURE 2
 Drivers across macro-, meso- (institutional), and micro-levels for credit-rating of organizational learning.


Technology has been both a driver and an enabler of up-and re-skilling approaches over the last 30 years (Mamaghani, 2006; Nizami et al., 2022; Morandini et al., 2023; Balch, 2024), with an acceleration seen in response to COVID-19 (McKinsey, 2021; Li, 2022; White and Rittie, 2022). In recent years, the widespread, public availability of generative AI has brought new opportunities (such as enhanced productivity, up-and re-skilling for new roles and new skills) as well as disruption to the marketplace. These emergent technologies also offer the potential to provide mass personalization along with the required, adaptive quality assurance systems. However, it is bringing challenges, such as traditionally lower-skilled roles being at greatest risk of being replaced by AI or automation (Gallagher, 2022). So, the need for fair transition, as traditional roles are displaced by technology, is recognized. A similar opportunity for green transition exists, with equivalent role displacement challenges (Kyriazi and Miró, 2023; Arabadjieva and Barrio, 2024). If done correctly, then new approaches for up-and re-skilling have the potential to enable social mobility and support workforce development and redeployment (Campo et al., 2024). Post-COVID responses from different governments and pan-national institutions provided appropriate stimulus to help those in lifeboat careers, showing the potential of a coordinated approach with financial stimulus and innovative responses (Pisu et al., 2021; ILO, 2024), including short courses, micro-credentials, and alternative credential offerings. Since COVID-19 there is increased focus on lifelong learning with associated funding and schemes (CEDEFOP, 2021; Lands and Pasha, 2021; Scottish Funding Council, 2022; European Commission, 2024a), although some post-COVID stimulus packages have been discontinued (Ross, 2024) potentially weakening the national lifelong learning ecosystem. So, the factors outlined in Figure 2 are dynamic.

Companies and enterprises recognize the skills gap in their organizations and the lack of supply is encouraging examining alternative approaches, such as looking more at skills in recruitment and professional development (Baird et al., 2021; McKinsey, 2022). This change in ‘demand’ encourages innovative approaches and business models, such as micro-credentials and alternative credentials internationally (Baird et al., 2021; Brown et al., 2021; Selvaratnam and Sankey, 2021; Australian Government, 2022; Braxton, 2023; Tamoliune et al., 2023; Bauer et al., 2024; Iatrellis et al., 2024). However, this commodification of education can lead to inequality in access and barriers to transform learners’ social and economic potential. Moreover, commodification risks devaluing credits through oversupply (Tomlinson and Watermeyer, 2022); this oversupply and lack of explicit and implicit quality mirrors the emergence of professional IT certificates in the 1990s (Gallagher, 2022). Consequently, for recruiting managers, organizational development professionals, and employees, credentials that have recognized standing add value; this recognition can be through brand-sharing (e.g., from educational institution), formal benchmarking, and alignment to national frameworks.

While different forms of alternative credentials exist, micro-credentials have received a lot of attention in recent years (Brown et al., 2021; Ahsan et al., 2023; Varadarajan et al., 2023). Brown et al. (2021) highlight that, while there are international definitions of micro-credentials (European Union, 2022; UNESCO, 2022), the lack of shared understanding creates barriers to wider adoption. Brown et al. (2021) also highlights different national approaches—across Australia, New Zealand, Malaysia, Canada, USA, Netherlands, Italy, and European MOOC Consortium. At the heart of these approaches is often a stable National Qualifications Framework, with associated quality assurance standards and systems that enable the emergence of micro-credentials. Of note, some definitions imply micro-credentials are from a trusted body, so may maintain the status-quo of only being provided by existing education institutions and not facilitate more innovative business models.



2.2 Review of benefits of a flexible approach to credit-rating of organizational learning in Scotland

The above section outlined international considerations and examples that set important background context for credit-rating of organizational learning. Focusing now specifically on the Scottish context, an exploratory scoping of literature was conducted to examine the advantages of adopting a flexible approach to national qualifications, focusing on the SCQF as a case, and specifically considering credit-rating of organizational learning in the Scottish context. Four key themes emerged from this review: (1) Enhancing Workforce Development and Employability, (2) Facilitating Lifelong Learning and Continuing Professional Development (CPD), (3) Promoting Inclusivity and Widening Participation, and (4) Supporting Innovation and Adaptability in Education and Industry. Each theme is explored through critical insights, analysis, and discussions drawn from the literature, providing a comprehensive understanding of the benefits of flexible qualification systems like the SCQF.


2.2.1 Enhancing workforce development and employability

Scotland, with its devolved government, sets out national priorities (Scottish Government, 2024a), and together with other organizations (such as local government, employer groups, and labor unions) set out regional development plans to grow local economies and societies (SHRED, 2024). These plans highlight particular skills required and actions to address these (Skills Development Scotland, 2024). The need for targeted learning in recent years by the Scottish Government saw a national upskilling fund (Scottish Funding Council, 2022), with a range of credentialed and non-credentialed responses adopted from more lifelong learning courses offered by some institutions, and others offering credentialed courses aligned to skills gaps; of note, similar approaches were seen in different countries (BCG, 2024). Unfortunately, these ring-fenced monies were removed from the 2024/25 Scottish Government budget, (Scottish Funding Council, 2024) removing a financial enabler for universities and colleges to offer micro-credentials and alternative credentials. In addition, the UK-wide Apprenticeship Levy has encouraged education programs more aligned to the workforce (UK Department for Education, 2023). In Scotland, thirteen Graduate Apprenticeships Frameworks have been approved aligned to key needs of economy (Apprenticeships Scotland, 2024).

The increased offerings require a clear benchmark to support employers in making sense of the level and amount of learning. In this context, flexible national qualification systems like the SCQF play a crucial role in enhancing workforce development and employability. By providing a framework for recognizing and accrediting both formal and informal learning experiences, these systems enable individuals to demonstrate their skills and competencies to employers effectively (SCQF Partnership, 2024d). This recognition of prior learning (RPL) is particularly valuable for individuals transitioning between sectors or seeking to re-enter the workforce after a period of absence, such as in veterans and refugees (Scottish Government, 2024b; SCQF Partnership, 2024c); RPL in this context can also be called credit transfer.

Specific to this research, the flexibility offered by systems like credit-rating allows individuals to pursue personalized learning pathways tailored to their career goals and aspirations. This personalized approach to education and training not only enhances motivation and engagement, ensuring that individuals acquire the specific skills and knowledge demanded by employers in various industries (Shemshack and Spector, 2020), but also enables students to choose their learning’s content, pace, location, and method flexibly. This flexibility addresses vocational challenges in education (Brennan, 2021), and it can lead to constant innovation and optimization of curriculum structure, and teaching and learning strategy thus improving the quality, efficiency, and effectiveness of education services by catering to individual learning capacities and achievements (Martin and Furiv, 2022).

However, while flexible qualification systems can enhance workforce development and employability, challenges exist in ensuring the quality and consistency of learning outcomes. As discussed above, the proliferation of micro-credentials and short courses, often offered by non-traditional providers, raises questions about the comparability and rigor of qualifications (Brown et al., 2021). In addition, employers may still prioritize traditional qualifications over alternative credentials, leading to issues of recognition and acceptance in the labor market (McGreal and Olcott, 2022).



2.2.2 Facilitating lifelong learning and continuing professional development

One of the key advantages of flexible national qualification systems like the SCQF is their ability to facilitate lifelong learning and Continuing Professional Development (CPD) (Behringer and Coles, 2003). Lifelong learning is increasingly recognized as essential for maintaining relevance and competitiveness in today’s rapidly changing world (Jackson, 2011). Recent Scottish Government commissioned reports (Scottish Government, 2023a, 2023b) highlighted the need for a lifelong and skills-focused approach, including a lifelong national education identifier. These reports highlighted the critical, enabling role of the SCQF in recognizing all forms of learning (informal, non-formal, and formal). Specifically, by providing mechanisms for the recognition and accumulation of credits across various learning experiences, the SCQF encourages individuals to engage in continuous learning throughout their careers (SCQF Partnership, 2015). However, there are challenges to achieve this within the Scottish context, including a lack of unique lifelong identifier to which all forms of learning could be (digitally) attached; this is not a uniquely Scottish challenge.

Furthermore, the credit-rating of organizational learning allows employers to support the professional development of their employees more effectively as learning involves the recognition and accreditation of learning outcomes attained within organizational contexts (Eraut and Hirsh, 2010). By accrediting in-house training programs, workshops, and other learning activities, organizations can demonstrate their commitment to employee growth, skill, and talent development (CIPD, 2023). This, in turn, contributes to higher levels of employee satisfaction, retention, and productivity, while fostering a culture of continuous improvement (Sypniewska et al., 2023).

However, challenges may arise concerning the accessibility and affordability of lifelong learning opportunities, particularly for individuals from disadvantaged backgrounds or underrepresented groups (Pennacchia et al., 2018). Moreover, the rapid pace of technological change necessitates frequent updates to qualifications and learning pathways, posing challenges for both learners and educational institutions in keeping pace with evolving skills demands (Jagannathan, 2021). A flexible national qualification system allowing credit-rating of organizational learning can bridge the qualification gap between labor market supply and demand, promoting vocational training, facilitating lifelong learning developments (European Training Foundation, 2016), and thus optimizing organizational human capital investment and professional development.



2.2.3 Promoting inclusivity and widening participation

Flexible qualification systems, like the SCQF, have the potential to promote inclusivity and widen participation in education and training by promoting lifelong learning through assisting ‘people of all ages and circumstances to access appropriate education and training over their lifetime to fulfill their personal, social, and economic potential’ (SCQF Partnership, 2015). By recognizing a broader range of learning experiences, including work-based learning, and formal and informal learning, these systems validate diverse forms of knowledge and expertise and enhance employability (Morley, 2018). This can be particularly beneficial for individuals who may have non-traditional educational backgrounds or limited access to formal learning opportunities.

Moreover, the SCQF’s emphasis on credit accumulation and transfer facilitates smoother transitions between different levels of education and training and between employment sectors, thus reducing barriers to progression and promoting social mobility and inclusion (SCQF Partnership, 2015). This is especially important for individuals seeking to upskill or re-skill to adapt to changing labor market demands or pursue new career pathways. Furthermore, credit-rating organizational learning enhances the transferability of skills across sectors and promotes collaboration between education and industry stakeholders (European Commission: Directorate-General for Employment, 2011). The potential to individuals of having credentialed learning, referenced to the SCQF, brings international portability of the learning and credentials (through alignment to other National Qualifications Frameworks), promoting geographic mobility, in addition to potential economic and social mobility.

However, despite the potential for inclusivity, challenges persist in ensuring equitable access to flexible qualification systems. Socioeconomic inequalities in access to educational resources and support services may perpetuate existing disparities in educational attainment and employment outcomes (Ainscow, 2020). In addition, issues of recognition and portability of qualifications may disproportionately affect individuals from marginalized or underrepresented groups, further exacerbating inequalities in the labor market (Office of National Statistics, 2017).



2.2.4 Supporting innovation and adaptability in education and industry

Flexible national qualification systems like the SCQF also play a vital role in supporting innovation and adaptability in both education and industry. By allowing for the recognition of emerging skills and competencies, these systems enable educational institutions and employers to respond more effectively to changing economic and technological trends (Scottish Government, 2022; SCQF Partnership, 2022). This flexibility is particularly important in dynamic sectors such as technology, where traditional qualifications may quickly become outdated. Furthermore, flexible national qualification systems can enhance benchmarking and standards for education on a country level, promoting acceptance by various stakeholders and improving educational outcomes. In addition, they can be used as reference points for comparison such as relevant occupational or professional standards (SCQF Partnership, 2017, 2019).

Moreover, organizational learning encourages a culture of innovation within organizations as employees are incentivized to engage in continuous learning and knowledge sharing. This contributes to increased organizational agility and competitiveness as companies can more readily adapt to new market conditions and opportunities by enabling the rapid deployment of new skills and knowledge, emphasizing enhancing professional competence to meet industry demands (Achdiat et al., 2023). In addition, a national system (credit-rating of learning) to benchmark learning against the SCQF can nurture alternative learning providers and provide a richer, quality-assured ecosystem of learning with the required diversity to meet individual, business, industry, and societal needs.

However, challenges exist in ensuring that flexible qualification systems remain responsive to emerging skills needs and industry trends. The process of updating and revising qualifications can be time-consuming and resource-intensive, leading to potential delays in aligning curricula with evolving demands (OECD, 2020b). In addition, concerns have been raised about the role of industry stakeholders in shaping qualification frameworks, with some critics arguing that corporate interests may prioritize short-term skills needs over broader educational objectives (European Training Foundation, 2012).



2.2.5 Implications

The Scottish Credit and Qualification Framework exemplifies the benefits of adopting a flexible approach to national qualifications and the credit-rating of organizational learning. This exploratory review of literature has illustrated the multifaceted benefits of flexible national qualification systems that incorporate credit-rating of organizational learning. They play a pivotal role in addressing the evolving needs of both individuals and organizations, promoting lifelong learning, enhancing vocational training, up-and re-skilling for sustained employability, and optimizing educational outcomes through innovations and adaptations to contemporary challenges. Challenges do exist, around inclusivity (price and overcoming any hidden barriers), keeping pace with technology and keeping courses up to date to meet market and learner needs, as well as navigating the plethora of possible courses, their different purposes, and how clearly these are understood by learners and employers alike.

Importantly, the above literature review highlights that an adaptive, innovative, and collaborative system of learning provision can meet the needs of a range of stakeholders, namely, national policy, and practice, together with educational institutions and organizations co-creating value for learners with high-quality, internationally recognized, and transferable learning.




2.3 Policies and practices of credit-rating of organizational learning in Scotland

The Scottish Credit and Qualifications Framework Partnership (SCQFP) guidelines establish key principles for credit-rating, ensuring consistency, standardization, transparency, and quality across educational institutions (SCQF Partnership, 2015). All universities and colleges in Scotland, including GCU, are empowered to assign credit-ratings to qualifications in alignment with these standards, although not all choose to do so; these institutions are called ‘SCQF Third-Party Credit-Rating Bodies’ (CRB for short). The business model by which each CRB does this is determined by each institution, aligned to their strategy and quality assurance policy and procedures. Of note within the Scottish Higher Education sector, then a collaborative, enhancement-led approach has been used for many years (QAA Scotland, 2024a). The most recent national approach—Tertiary Qualifications Enhancement Framework—and its associated review process will enhance the role of the SCQF Partnership in determining best practices and knowledge sharing across Third-Party Credit-Rating of Learning (QAA Scotland, 2024b). GCU adopts an enhancement mindset to credit-rating, so looking to support the learning providers through a value-add, long-term approach.

To ensure compliance with academic standards and support students in achieving recognized qualifications, GCU rigorously follows SCQFP principles, embedding them into our quality assurance processes (Glasgow Caledonian University, 2022). GCU’s credit-rating guidance, available through the university’s academic resources, adheres to these principles, providing a clear framework for evaluating and awarding credits in accordance with SCQF levels. Further details can be accessed through the SCQFP and GCU’s official guidance documents.




3 Methodology

The lack of extant literature evaluating credit-rating in Scotland, as outlined in the introduction, necessitated an exploratory methodology (Thomas and Lawal, 2020). To gain insights into the value, benefits, and operational aspects of credit-rating, a qualitative methodology was adopted to allow rich insights from a range of stakeholders to be gained. A single case study method was adopted (Bao et al., 2017; Gustafsson, 2017; Yin, 2018), which focused on the credit-rating activities of GCU. A case study method was adopted, as within this exploratory design and reflecting the standard principles that all institutions credit-rating of learning must follow, then the review of one formal tertiary level education institute in Scotland can highlight relevant practices in the Scottish university sector.

Credit-rating at GCU is organized through the Institute for University to Business Education (GCU, 2022) that has delegated responsibility to manage the commercial as well as the academic quality assurance processes; oversight is provided by the university’s central Quality Assurance and Enhancement (QAE) department. GCU is a modern Scottish University with a successful history of widening access and offering innovative education to lifelong learners and workplaces.

Semi-structured interviews focused on four areas: (a) what interviewee took credit-rating of learning to be; (b) what were the benefit and value of credit-rating of learning (to learners, business, organizations, and GCU), (c) how did the organizations start working together, and (d) views on the quality assurance processes. The focus on these four areas reflected the desire in this exploratory research to understand (a) how credit-rating is conceptualized among stakeholders, (b) what drivers and value are there to credit-rating (key aspect of the research question), (c) the ease of access to this service and reflecting collaborative aspect, and (d) how the service provides the required quality-assured standards. Interviews were conducted with nine (9) stakeholders—five internal to the university covering business, academic, and quality assurance roles and four external to the university (so four different learning providers). A purposive sampling strategy (based on 21 clients) was adopted to give a coverage of different perspectives, such as business, academic, and quality assurance (within the university), and learning providers that are stand-alone businesses providing learning to specific markets, as well as providers working within a wider organization. All participants have had recent experience within GCU credit-rating activities and, for external organizations, are currently credit-rated by GCU and have been for at least 18 months. Some learning providers were excluded as either being new clients, or the scale of their current offering having fewer learners.

MS Teams-based interviews lasted between 38 and 57 min, with an average of 48 min. The transcript of the recorded interviews was verified for accuracy, before being inductively coded by one of the researchers with reference to the research question. Subsequently, the second cycle analysis—thematic analysis (Braun and Clarke, 2021)—was conducted by one of the researchers, with final analysis and interpretation being discussed by all authors.

Ethical approval was granted for this research by GCU ADSL/IU2B Ethics Committee (23 February 2024), and the ethics protocols were followed in conducting this research.

The authors acknowledge the methodological limitations of this research, namely, one institution and the use of a purposive sampling. In this exploratory research, the intent was to determine a diverse set of benefits of credit-rating of learning, and the findings from the nine interviewees did provide a wide-range of benefits, as well as highlighting areas of consensus and disagreement. In addition, considering the lack of existing research around credit-rating of learning, the findings of this research provide new insights into this important part of the Scottish Education system.



4 Findings

The analysis of the interviews resulted in five key themes, around (1) the importance of the national qualifications frameworks, (2) value to the learners, (3) value to the learning providers, (4) value to university and how its business model influences this, and (5) areas for future enhancement.


4.1 Importance of national qualifications framework and guidelines

The Scottish Credit and Qualifications Framework (SCQF), Scotland’s National Qualifications Framework (NQF), together with a well-defined national system for credit-rating of organizational learning provided by the SCQF Partnership was highlighted as being an important enabler:

 it's not just … the SCQF, obviously there's a framework, but there's obviously the specific SCQF guidelines that Credit Rating Bodies have to follow … 25 plus principles (P7)



This national system means that universities and colleges (termed as ‘Credit-Rating Body’ in this context) are allowed to credit-rate learning for organizations bringing their expertise in quality-assured learning:


So, they come to a university or another institution like ours, who's a credit rating body, and they get that benchmark and that quality assurance from us. (P3)

They [SCQFP] published the guidelines, they expect institutions to adhere to these guidelines when they go through these processes, so it's up to us to ensure that we meet the rigor of their guidelines and anything that we do so that we don't fall short of what the expectations are. (P7)
 

The presence of a national system in itself is not sufficient, but it was highlighted that Scottish universities being perceived as business-orientated, “Scottish universities are by far the most business orientated so … there’s less red tape” (P5), while offering a robust quality-assured process.

For some of the learner providers then credit-rating of their learning is essential as it provides mapping to the European Qualifications Framework, which provides portability across nationally defined qualifications frameworks:


People walk into the shop on the website, and we have to say things that make credible sense to the people who are looking for whatever we have to sell. … And then we also have a couple of logos that say these are, you know, GCU is supporting us, and we're mapped to the European Qualifications Framework. (P5)
 

This international portability is not relevant for all providers, but the credibility of externally quality-assured learning is, “I think the [credit rating] brings credibility to this [learning offering] … I mean the benefits [of credit rating] are huge” (P1). Of note, not all countries have a NQF and have different naming conventions, which means that the name of the credit-learning is geographically sensitive:


We found out that you can't call it a diploma in the US, they don't go for the diplomas. … diploma means something completely different. You have to call it a certificate in the US. (P5)
 

Together, the SQQF and credit-rating guidelines appear to play a key enabling role, along with the business and community alignment of Scottish universities.



4.2 Value to learners

There is a significant recognized value of credit-rated learning programs, as these programs are aligned to professional development needs, “so it enables us to design professional learning that is absolutely rooted in … practice” (P1), and this is often because “many high profile clients that we have, they have a well-developed advisory boards” (P4). This awareness of industry needs and trends ensures learning offered is contemporary:


So, we're constantly having to update our curriculum based on changes within the industry and that needs to be the case … we're constantly innovating, as new modules, as you're adding new certs, and we can all do that by being connected with industry and connected with students (P6).
 

Moreover, the learning providers provide flexible access to learning at a Higher Education level to support their professional development, “it’s a structured approach for re-skilling and up-skilling. In such a way that is 100% manageable … by the students in terms of time, resource commitment, work life balance” (P4). This recognizes that for some students, that “they are probably not at the point where there may be ready to invest in a Masters or they do not need to at this stage, but … if I invest in this experience with [company], that I can potentially down the line, put that against another qualification” (P6).

This access to other Higher Education courses and programs that credit-rating brings was acknowledged by other interviewees:


These [credit-rated learning] modules … can be used as part of an RPL [Recognition of Prior Learning] process. … because the student studies only say anything from 10 to 30, 40 credits, you cannot expect to RPL the entire year, but there will be some form of recognition (P4).

We would get a lot of questions around how can they transfer credits … can I build up credits (P6).

Some of our clients … use the credit rated program as a bridging course for students to come to GCU and study one of our Masters programs (P4).
 

However, not all participants indicated that they felt that this was useful, “I think of the thousands of students that have graduated well, I only know a handful that have actually asked about … how could I apply these credits to something else?” (P9).

The external quality-assured nature of the credits is important to learners as they decide which learning course to choose, “some of the emails we get through the credit rating inbox, which will say I’m thinking about doing this course with this organization. They say that you accredit it, (for a kind of layman’s term) … Is that true?” (P3). In addition, the ongoing quality assurance of the learning is important to learners:


[It’s] really important to them to know that we have that quality assurance in place on top of, OK we've got the credit rating, but we're also getting regularly quality assured to make sure that our, particularly that our assessments, are of a certain standard
 

This nationally (and internationally recognized) credit is often important to learners but not always the key motivation, “it’s [mapping to EQF] a mix of do we sell that as a value proposition or does the customer see it as a value proposition? And I think it’s probably a mix of both” (P5). However, the ability to share their achievements professionally is of value to successful learners, “It’s all about social proof … they take the qualifications they get from us, and they put it on to their LinkedIn. So now that they are saying this is important to me, and by virtue of the fact they say this is important to me, it’s important to, for them, to tell others” (P5).

In addition, completing the credit-rated learning course supports career transitions as well as building confidence in learners who already were working in their field:


A lot of people coming from kind of adjacent industries, … that they think there is a better future and higher earnings potential and more security by switching into and by taking those skills adding [FieldA] onto it … and then the people from all sorts of backgrounds nurses, security guards, policemen, teachers. (P9)

There could be people who’d be working in [FieldA] for years because … they're not qualified they kind of feel like, I’m not sure if anybody's listening to me, but somehow magically they have this qualification and they feel like … people are listening to you more in the meetings (P9)
 



4.3 Value to learning providers being credit-rated

As already mentioned above, the benefits for the learning providers include recognition of their learning on SCQF and the international equivalency and portability that this brings. Moreover, credit-rating of learning offers pathways into university programs. In addition, credit-rating brings further credibility to the offering of the learning provider:


idea, concept, package, program, whatever you want to call it that they could have potentially delivered on their own however they want you to garner a bit more brand, a bit more, kudos, credibility and therefore they wanted to partner with us to, get themselves, get it credit rated, but also to have that GCU stamp of approval (P2).

It’s really about customer focus and the customer looks at us and says ‘are these guys reputable?’ and the University accreditation helps us with that reputation (P5).
 

For some learning providers, credit-rating is essential due to the nature of training that they provide.


Our students are educators themselves … so they understand the credit system, the European credits and how they transfer … It's a cornerstone of what we do. It adds huge value … I think it's probably important to say that it [credit-rating] … is a fundamental part of our business. … we wouldn't have a business without credit-rating, that's the reality of it (P6).
 

Whereas for others, the credit-rating aligns to supporting staff within their own organization in their professional development and the impact that this learning has, including them becoming change agents within their own organization:


The [manager] told me that [it] is the confidence and knowledge those [practitioners] bring back with them and how to change practice to make it work better for [their users] (P1)

One [practitioner] that I spoke to was now doing stuff across the [wider organization] (P1)
 

The ability for internal organizational development professionals to support their colleagues to access credit-bearing learning is another key driver as this meets professional requirements, “there’s no free Masters level provision for [profession], anywhere in Scotland that I can find right now” (P1).

Another noted value to learning providers of credit-rating their learning is that it enhances their own offering and quality assurance of that learning:


We go through the rigor because we know that's important to you guys [GCU], but it's also important to us. So, we just embed that in and that's part of the business relationship (P5).

the annual audit … we find that really constructive as well … I guess what we find to a certain extent is preparing for the audit … it helps us with our own timetable for the year … a conversation around where we are, what the gaps might be, getting access to some of our students as well. So, it's a very it's a very positive experience, but it's rigorous (P6)
 

Finally, the model of credit-rating of learning means that the learning provider retains ownership of their learning materials, which is important as “dual ownership … where the university would and the [OrgX] might have joint ownership over the curriculum, and it just does not work … it does not give you the flexibility in the agility and the ownership piece” (P6).



4.4 Value to university and importance of business model

Credit-rating is a strategic choice for any university to engage in, and in the case of GCU aligns to its vision and strategy, as “credit ratings we do would very much fit the Civic University” (P2) and its “complementary [to our traditional programs] because it supports that kind of lifelong learning partnership approach” (P3). Moreover, GCU as the leading Scottish university for widening access to Higher Education, then this is an alternative form of widening access, as “it gives opportunity to people to get some form of qualification. So, you might say we are widening access” (P4) that offer pathways into GCU programs or other Higher Education programs, as mentioned above.

It was clear also that participation in credit-rating offers benefits to the university that range from sharing expertise, gaining new insights in your discipline, and bringing examples (with permission) back into GCU teaching:


I do think GCU do learn a lot from some of the practices that we would have around that. So equally we learn a lot from standards around the assessment (P6).

As a university, we can learn quite a lot from that as a specialist in an area. So, if you're already a subject matter expert in an academic school, you might not be getting exposure to that, and you wouldn't see the back-end workings (P3).

So, we had a wonderful opportunity on the day we credit rate [providerA] to learn some latest developments in the field, some new theories and requirements in the area … I used some of the discussions, some of the examples shared with us during the day as examples in my teaching for [modules A and B] (P4).
 

It was acknowledged that this engagement with learning providers allows GCU to meet Scottish Government priorities:


I think it's important to give recognition to external organizations … to say that what learning you're doing is of high value and is of importance. So, I think that it’s meeting the demand that Scotland's looking for in terms of the workforce … I suppose it's giving a gateway to these external organizations to meet the Scottish Government aspirations (P7).
 

Furthermore, the business model adopted by the university in credit-rating of learning is seen as contributing to the success, whether this is (a) how the process of credit-rating is communicated to interested learning providers, (b) how decisions are made around whether credit-rating is of mutual benefit at the time of enquiry, (c) the ongoing relationships management, and (d) how to provide credit-rating in a robust and effective manner. One learning provider indicates that the business model for mutual benefit is important and that GCU is viewed as a current benchmark:


How would you actually deliver lifelong learning? Like, what does it actually look like from a CPD perspective? And I think you know also that universities are going to be at the cornerstone of it. But I think for universities to do it properly … they need to look at their partnership model … How do we make sure that we're meeting is in a really flexible manner and that's why I just think that this particular model, that GCU have is, is really a really strong benchmark and a good use case study of how it should be done (P6).
 

There is some flexibility required in the business model, and when it works, credit-rating is viewed as mutually beneficial, “So the ability to have programs credit rated, it feels more like a partnership” (P1). However, it is critical that the mutual value is recognized and that this is explicitly recognized within any ongoing commercial relationship.



4.5 Future opportunities

The interviews identified that credit-rating does bring value to the different stakeholders. However, there were areas that were identified to enhance credit-rating. First, it was acknowledged that the term ‘credit-rating’ may be confusing and hinder wider adoption of credit-rating:


So, I think the terminology around it [credit rating] … it's still very academic and a little bit old and we could do with finding a different way to communicate that … more customer centric and that means more to the outside world … I think it [term credit-rating] creates potential barriers (P3)

I do believe we need to come up with a more catchy term. In the near future, especially if we're going to grow the business (P4)
 

In addition, one of the interviewees (P8) highlighted there is a potential for confusion around learner’s understanding of the professional standing of non-credentialed courses and credentialed courses; credentialed courses included credit-rated learning courses.

This lack of awareness and appreciation needs to be addressed, due to the changing nature of lifelong learning in Scotland (as in other countries)


[in development of] micro credential framework for Scotland … a key part of the discussion is around you won't just necessarily register to do a full-time masters in one year, you might actually want to just come and do a bit of something, and then come back (P7).
 

Credit-rating is one option to respond to this opportunity, as “it’s a model for rolling out these [micro-credentials], for getting credit rating to industry in a flexible manner without probably pulling in a huge amount of resources within the university itself” (P6). In addition, it is important that in this more flexible, lifelong learning system that pathways are more clearly signposted to GCU programs, or more flexible learning programs, “I think more could be done on creating visibility on pathways, … either across universities or within universities are from providers into universities” (P6). This deeper connection and opportunities for synergies are a further area for development,


We [GCU] are creating leaders of the future who are then going to be looking to organizations like this [learning provider H], potentially for some of their organizational training and development needs, … it can develop the pool of demand if we introduce it to them as a student … I think it would add to the benefits of why we do this and what it brings to the institution (P2)

so how could we go from a situation where GCU is credit-rating and auditing our courses to, to the extent that we could start working more … in a partnership model, maybe in terms of curriculum just, … students maybe being transferred to courses on GCU that they might be interested in? (P6)
 

This deepening relationship touches on another area for enhancement, which relates to how GCU more systematically diffuses insights gained from credit-rating into the wider organization.




5 Discussion

The findings from the interviewees highlighted that there is a positive and clear value to a range of groups: (1) to individual learners who are looking to up-and re-skill and transition into new careers through high-quality learning, completing a course that is registered on the SCQF which then has alignment to other international National Qualifications Frameworks (such as the EQF), (2) to universities (Credit-Rating Bodies) and their civic responsibility, as credit-rating of learning widens access to high-quality professionally aligned learning (which in turn matches to the priorities of the Scottish Government and employers within Scotland), and (3) to the learning providers in further enhancing the credibility of their offerings, improving their courses through refined development and quality processes, as well as bringing international recognition (through alignment to the SCQF) and portability to progress onto further formal education.

Therefore, credit-rating of learning aligns to the purpose of the SCQF’s purpose as outlined in Section 1, namely, “to show learners and others potential routes to progression and credit-transfer” (Dunn, 2022, p. 47) and to facilitate lifelong learning (Behringer and Coles, 2003). Moreover, it provides a flexible route for learners to up-and re-skill at a pace and time that is appropriate to them (Brennan, 2021) and has benefits to sponsoring organizations in terms of workforce development. In addition, learning providers (such as EdTech companies) can respond more rapidly to these individual and organizational demands and that the credit-rating route provides a flexible, responsive route to get their courses registered on an internationally recognized National Qualifications Framework, such as the SCQF through the SCQFP (SCQF Partnership, 2024b). Also, the independence of the SCQFP that manages the SCQF appears to be an important enabler, as this independence allows them to recognize that meaningful learning takes place across different organizations, and not just in formal education institutions. Together with the clear principles and guidelines on credit-rating of learning support, CRBs (universities and colleges) provide a structure for alternative forms of credentialed learning to emerge.

The research identified also that there is confusion around the term credit-rating and an improved understanding of this term across a range of stakeholders (education, employers, lifelong learners, and citizens) would be beneficial to see a wider adoption and engagement with credit-rating of learning. While some believed that a more learner/business-friendly term would be beneficial, other participants argued that credit-rating gave gravitas to the process and its outcome, so further consultation around this would be required. What is acknowledged is that wider understanding of credit-rating of learning would be beneficial to lifelong learners, employees, employers, and society more generally to meet workforce needs.

Importantly, the research highlighted that the business model adopted by the Credit-Rating Body (GCU in this instance) is a key consideration. A stream-lined process of initial engagement and then credit-rating with clear criteria and guidance allows an efficient, but robust process. The autonomy of GCU in defining this process, aligned to SCQFP principles for credit-rating of learning (SCQF Partnership, 2015), recognizes the flexibility that the arrangements around the SCQF allow, and the benefit of such an approach. Each CRB needs to ensure that its business model recognizes the value proposition of credit-rating generally but equally recognizes the value co-creation that is created through credit-rating of a learning provider’s learning. Furthermore, the alignment of the CRB’s institutional strategy to the purpose and value of credit-rating is another important enabler. The operationalization of this strategy needs to allow mutual recognition of value through the credit-rating process—that the university is benefiting from offering this service, as is the learning provider and that together value is being co-created. In fact, the findings highlight that there is potential for further shared value, such as clearer pathways beyond the credit-rated learning course that would align to national priorities (such as widening access, supporting fair job transition due to macro-environment and industry-specific changes).



6 Conclusion and future work

This exploratory research had the research question, “what are the benefits of having a flexible national qualification system (SCQF) that allows ‘credit rating’ of organizational learning?” The research identified a number of benefits and value to individual lifelong learners, to the university (GCU in this case), and to the learning provider whose learning courses are being credit-rated.

	• For Lifelong Learners: The SCQF’s flexible framework offers learners a wider variety of accredited courses, allowing them to pursue personalized learning pathways that align with career goals.
	• For Universities (e.g., GCU): The ability to credit-rate external learning enhances the university’s role in the broader educational ecosystem, improving its attractiveness to both learners and potential partners.
	• For Learning Providers: The process of credit-rating helps external providers enhance their credibility by having their courses recognized within a structured national framework, thus attracting more learners.

These benefits emanate from a flexible national qualifications framework (SCQF) that enables and recognizes high-quality learning can come from a range of providers and that a diversity of choice for learners strengthens the overall provision of education available. The SCQFP guidance around credit-rating allows Credit-Rating Bodies (CRBs), such as universities, to credit-rate a learning provider’s learning in a robust manner, resulting in that course being registered on the SCQFP database at a particular SCQF level and with a number of credits (equating to a number of intended learning hours). The de-centralized approach allows each CRB to develop their own business model so long as it fulfills the guidance of the SCQFP, and the findings indicate that developing and sustaining an appropriate business model enables mutual benefits for the CRB and for the learning provider.

This exploratory research used a purposive sampling of participants to determine initial themes around benefits, so the number of participants represents a limitation of this research, as well as using one CRB (university). In addition, this research did not engage with learners or sponsoring organizations, a critical gap for understanding the full value of credit-rating from a learner’s perspective. Further research is required to address these limitations and the emergent findings:

	1. Expand Sample Size and Context:

	• Broaden the scope of the study to include more CRBs, including private and non-university providers.
	• Include participants from diverse educational sectors to validate whether the benefits identified in this study are applicable in other contexts.

1. Engage Learners and Sponsoring Organizations:

• Conduct follow-up or longitudinal research that directly involves learners who have taken credit-rated courses and sponsoring organizations (e.g., employers) to understand their perspectives on the value of credit-rating.

	1. Revisit the Terminology:

	• Investigate whether the term “credit-rating of learning” is the most effective term. A comparative analysis of alternative terms, such as “learning accreditation” or “skills certification,” could help determine whether a clearer term exists that conveys the process’s value to all stakeholders (learners, providers, employers, and society).

1. Examine Value Co-Creation in Credit-Rating:

	• Explore how value co-creation between CRBs, learning providers, and learners occurs in the credit-rating process. Identify the key factors that contribute to sustainable, successful partnerships, and develop a model to support these relationships
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Despite ongoing efforts towards gender equity, the gender gap in STEM (Science, Technology, Engineering, and Mathematics) remains significant today. This article explores the motivations and perceptions of women in different professional roles within STEM fields regarding the importance of mentoring in fostering interest and participation in STEM careers, thus contributing to continuing engineering education. Based on qualitative data from 19 semi-structured interviews with women in managerial, research, teaching, and external academic and professional roles, the study delves into their motivations for pursuing STEM careers, their interest in promoting diversity, and the role of mentoring in supporting their professional development. The thematic analysis results are grouped into a hierarchical structure comprising one meta-theme, four primary, and six subthemes. The participants emphasized that their primary motivation for STEM involvement was contributing to society and promoting economic growth. Additionally, they advocated for greater diversity and challenged traditional gender roles in these areas. The participants highlighted the importance of closing the gender gap and recognizing the capabilities and new perspectives that women brought. Although these women faced obstacles such as glass ceilings, having a mentorship opportunity was identified as a critical tool for women’s empowerment and training. The insights contribute to advancing strategies for promoting gender equity and diversity in STEM fields, with implications for researchers, universities, and organizations seeking to support women’s participation and advancement in STEM careers. Further research is recommended to explore the perspectives of women in other roles and the effectiveness of mentoring programs in fostering gender diversity in STEM.
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1 Introduction

Today, the gender gap in STEM (Science, Technology, Engineering, and Mathematics) is still prevalent. Despite the progress and efforts toward gender equity, women are still underrepresented in these fields (UNESCO, 2024). The underrepresentation of women in STEM fields can be attributed to various complex factors that intersect with societal norms, educational systems, and workplace cultures. Charlesworth and Banaji (2019) describe that the debates surrounding the causes of gender disparities in STEM often settle around three interrelated hypotheses: “(1) innate and/or socially determined gender differences in STEM ability, (2) innate and/or socially determined gender differences in STEM preferences and lifestyle choices, and (3) explicit and implicit biases of both genders in perceptions of men’s and women’s work.”

Even with the increased emphasis on diversity, equity, and inclusion in STEM fields, gender disparities persist in participation and advancement. While efforts have been made to attract and retain women in STEM, the representation of women in these fields needs to be more robust. Research highlights the need for comprehensive strategies to address the barriers that hinder women’s progression in STEM careers and emphasizes the importance of retaining and actively promoting women in their STEM positions (Bilimoria et al., 2014). Moreover, fostering a supportive and inclusive environment is essential to encourage women’s active engagement and leadership in STEM disciplines. Achieving gender equity in STEM requires sustained commitment and concerted actions from various stakeholders across academia, industry, and government.

Being motivated entails feeling driven to act; someone lacking this impetus or inspiration is deemed unmotivated, while an energized or directed toward a goal is considered motivated (Ryan and Deci, 2000a). In self-determination theory (Deci and Ryan, 1985), intrinsic motivation refers to engaging in an activity for the sheer joy and satisfaction it brings, without any external rewards or incentives. Personal interests, curiosity, and a sense of fulfillment drive this type of motivation. In contrast, extrinsic motivation involves engaging in an activity to obtain external rewards or avoid punishment. This type of motivation is driven by external factors such as praise, money, or recognition. Locke and Schattke (2019) describe intrinsic and extrinsic motivation. They define intrinsic motivation as “liking or wanting an activity for its own sake divorced from any specific outcome level” (p. 279–280) and suggest confining the meaning of extrinsic motivation to “involving means-ends relationships; it is doing something to get some future value (or avoid some future disvalue)” (p. 282). The motivation to pursue a STEM major and sustain a career within these fields is influenced by a complex interplay of intrinsic and extrinsic factors. Research highlighted by Luttenberger et al. (2019) suggests that male students often exhibit higher motivation levels than their female counterparts. This finding is particularly intriguing given that average gender differences in academic performance in science and math subjects are minimal or even favor girls and women. National Science Foundation (2020, Marzo 6). The ADVANCE Journal recently devoted an issue (vol 4, no.2) on transforming institutions from within towards diversity, equity, and inclusion. This is particularly relevant since this journal “publish peer-reviewed scholarship related to institutional transformation concerning inclusion, equity, and justice in higher education… Institutional transformation research related to NSF ADVANCE projects is especially welcome” (The ADVANCE Journal, 2024). This journal emerges as a product of an NSF project on diversity and inclusion in STEM fields. This journal and many others dedicated to diversity, equity, and inclusion offer critical insights into the intersectionality phenomenon that underrepresented or vulnerable groups face for their development and their input and contributions to be recognized. Despite achieving similar or sometimes better academic results, female students may encounter additional societal or cultural barriers (Wilkins-Yel et al., 2019), intersectional invisibility (Sparks et al., 2023), that dampen their motivation to pursue STEM fields with the same vigor as their male counterparts (OECD, 2015).

One potential solution to address the gender gap in STEM fields is through mentoring programs for women to promote collaboration among female academic members by sharing their experiences, supporting each other, and facilitating collective learning (UNESCO, 2024). Mentorship is a collaborative relationship that significantly impacts personal and professional growth by providing career guidance and psychosocial support (Tal et al., 2024). It typically involves a more experienced individual partnering with a less experienced one based on trust, reciprocity, and shared responsibility. Effective mentorship includes role modeling, advising, and sponsorship, focusing on self-reflection, clear expectations, trust, and feedback as key components for success (National Academies of Sciences, Engineering, and Medicine, 2019).

Mentoring programs for women in STEM have shown promise in addressing the gender gap by providing support, guidance, and role models for aspiring female professionals and have been identified as an essential catalyst for performance, success, and career advancement (Hund et al., 2018). These programs offer opportunities for women to connect with experienced individuals in their fields, gain valuable insights, and receive encouragement to pursue their career goals. The impact of mentoring goes beyond skill development; it can also help women navigate the challenges and biases they may face in the male-dominated STEM industries (Hernandez et al., 2020). Additionally, mentors can serve as role models, showcasing successful trajectories for women in STEM, thereby improving their confidence and self-efficacy (Moghe et al., 2021). By fostering a supportive and inclusive environment, mentoring programs contribute to breaking down some of the barriers that hinder women’s advancement in STEM (Hund et al., 2018; Zhang, 2024). Mentoring alone does not fix structural bias; however, it plays an important role in mitigating some of its effects. Structural bias in STEM fields is deeply rooted in institutional practices, policies, and cultural norms that disadvantage women and underrepresented groups (Meschitti and Lawton Smith, 2017; Washington and Mondisa, 2021). While mentorship provides critical support, guidance, and opportunities for these individuals, it is only one piece of the puzzle in addressing systemic inequities (Dawson et al., 2015; Hernandez et al., 2020). Mentorship helps individuals navigate biased environments, providing role models, expanding networks, and increasing identity, motivation, and self-efficacy (Hernandez et al., 2017; Torres-Ramos et al., 2021; Amador-Campos et al., 2023). These benefits can empower individuals to persist in STEM and overcome the challenges posed by structural biases (Eby and Robertson, 2020). However, institutional changes are needed to truly eliminate structural barriers, such as policies promoting equal opportunities in hiring, transparent promotion criteria, anti-bias training, and an inclusive culture that values diversity at all levels. Therefore, mentorship is a valuable tool for supporting those affected by structural biases, but it must be combined with broader systemic changes to address and rectify these inequities fully.

Closing the gender gap benefits individuals and society. Research has consistently shown that gender diversity in STEM increases innovation, creativity, and problem-solving abilities (Charlesworth and Banaji, 2019). Concurrently, studies indicate that increased female participation, not limited to STEM fields, has positive repercussions on the economy, contributing by expanding the talent pool and filling skill gaps in high-demand sectors (Duflo, 2012). In essence, achieving gender equity in STEM fields is not just a matter of social justice but a vital catalyst for progress and prosperity on a global scale.

The STEM fields are integral for driving innovation and enhancing various aspects of our lives while providing avenues for business growth and job opportunities. These fields utilize scientific and technological advancements to uncover new possibilities, tackle challenges, and influence the creation and evolution of innovative products and production methods (Bilimoria et al., 2014). It is evident that achieving gender balance and ensuring the active participation of both women and men in STEM professions is crucial for strengthening and expanding competitive advantages in the foreseeable future, leading to sustained economic benefits for nations in the long term (OECD, 2015). The integration of diverse perspectives in STEM fields fosters innovation and addresses global challenges more effectively. Research indicates that gender diversity in STEM can lead to improved organizational performance and enhanced problem-solving capabilities, which are essential for tackling complex global issues such as climate change and public health crises (Benavent et al., 2020; Sraieb and Labadze, 2022). Understanding the factors contributing to the underrepresentation of women in STEM fields necessitates a closer examination of their interests. As evidenced by Su and Rounds (2015), research consistently indicates that interest plays a significant role in shaping career decisions and outcomes as a critical psychological determinant influencing gender disparities within STEM fields. Moreover, these findings underscore the importance of exploring and addressing the underlying factors that shape women’s interests and aspirations in STEM domains. Moreover, assembling mentoring programs with female mentors (role models) has a positive influence on preparing their mentees (students) to study a science program (Moghe et al., 2021). By gaining deeper insights into the role of interests in career selection, interventions can be developed to promote more significant gender equity and diversity in STEM disciplines, ultimately fostering a more inclusive and thriving scientific community.

The objective of this paper is to explore and categorize perceptions about the importance of pursuing a career in STEM and the role of mentoring based on the professional roles occupied by women. The study was conducted with prospective participants from a mentoring one-to-one model at a private institution that has yet to be implemented. The participants’ insights are based on their previous experiences with mentorship throughout their careers, providing valuable perspectives on the potential impact of structured mentoring on professional growth and leadership development. This analysis is guided by the research question: How do women in managerial, research, teaching, and external academic and professional roles perceive the impact of mentoring in a STEM career? This research seeks to contribute to the knowledge about the importance of mentoring programs as a fundamental tool to promote interest in STEM areas. This research provides valuable insights from women in managerial, teaching, research, and external professional roles in STEM. Thus, it contributes to women’s professional development as part of continuing engineering education.



2 Methodology

A qualitative methodology was employed to investigate and delve into the role of mentoring in STEM and engineering from the participants’ perspective. Semi-structured interviews were conducted to explore women’s perspectives in various roles in STEM fields (such as directive managers, external professionals, researchers, and university teachers) regarding the role of mentoring in these areas. Under this method, the participants became critical informants whose narratives provided the relevant data. For this study, thematic analysis was used to examine the data collected and to structure the result section (Guest et al., 2014; Braun and Clarke, 2021, 2024).


2.1 Participants

Nineteen women from a higher education institution who had training in STEM areas, mainly engineering and science, were interviewed. Specifically, the number of participants per area: 11 from engineering, four from sciences, three from health, and one from leadership; four participants were external to the institution but were part of the program for their experience in mentoring. Regarding the academic degree, 14 of the participants had obtained a doctoral degree and five a master’s degree (Table 1). Diversity in age, career stage, main academic activity, and sector of expertise was sought to obtain a broad view of perspectives on mentoring in STEM careers. To ease the area in which each participant works, the first letter of the nicknames of the participants coincides with the first letter of the area (Table 1). Names in bold indicate that the participant obtained a doctoral degree.



TABLE 1 The participants’ composition in terms of their area, number of working years, range of working years, and highest academic degree obtained.
[image: Table displaying participant details across four areas: Engineering, Science, Health, and Leadership. Engineering has 11 participants with 8 doctorates, Science has 4 participants with 4 doctorates, Health has 3 participants with 2 doctorates, and Leadership has 1 participant with no doctorates. The average working years range from 9.0 in Leadership to 19.3 in Science. The minimum to maximum working year ranges are: 1 to 29 for Engineering, 13 to 25 for Science, 13 to 22 for Health, and not applicable for Leadership. Master's degrees are noted as 3 in Engineering, 0 in Science, 1 in Health, and 1 in Leadership.]



2.2 Semi-structured interviews

A semi-structured interview script was designed and validated before implementation. The interview script collected the participants’ perspectives on mentoring in STEM careers, covering aspects such as motivation, interest, and encouragement towards these areas. To ensure the validity and reliability of the instrument, the interview script was reviewed and validated by a panel of experts in qualitative methodology and gender and STEM issues. Nineteen interviews were conducted face-to-face, while two were done through the Zoom platform, following the necessary ethical and security protocols. Before each interview, informed consent was obtained from the participants, assuring them of the confidentiality and anonymity of their responses. All interviews were audio and video recorded, which allowed us to capture both the verbal narratives and the participants’ expressions and gestures. Subsequently, the interviews were transcribed verbatim, accurately preserving the perspectives and narratives of the 19 participants. After transcription, a preliminary theme map was created to guide subsequent qualitative data analysis. This rigorous and systematic process identified the main themes in the participants’ speeches.



2.3 Data analysis

Thematic analysis was used for data analysis. Thematic analysis is primarily used for analyzing qualitative data. It is described as the method for identifying and examining various patterns within the data (Braun and Clarke, 2006; Clarke and Braun, 2017). In particular, the codebook approach helps us to draw the developing analysis, and as a team of researchers, we were able to code independently (Braun and Clarke, 2021). Finally, codes and themes help to analyze the data collected from interviews (raw data). The thematic analysis identifies and describes implicit and explicit ideas within the data (themes). At the same time, the codes mark points in the raw data that connect to the identified themes (Guest et al., 2014, p. 9). The purpose of the thematic analysis was to identify the participants’ perceptions about the relevance of pursuing a career in the STEM area and the role of mentoring based on the different roles occupied by the participating women. This answered the research question: How do women in management, research, teaching, and external academic professional roles perceive the impact of mentoring on a STEM career? In the following section, the themes guide the structure and discussion of the results.




3 Results

The result section divides into three subsections: Mentoring theme system for women’s engagement in STEM, perceived impact of mentoring from women in STEM roles, and trends in the perception of mentorship impact among women in STEM careers.


3.1 Mentoring theme system for women’s engagement in STEM

The main results of the analysis are grouped into a theme system consisting of four themes, and six subthemes. Each section was defined after an exhaustive review of the participants’ discourses. The motivations’ theme analyzes the main reasons these women work in STEM areas. It is divided into two main subthemes: contribution to society and promotion of diversity, encompassing eliminating the gender gap. The second theme, encouraging STEM careers, addresses the importance of increasing women’s participation in these areas and recognizing their skills, abilities, and approaches to thinking that generate innovative new ideas. The third theme focuses on interest, highlighting the role of support, soundness, learning space, training, and leadership. Finally, the mentoring theme is presented as a fundamental tool to encourage and motivate more women to pursue scientific careers. Figure 1 illustrates the theme system.

[image: Circular diagram titled "Mentorship for Women in STEM" divided into four sections: Motivation, Encouragement, Interest, and Mentoring. Motivation emphasizes contribution to society and diversity-gender gap. Encouragement focuses on participation. Interest highlights support, leadership, learning, and training. Mentoring involves tools.]

FIGURE 1
 Mentoring theme system for women’s engagement in STEM.



3.1.1 Motivation

The main motivations for pursuing a STEM career are not limited to individual benefits but transcend into supporting the community and society within a country.

Participant Hazel mentions that her decision to choose a career in science was motivated not only by the “desire to acquire knowledge,” but also by the purpose of “understanding the world and contributing to the development of cities, organizations, and projects.” This idea is complemented by the perspective of participant Emma, who mentioned that everyone has the potential to “drive advancement in society.” Furthermore, in the observation of Erin, it is highlighted that STEM careers offer the opportunity to “address complex situations in diverse areas such as companies, industries, projects and governments.” Likewise, it is emphasized in the contribution of Evelyn that “these careers are important in many economies, with very high economic rewards.” On the other hand, participant Edith alludes to the importance of “understanding how the world works and seeking its transformation towards a better society,” finding fulfillment in contributing with a positive impact on her environment. Participant Eliza highlights “the relevance of contributing to the development of the country.” For her part, Sienna points out that her motivation to study science lies in the “desire to change the world and improve existing conditions”; likewise, Lucy highlights the capacity of STEM areas to “offer solutions to global problems,” while Esme underlines the importance of working towards “building a more livable world for all.”

In line to improve society is the fight against the gender gap and the promotion of diversity in STEM areas. Participant Hazel points out that STEM areas significantly impact the “social context and the direction of individual efforts.” On the other hand, participant Emma highlights the importance of gender equity, arguing that “men and women complement each other, and that society requires a balance.” In line with this idea, participant Sofia stresses the importance of “closing the gender gap and empowering all women to pursue their goals regardless of their gender or career choice.” Participant Evelyn mentions that STEM careers historically did not align with traditional gender roles but emphasized that women have the potential to perform in any profession that interests them and fits their abilities and talents. From another perspective, participant Edith advocates freedom of career choice for women without being limited by gender bias or cultural stereotypes. Participant Ella highlights the importance of continuing to promote gender-diverse teams. Participant Lucy emphasizes that “gender is central to all activities and decisions” and highlights the importance of supporting projects that foster the participation of more women in STEM. Finally, participant Esme reflects on the importance of surrounding herself with people committed to equity, sustainability, and progress as a fundamental basis for moving toward a more just and equitable society.



3.1.2 Encouragement

Regarding the importance of encouraging women to pursue and STEM careers, the emphasis on increasing female participation in these areas stands out. This drive not only seeks to close the gender gap that persists in these fields but also recognizes and leverages the unique capabilities, skills, and thinking perspectives that women bring to the table.

For example, participant Hazel mentions, “More women must develop in the STEM area because of their sensitivity to understand the mechanisms that lead us to organize ourselves in a certain way. Women have much to contribute to this, broadening our perspective for the better.” Additionally, participant Stella comments, “Women always bring a difference or sensitivity in the development of these areas. Therefore, it is essential to have different positions and approaches to flow effectively and diversely.” Likewise, participant Ella highlights, “Our thinking structures and skills allow us to combine mathematical aspects uniquely.” On the other hand, the lack of female participation is a driving factor to continue promoting these areas, as participant Emma points out, “Seeing the statistics of the scarce presence of women in STEM, especially after learning about the impact of mentoring on future students, motivates me, even more, to participate in this work.” Additionally, participant Erin comments, “We need more people in engineering and STEM areas to transform and improve our world. This includes both men and women.” However, challenges persist regarding female representation in these areas, as participant Sara mentions, “We have a considerable deficit of women in STEM areas, which is evident even in cases such as Mexico, where we barely reach 30% participation. More women must develop in various areas of engineering.” Participant Evelyn adds, “STEM careers are considered non-traditional due to pre-established gender roles. It is essential to overcome these perceptions to encourage female participation in these areas.” Participant Heidi highlights, “Women have a key role in science, research, and health.” Regarding female representation in these areas, participant Edith comments, “It is disappointing to see the lack of female representation in STEM despite being half of the population. This underscores the importance of promoting inclusion in these areas from an early stage.” Finally, participant Lucy concludes, “It is crucial to increase the presence of women in STEM, as we know that 75% of the future jobs will be in these areas. Without women, these areas will not reach their full potential.”



3.1.3 Interest

About the interest in being part of an intra-academic mentoring program, its fundamental character as a space for learning and training that promotes leadership is highlighted. In addition, it functions as a platform to foster solidarity among participants, generating an environment of mutual support that strengthens confidence and self-confidence. Participant Hazel mentions: “STEM careers are crucial areas for the development of all people. The Intra-Academic Mentoring project is extremely valuable, as it helps us to empower ourselves individually.” In agreement, participant Emma emphasizes, “We women must have equal opportunities in salary, ability, and leadership. I decided to focus on a STEM career to show that women can lead and innovate.”

On the other hand, participant Eliza adds, “It is essential to show that women can lead and contribute innovative solutions in STEM fields, which motivated me to embark on this area.” Participant Sofia mentions, “Having the guidance of someone with a similar career path to yours is invaluable to resolve doubts and receive useful advice.” In addition, participant Esther adds, “It is enriching to share experiences during the mentoring process, which creates an even stronger bond.” For her part, participant Elaine expresses, “I am motivated by the possibility of inspiring and accompanying female teachers and young professionals, as well as girls who are exploring their interests and vocations.” Participant Eva comments, “It is crucial that, as academics, we come together to form a strong network and work as a team, as we women can maintain unity and achieve effective and lasting results.” Participant Heidi emphasizes, “The participation of women as leaders in STEM areas has a positive impact on the effectiveness of teamwork and the sustainability of organizational changes.” Participant Evelyn emphasizes, “Mentoring is a valuable tool beyond technical training, as it contributes to the advancement of the academic community.” In addition, participant Emily adds, “Mentoring opens a relationship of mutual learning and growth, where time, experiences, and strategies for moving forward are shared.” Participant Edith comments, “I strongly believe in the power of mentoring as a powerful tool for personal and professional growth, regardless of age or background.” Participant Sienna notes, “Mentoring is an opportunity to improve my work and become a better mentor for future generations.” Participant Lucy highlights, “Training women mentors and linking them with young female researchers is an effective way to boost development and progress in academia.” Finally, participant Esme expresses, “I am excited about the possibility of participating in diverse conversations and meeting interesting people in different fields and spaces.”

Several participants offer enriching perspectives regarding the individual support and confidence strengthened in mentoring spaces: Participant Emma highlights: “It is fundamental to support the personal and professional growth of every woman, not only in STEM areas. This type of support helps us grow and generates a positive impact on the lives of others.” For her part, participant Sofia shares, “In my personal experience, having someone to help, support and guide me has been extremely beneficial. Mentoring is a valuable tool in this regard.” Participant Erin states, “I strongly believe we can change a person’s life. Mentoring helps mentees grow and enables the growth of both mentors and mentees.”

Additionally, participant Esther complements, “We still need this kind of accompaniment more. Sometimes, we feel alone, especially when we are few women in certain fields. Feeling that support and connection with someone who has gone through similar experiences is invaluable.” Participant Elaine says: “I believe that it is our responsibility to share our experiences and knowledge with those women who already have a professional career. Teaching and university life offers us the privilege of contributing in this way.” Participant Eva adds, “Seeing the progress of those we have mentored is rewarding. As a teacher and researcher, accompanying, teaching, and sharing knowledge is truly enriching.” On the other hand, participant Evelyn emphasizes, “It is crucial to promote STEM careers for women from an early age. Generating a support network among professionals in these fields is fundamental to fostering inclusion and growth.” Participant Emily reflects, “Pushing, motivating, and inspiring other women is essential to increase female representation in STEM fields.” Participant Heidi notes, “Helping more women in science is an opportunity to contribute to the development of the community and oneself.” Participant Stella adds, “Mentoring is a way to support other people’s personal development, while also providing feedback and personal growth for both mentor and mentee.” For her part, participant Edith suggests, “Teamwork and continuous learning are key to growth and development. Collaboration and strategy allow us to keep moving forward together.” Participant Eliza reflects, “It would have been beneficial to have mentoring in my professional development. Now that we have the opportunity, it is important to offer our help to those who need it.” Participant Sienna finds motivation in knowing that it is possible to achieve goals with support and perseverance. Finally, participant Esme emphasizes: “Mentoring is an opportunity to recognize and value our abilities while expanding our support networks among women.”



3.1.4 Mentoring

Mentorships are much more than simple encounters between mentors and mentees; they are sacred spaces where learning, support, and growth are intertwined meaningfully. For the Hazel, they represent a safe space where she feels listened to and learns from the experience of others. They are an opportunity to make better decisions and consolidate efforts. On the other hand, Emma highlights that they imply sharing experiences and obstacles faced in life, offering a valuable perspective to overcome them personally and professionally. In addition, it is recognized in the idea of Sofia that mentoring helps carry out projects together, which could be more difficult to achieve individually. Erin describes mentoring as a process of growth and accompaniment, where the mentor’s experience is used to help the mentee achieve his or her goals and dreams. In this process, listening is crucial, as highlighted by Esther, where the mentee trusts the mentor to find solutions to his or her problems, and the relevance of sharing experiences is emphasized.

On the other hand, Elaine and Edith consider them a gift, while Sara highlights their potential to create networking networks. Eva describes them as an act of empathy and admiration, encouraging others to move forward and recognizing the importance of not being alone in the process. From a more professional perspective, Evelyn defines them as a support tool among colleagues, while Emily sees them as a guide or inspiration. For Heidi, they represent progress; and for Hope, they are a source of inspiration. Stella highlights that they are a life experience that promotes the growth of both the mentor and mentee, and Eliza sees them as a commitment and a responsibility to make others shine. Finally, their ability to transcend is highlighted, according to Ella, and to drive transformation, as indicated by Sienna. Lucy sees them as fundamental support, and Esme highlights their ability to foster sonority in the mentoring process. In summary, mentoring is a valuable tool for personal and professional growth, where listening, empathy, and sharing experiences create an environment conducive to self-improvement and success.




3.2 Female roles in STEM: mentorship impact

Women hold various crucial roles in STEM, from leadership to research and teaching. Each of these roles plays a unique role in advancing scientific and technological progress, as well as in shaping the next generation of STEM professionals. However, despite advancements in gender equity in these areas, significant challenges persist regarding female representation and participation. In this context, mentorship has emerged as a powerful tool to support and empower women in their STEM careers. In this section, we will explore the perspectives of interviewed women according to their professional roles (directive managers, external professionals, researchers, and university teachers), examining how their testimonies and experiences may vary depending on the role they occupy and how they can contribute to the professional and personal development of women in STEM (Table 2). As in Table 1, the first letter of the nicknames indicates the first letter of the area (E for engineering, H for health, S for science, and L for leadership); whereas names in bold indicate that the participant obtained a doctoral degree.



TABLE 2 The participants’ composition in terms of their academic role in the institution, number of working years, range of working years, and highest academic degree obtained.
[image: A table displaying academic roles, participant numbers, pseudonyms, average working years, working years range, and degrees. Directive managers have 5 participants, 4 with doctorates, and 1 with a master's. Externals have 4 participants, 2 with doctorates, and 2 with master's. Researchers have 5 participants, all with doctorates. Instructors have 5 participants, 3 with doctorates, and 2 with master's. Pseudonyms in bold indicate doctorates. Average working years range from 10.8 to 23.2 years, with specific ranges provided for each role.]

In the following subsection, perspectives are analyzed according to the themes (Figure 1) based on the participants’ roles at the time of the interview. Figures 2–5 depict the perceptions of women in various professional roles (directive manager, external professional, researchers, university teachers) regarding the impact of mentorship on a career in STEM.

[image: Radar chart titled "Directive managers" with six axes: Contribution to society, Participation, Support and leadership, Space for learning and training, Tool, and Diversity and Gender gap. The chart's shaded area indicates varying emphasis among these aspects, with higher values for Contribution to society and Diversity and Gender gap.]

FIGURE 2
 The enclosed area considers the six subthemes for directive managers.


[image: Radar chart titled "External professionals," illustrating five categories: Contribution to society, Participation, Support and leadership, Space for learning and training, and Diversity and Gender gap. The chart includes a scale from zero to four, showing varying values for each category.]

FIGURE 3
 The enclosed area considers the six subthemes for external professionals.


[image: Radar chart titled "Researchers" showing six axes: Contribution to society, Participation, Support and leadership, Space for learning and training, Tool, and Diversity and Gender gap. The chart has values ranging from 0 to 5, with a shaded area representing data across these categories.]

FIGURE 4
 The enclosed area considers the six subthemes for researchers.


[image: Radar chart titled "University teachers" showing six criteria: Contribution to society, Participation, Support and leadership, Space for learning and training, Tool, and Diversity and Gender gap. The chart has values ranging from zero to five, with the area shaded to indicate performance across these categories.]

FIGURE 5
 The enclosed area considers the six subthemes for university teachers.



3.2.1 Directive managers

Hazel, Emma, Sienna, Sofia, and Erin hold leadership positions. They see mentoring as a critical tool for driving societal progress and equity and an indispensable tool for personal growth and advancement. Regarding the motivation theme, the directive managers stated that mentorship dramatically contributes to society and highlighted the systemic and social impact of mentorship programs beyond individual benefit. Most of these women consider mentoring important for promoting diversity and addressing the gender gap in STEM; as leaders, they understand that closing gender gaps is crucial, but they may also focus on other goals. These women also believe that mentorship provides solid support in their careers. They know how crucial it is to have that guidance and feedback to advance their careers. Under the interest theme, we found that these female managers believe that mentorship provides a crucial space for learning, training, and leadership. As women in managerial positions, they understand that mentorship provides a unique and valuable space for learning and training future leaders. They see mentorship as a critical pathway for cultivating and strengthening leadership (see Figure 2), where the six subthemes enclose an area that can be interpreted as how much these directive managers value mentoring as a tool that promotes participation, contributes to society, fosters diversity, and provides support for professional development for developing knowledge, skills, and leadership.



3.2.2 External professionals

Lucy, Esme, Eva, and Evelyn hold external positions in the educational institution where the study took place; that is, they work in non-governmental organizations or the private sector. Like the directive managers, they also view mentoring as a valuable tool for personal and professional development. For them, mentoring contributes to society and is essential for promoting diversity and addressing the gender gap in STEM. Additionally, these women believe that mentorship provides a crucial space for growth and leadership. Being outside the organization, they possibly value the safe space and learning opportunities mentorship provides. Lastly, these women consider that mentoring could be a way to encourage women’s participation in STEM careers. In all the themes, these participants have an opinion as strong as directive managers. Considering that there was one less external professional than directive managers, the enclosed area in Figure 3 is similar to Figure 2, indicating how strongly these external professionals advocate for mentoring in the themes we analyzed.



3.2.3 Researchers

Compared to other professional roles, researchers (Edith, Eliza, Ella, Emily, and Stella) have as strong positive opinion on the importance of mentoring as a tool as the directive managers and the external professional. These researchers recognize the solid support provided by mentorship and its role in providing a space for learning and leadership, similar to the position manifested by the managerial or external professional, suggesting that researchers recognize the valuable support mentorship provides for encouraging participation in STEM areas. However, they see less impact on contributing to society, promoting diversity, and addressing the gender gap. It seems they hold a skeptical or critical perspective when evaluating the social reach or promotion of gender diversity. These women may have a more pragmatic perspective or consider other relevant factors to address this challenge. Figure 4 depicts the resulting area enclosed for the six subthemes for the researchers. We consider the enclosed area smaller for the researchers than for the directive managers. While researchers recognize the importance of mentoring in promoting interest in supporting leadership, they may perceive it differently in terms of priority than other subthemes.



3.2.4 University teachers

Women in teaching roles (Elaine, Sara, Heidi, Hope, and Esther) exhibit a low perception of the impact of mentorship on contributing to society, promoting diversity, and addressing the gender gap. The percentage obtained for contributing to society is significantly lower than that reported for other professional roles. This suggests that university teachers have an even more skeptical view of the social impact of mentoring and do not perceive mentorship as crucial for addressing the gender gap in their fields. Most of the university teachers who participated in the study believe that mentorship provides a space for learning and training and even more for support and leadership. In these two subthemes, their responses are like the researchers. This indicates that university teachers recognize the importance of this subtheme but do not perceive it as fundamental as women in external professions do. This may be because, as academics, they have a more knowledge and teaching-focused approach and do not see leadership as their main priority. However, these women value the solid support that mentoring brings to leadership. As women in managerial positions and researchers, these university teachers widely recognize mentorship as a valuable tool for STEM careers. It seems to be an aspect in which all professional roles agree in a positive perspective (see Figure 5).




3.3 Trends in the perception of mentorship impact among women in STEM careers: an analysis of professional roles and perspectives

It is important to note that all participants, regardless of their professional role (100%), recognize mentoring as an essential tool for their professional development in STEM. However, how they value its impact may vary depending on their role and work context. Given the results obtained in describing how different professional roles of women in STEM careers perceive mentorship and its impact, we can explore these perceptions in a broader context:

	• Varied perception based on role. The data reveals significant variation in the perception of mentorship among different professional roles held by women in STEM careers. While women in managerial positions and external professionals view mentorship more positively and acknowledge its impact on contributing to society and promoting gender diversity, researchers and university teachers show a more moderate perception of these aspects. This finding suggests that the position held within an organization can influence the perception of the effectiveness of mentorship.
	• Importance of support and leadership. Although perceptions vary, all participants recognize the importance of mentorship as solid support in their careers. This highlights the universal need for support and guidance in the professional development of women in STEM, regardless of the role occupied. Additionally, all roles value mentorship as a crucial space for learning, training, and leadership, underscoring the importance of mentorship in professional growth and leadership in the STEM field.
	• Perspectives on contributing to society and gender diversity. Differences in the perception of mentorship regarding its contribution to society and the promotion of gender diversity among different professional roles may reflect unique work experiences and responsibilities associated with each position. Women in managerial positions and external professions, who likely have a broader scope of influence and responsibility, are possibly more aware of the vast impact of mentorship on society and gender diversity in STEM than researchers and university teachers, whose focus may be more on research or teaching.
	• Need to address differences and promote equity. These findings highlight the importance of recognizing and addressing differences in the perception of mentorship among different professional roles held by women in STEM careers. To promote gender equity and improve the effectiveness of mentorship in STEM, it is crucial to implement inclusive strategies catering to each group’s unique needs and perspectives. This may include creating specific mentorship programs for certain roles or training mentors to address the concerns of each theme.

The differences in opinions about the impact of mentorship in STEM careers among different professional roles can be attributed to a combination of factors, including work experience, organizational context, specific professional needs, and organizational culture. Understanding these differences can be crucial for designing more effective mentorship programs tailored to the needs of each group. Mentorship programs can focus on vital aspects of professional roles, such as leadership, communication, and self-management, thereby providing comprehensive support for the growth and success of participants.




4 Discussion

This study addresses a significant gap in the literature by investigating the specific motivations of women in non-traditional roles in STEM, such as managerial and external positions, compared to research and educational roles. The findings suggest that persistence factors vary by role type, and support programs must be tailored to these differentiated motivations, providing a more comprehensive framework for STEM retention. The data reveal distinct motivational patterns among women in managerial and external professional roles, who are strongly oriented toward social impact and economic growth; in contrast, researchers and educators focus more on technical or academic goals. According to role congruity theory (Eagly and Karau, 2002), these differences may stem from the alignment of personal values with the specific demands of each role. Our study extends this theory by providing evidence that social and economic impact values are critical motivators in leadership roles within STEM, suggesting a need for tailored mentoring programs that address these specific motivations.

The participants who played managerial roles (Hazel, Emma, Sienna, Sofia, and Erin) and those with the role of external professionals (Lucy, Esme, Eva, and Evelyn) highlighted that their primary motivation for pursuing a career in STEM was to contribute to society and promote economic growth through projects. The OECD recognizes the insertion of women in the productive sector as a fundamental element for economic development, which promotes policies oriented toward the STEM model (OECD, 2015). These women aimed to impact society, transcending personal benefit positively. Moreover, they actively advocated for greater diversity in STEM areas, challenging traditional gender roles and confronting gender prejudices and stereotypes that historically limited women’s participation in these fields. This aligns with findings by Blickenstaff (2005), who argued that the underrepresentation of women in STEM is often linked to conformity with traditional gender roles and cultural pressures. Additionally, Martínez Gómez et al. (2022) and Musso et al. (2022) highlighted that gender stereotypes significantly limit women’s STEM engagement. By challenging these stereotypes, participants in our study sought to foster a more inclusive environment that encourages women to enter and thrive in STEM fields.

Regarding promoting women’s participation in STEM, female managers, and external professionals have emphasized the importance of closing the gender gap and recognizing women’s capabilities and new perspectives to generate innovative ideas. The participation of women in senior management or leadership positions in science, research, academia, or other vital sectors strengthens the social and economic development of countries. Despite offering significant advantages for the participation of women, in the senior management positions, women face the “glass ceilings” (López-Bassols et al., 2018), a factor of inequity that prevents the ascent of women scientists and has nothing to do with experience, training, or skills. This low participation of women in high academic spheres is due to the phenomenon of vertical segregation.

Encouraging women to pursue STEM careers remains crucial, as their perspectives and skills in mathematics and science enrich all fields (Oliveros Ruiz et al., 2016; Segovia-Saiz et al., 2020). To that end, mentoring programs are a sound strategy. However, the findings underscore the importance of mentoring programs tailored to different roles within STEM. While previous studies (Rosser, 2004; Settles et al., 2007; Meschitti and Lawton Smith, 2017) support the value of mentorship in STEM, this study introduces a differential approach: women in managerial and external roles benefit from mentorship that emphasizes social impact, whereas researchers and educators may require support aligned with technical objectives. This perspective offers a practical improvement in designing role-specific mentoring programs (Hund et al., 2018; Washington and Mondisa, 2021).

About mutual support and sonority, managers, researchers, and university teachers have expressed their conviction that peer support favors individual and collective growth. Women can create collaborative networks to achieve more impactful results (Miller et al., 2015; Segovia-Saiz et al., 2020).

Concerning the learning and leadership space, external participants (all with mentoring experience) agreed that mentoring effectively helped women’s empowerment and training, supported by the majority opinions of managers, researchers, and university teachers. In the work of Müller and Kenney (2014), it is reflected how, in the areas of life sciences, individualism, and competition hinder collaboration and teamwork, which leads to the exclusion of certain groups, hence the importance of creating these spaces for collaboration and mentoring. On the other hand, it is necessary to make visible that more women are in these areas since the androcentric vision of science based on stereotypes and the absence of role models of women scientists are factors that are related to the loss of women in science in general (Segovia-Saiz et al., 2020). Finally, in the mentoring theme, all participants, regardless of their roles, highlighted its importance as a fundamental tool for personal and professional growth and a space for exchanging experiences and mutual help. This is corroborated by the study conducted by Settles et al. (2007), who mention that mentoring among women in academia and departmental leadership is effective for the retention and success of women in male-dominated fields (Moghe et al., 2021).

The testimonies of the participants have relevant implications for psychology, sociology of science, and talent management in these fields. Motivation towards STEM careers has been of interest in various disciplines, especially in psychology and sociology. Beyond individual benefits, such as income potential and job stability, motivations towards STEM often focus on social impact and the desire to contribute to the common good. Self-determination theory suggests that individuals are intrinsically motivated to seek activities that satisfy their basic psychological needs, such as competence and relatedness (Ryan and Deci, 2000b). In the context of STEM, this can translate into a desire to understand the world, address global issues, and generate positive societal change. This intrinsic motivation drives women towards STEM careers. It can influence their long-term commitment and persistence in these areas—the persistent gender gap in STEM concerns scientific research and society. Even with the advances in gender equity, women continue to be underrepresented in science, technology, engineering, and mathematics (Nimmesgern, 2016; Campos et al., 2022). However, the value of women’s unique perspectives and skills in STEM is increasingly recognized. Gender diversity is a matter of equity and has significant implications for innovation and progress in these areas (Nielsen et al., 2017; Potvin et al., 2018; Greider et al., 2019).

Research in psychology and sociology of science has highlighted how including women enriches scientific and technological development by diversifying thought and creativity. Academic mentoring programs are recognized as a fundamental tool to support the development and retention of women in STEM careers (Dawson et al., 2015; National Academies of Sciences, Engineering, and Medicine, 2019; Saffie-Robertson, 2020; Torres-Ramos et al., 2021). From a psychological perspective, mentoring provides a space for guidance, emotional support, and the exchange of knowledge and experiences. Attachment theory suggests that the secure connection between mentor and mentee can foster self-confidence and empowerment in participants (Yip et al., 2018; Robertson and Zhang, 2024). Additionally, creating support networks and solidarity among women in STEM can have positive implications at the social and organizational levels, promoting a more inclusive and collaborative culture (Hall et al., 2023; Pillay-Naidoo and Vermeulen, 2023). From a psychological and managerial perspective, mentoring is perceived as a safe space for listening, empathy, and mutual support (Dawson et al., 2015; Eby and Robertson, 2020; Sera and Johnson, 2022). Trust and constructive feedback are crucial in effective mentoring processes, helping mentees overcome challenges and grow personally and professionally. In addition to conveying specific knowledge and skills, mentoring facilitates the integration and retention of women in STEM careers by providing them a sense of belonging and support. From a systemic approach, mentoring can create a more inclusive culture in STEM by fostering a diversity of perspectives and experiences.

The implications of this analysis of categorization by roles of women in STEM fields and the role of mentoring are aimed primarily at researchers, universities, or organizations interested in promoting more women’s interest in STEM areas. This work emphasizes mentoring as a fundamental tool to generate synergies and support for professional development in different areas, regardless of roles.



5 Conclusion

In response to the research question of this study: How do women in managerial, research, teaching, and external academic, and professional roles perceive the impact of mentoring in a STEM career? it is observed that the perspectives of the women interviewed from different roles in STEM areas and mentoring are quite similar. There are converging points regarding the motivation that led them to pursue these careers, the interest in encouraging greater female participation, and the valuation of mentoring programs as tools for personal and professional development and to contribute to the growth of others. The results highlight that the main motivations that drove women to pursue a career in engineering or science include the desire to contribute to society, overcome the gender gap, promote diversity, and increase female participation in these areas. This aligns with the perception of the role of mentorships, considered spaces for support, learning, fostering entrepreneurship, and leadership, becoming fundamental tools for female development in these areas.

In terms of the objective, after categorizing the participants’ discourses, it was concluded that it is crucial to create mentoring spaces that include women from diverse roles and work environments as part of their continuing education. Their experiences and approaches can serve as an impetus for other women facing similar situations or who may face them in the future. On the other hand, it is essential to continue to advocate for diversity and fight against gender stereotypes, as well as to give visibility to women scientists so that they can inspire future generations and become references that encourage more women to pursue STEM careers. In terms of contribution, the analyzed discourses provide valuable information on the perceptions of women in managerial, external, faculty, or researcher roles on how mentoring can motivate more women to pursue STEM careers. This may be useful for researchers, universities, or organizations promoting female participation in STEM fields (Dominguez, 2023). More extensive and comparative analyses regarding the opinions of women in other roles who have participated in mentoring programs are recommended for future studies.
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The automotive industry has historically been characterized by male dominance, presenting significant challenges to achieving gender equality. Despite ongoing efforts to increase female participation, women continue to encounter systemic barriers, including entrenched gender stereotypes, unequal access to training, and a scarcity of female role models. This study systematically reviews educational strategies to advance women’s inclusion in the automotive sector, focusing on their effectiveness in enhancing skills development, career progression, and leadership opportunities. Through the analysis from various regions and organizational contexts, key findings reveal that targeted interventions—such as vocational training programs, mentoring initiatives, leadership development workshops, and scholarship opportunities—have effectively improved women’s technical competencies, professional confidence, and long-term retention in the industry. Additionally, the study highlights that these educational programs yield broader organizational and societal benefits, including increased workplace diversity, enhanced innovation, and improved productivity. Despite these positive outcomes, the research identifies persistent gaps that require further attention, such as the need for policy-driven frameworks to ensure sustained progress and the significance of cross-sector collaboration to amplify the impact of educational initiatives. This review offers evidence-based insights and practical recommendations for policymakers, industry leaders, and educators to support women’s empowerment in the automotive workforce, underscoring the ongoing efforts necessary to achieve meaningful and sustainable gender equality in the sector.
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1 Introduction

The automotive industry has historically been characterized by male dominance, with a pervasive perception of it being a male-dominated sector (Horak and Cui, 2017). This perception has been reinforced by the traditional association of the industry with physical labor and manufacturing, which has contributed to the underrepresentation of women in the workforce. The industry’s historical focus on manufacturing and production roles has created a perception among women of high risk and danger associated with employment in the sector (Janis and Zulkipli, 2020). Furthermore, the leadership landscape in the automotive industry has been predominantly male, with accessing leadership roles remains a significant challenge for women in the industry (Eberl and Drews, 2022). This historical male dominance has also been reflected in the limited advice and support received by women from the automotive industry, as evidenced by the low percentage of women reporting advice from industry sources (Acar et al., 2017). The challenges women face in the automotive industry are further compounded by barriers to entry and retention, as seen in the difficulties in recruiting and retaining women in related industries such as the construction sector (Akinsiku and Ajala, 2018). However, there is a growing recognition of the need to address these historical imbalances, focusing on improving the competency of vocational teachers in automotive engineering and promoting gender diversity in corporate boards within the industry. As the industry continues to evolve, there is an increasing emphasis on educational attainment and the development of effective apprenticeship models to enhance the participation of women in the automotive sector. These efforts reflect a broader recognition of the importance of inclusivity and diversity in driving the industry forward and addressing historical gender imbalances.

The primary aim of this study is to analyze and evaluate the effectiveness of educational strategies that foster gender equality within the automotive industry, particularly in the contexts of Mexico and Latin America. This review seeks to identify key interventions that have successfully enhanced women’s participation in the sector, assess their impact on professional development, and offer actionable recommendations for stakeholders, including policymakers, educators, and industry leaders. By examining a variety of educational initiatives—such as vocational training programs, mentorship opportunities, leadership development workshops, and scholarship schemes—this study intends to contribute to the ongoing discourse on gender inclusivity and workforce diversification within the automotive sector.

To achieve this objective, the study systematically reviewed literature on gender equality in the automotive industry to identify relevant strategies, focusing on the selection of best practices that can be adapted and implemented within the regional context. This involved exploring previous studies, literature reviews, and relevant academic works that addressed the representation of women in the automotive industry and the educational strategies used to tackle this disparity. Inclusion criteria were established to determine which articles would be considered for the review. These criteria included the study’s relevance to the topic of women’s inclusion in the automotive industry, the study methodology, the geographic scope of the research, the study period, and the availability of robust empirical data. A search was conducted in academic databases and specialized repositories using keywords related to the topic, such as empowering women, gender equality, the automotive sector, continuing education, higher education, and educational innovation. The titles and abstracts of the studies found during the initial search were examined to determine their relevance and suitability according to the established inclusion criteria. Subsequently, a more detailed evaluation of the selected studies was conducted to assess their methodological quality and contribution to existing knowledge on the topic. The papers that best met the established inclusion criteria were selected based on relevance, quality, and methodological rigor. Empirical studies that presented successful cases in implementing educational strategies to increase the presence of women in the automotive industry were chosen. The selected papers were then analyzed to extract key findings and educational strategies highlighted in each case. Common patterns and significant differences were identified, and the effectiveness of educational initiatives in different geographical and business contexts was evaluated.

To foster a comprehensive understanding of gender disparities in the automotive industry, this study examines examples from various countries that offer valuable insights into different methods for promoting women’s empowerment and inclusivity. Their diverse socio-economic contexts guided the selection of countries, the maturity of their gender inclusion policies, and their relevance to the challenges faced by Mexico and Latin America. For instance, countries with well-established diversity programs, such as Canada and those in Europe, serve as benchmarks for evaluating the impact of long-term policies on women’s participation in the workforce. Their experiences offer important lessons on effective strategies, including mentorship programs, flexible work policies, and leadership development initiatives, which have successfully enhanced female representation in the automotive sector.

In contrast, countries in Latin America encounter similar cultural and structural barriers as Mexico, such as deeply ingrained gender roles and limited access to STEM education and professional development opportunities. By comparing global best practices with regional realities, this study highlights adaptable strategies that can effectively address the unique challenges in the Mexican and Latin American contexts. This comparative approach enables a nuanced exploration of effective interventions, facilitating the creation of a tailored and actionable framework for promoting gender equality in the automotive industry. Ultimately, the chosen examples provide a balanced perspective, merging insights from global leaders in gender inclusion with regional experiences that reflect the socio-cultural dynamics of the study area.



2 Methodological framework


2.1 Systematic literature review protocol

To achieve a robust and methodical review of the body of literature in relation to gender equality in the automotive industry, this study applied the SPAR-4-SLR (Scientific Procedures and Rationales for Systematic Literature Reviews) protocol (Paul et al., 2021). This allowed a more systematic way of identifying, organizing, and reviewing relevant studies to strengthen the validity and replicability of the research process.

The systematic approach utilized in this study, grounded in the SPAR-4-SLR methodology, ensures a rigorous and transparent literature review analysis process. Nevertheless, it is crucial to recognize the potential biases and limitations that may have influenced the record selection and the interpretation of the findings. Acknowledging these factors contextualizes the results and provides a balanced understanding of the study’s contributions.

The SPAR-4-SLR framework enhances the methodological rigor by establishing explicit inclusion and exclusion criteria and implementing a systematic approach to literature selection (Figure 1). The inclusion criteria were designed to prioritize studies relevant to gender equality in the automotive industry, ensuring a focus on methodological robustness, geographic diversity, and empirical rigor, with research from 2000 to 2024. Empirical rigor was evaluated through criteria such as peer-reviewed status, methodological transparency, and the strength of data collection methods, including mixed-methods, longitudinal, and experimental designs.
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FIGURE 1
 SPAR-4 diagram detailing the systematic literature review process followed for this study.


To ensure a comprehensive review, the exclusion criteria effectively remove non-peer-reviewed papers or records that were out of scope or lacked focus for this study. The literature search employed a structured strategy in Scopus, Web of Science (SSCI), and Google Scholar. It used Boolean operators to refine the search using keywords such as gender equality, automotive industry, women’s empowerment, mentoring, and leadership. The assembling, arranging, and assessing process resulted in a final dataset of 97 records from diverse regions and methodological approaches.

A flow diagram modeled after SPAR-4 SLR outlines the records selection process to enhance transparency and reproducibility, depicting the number of records identified, screened, assessed for eligibility, and ultimately analyzed for the review. In addressing potential biases, the study thoughtfully acknowledges factors such as publication bias (favoring English or Spanish language sources), limitations in data accessibility (commonly due to proprietary industry reports), and regional disparities in available research. Furthermore, methodological quality was assessed through a robust comparative framework centered on thematic synthesis, effectively triangulating key findings across the selected studies. Each record was analyzed by at least two researchers. Discrepancies were resolve together with a third researcher to ensure validity and consistency, as well as to minimize subjective bias during the quality assessment process. Studies that did not meet the minimum quality threshold based were excluded from the final analysis, ensuring the robustness and reliability of our findings.

This paper presents data and case studies demonstrating the positive effects of these educational initiatives on women’s skills, confidence, career prospects, and representation in the automotive sector. It also highlighted the roles of policy reforms, industry commitments, and international collaboration in supporting these initiatives. This work proposes perspectives on the ongoing efforts and strategies required to sustain and further advance women’s empowerment in this sector, emphasizing the importance of continued research, policy support, and international cooperation.



2.2 Biases and limitations

This systematic literature review unearthed a variety of potential biases and limitations that could significantly shape both the selection of articles and the interpretation of their findings. By recognizing these factors, the transparency and rigor of the review process are enhanced, while also illuminating opportunities for future advancements in research methodology.

	• Publication bias: The selection method predominantly concentrated on peer-reviewed journal articles, conference papers, and policy reports sourced from prominent high-impact databases (Scopus or Web of Science), and from other indexes within the search engine Google Scholar. This focused approach on academic sources may have inadvertently marginalized gray literature, industry reports, and studies not included in those sources, all of which could offer valuable practical insights into gender equity in the automotive sector.
	• Language bias: The literature search was conducted in English or in Spanish, published in other languages may have been overlooked. This is particularly true for research emerging from non-English-speaking regions facing considerable gender equity challenges in the automotive industry. This linguistic limitation indicates that the findings of this study cannot be generalizable.
	• Thematic bias: The review emphasized educational strategies and leadership development initiatives as pivotal components driving gender equality within the automotive sector. Consequently, other essential themes—such as workplace policies, corporate governance, and socio-economic influences—might not have received adequate attention. These themes are important but fall out of the scope of this study.
	• Access and availability: The databased used may vary from the date and institutional access. Also, in the case of non-open access records, retrieving the full-paper or document may depend on access from our institution. This implicates that some valuable documents may have not been included for not having access to the full record.

Despite these acknowledged limitations, the systematic and transparent implementation of the SPAR-4-SLR (Scientific Procedures and Rationales for Systematic Literature Reviews) methodology has provided a robust framework for identifying and critically analyzing relevant literature. This structured approach, coupled with clearly defined inclusion and exclusion criteria, has played a crucial role in mitigating potential biases and bolstering the reliability of the conclusions drawn in this study.




3 Implementing strategic initiatives to transform women’s roles in the automotive industry


3.1 Historical context and current challenges

The automotive industry has historically been male dominated, but in recent years, there has been a notable shift in how women perceive it. Recent studies indicate that women’s positive views of the industry’s attitudes have declined from 64% in 2015 to just 39%. In 2019, Bullock reported a study to investigate the reasons behind this change in perception. This study aimed to explore the complex identities and perceptions of women working in the automotive industry, highlighting how their experiences are interconnected with the broader industrial mindset. The findings suggest that this decline in positive perception may be linked to these interconnections, underscoring the importance of recognizing the challenges women face in the automotive sector and the need to create a supportive and inclusive working environment to help address the existing disparities.

Leadership representation in the industry is particularly concerning. Surveys reveal that many women perceive a significant underrepresentation of minorities in leadership roles, while only 40% of their male counterparts share this belief. These findings correlate with the Role Congruity Theory by Eagly and Karau (2002), which posits that societal norms and stereotypes can hinder women’s leadership potential, thereby contributing to minority underrepresentation. O’Brien et al. (2023) emphasize the importance of establishing career pathways, mentoring, activating networking support, and addressing unconscious bias, especially in male-dominated fields. These insights underline the necessity of dismantling biases and promoting diversity to create a more equitable leadership landscape in both academic and industrial contexts, which is vital (Deloitte, 2020).

Addressing these challenges requires a nuanced approach that considers both global best practices and the unique socio-cultural dynamics of Mexico and Latin America. While the structural barriers women face in Canada, such as underrepresentation in production roles and leadership positions, mirror those experienced in Latin America, factors like cultural perceptions, economic constraints, and educational access necessitate tailored strategies. For instance, mentorship programs and networking support have proven effective worldwide and can be adapted to the Latin American automotive sector to provide women with the resources and role models needed to navigate their careers successfully.

Moreover, successfully implementing diversity and inclusion programs in countries like Canada offers valuable insights into how similar initiatives can be structured in Latin America, with necessary adjustments to tackle region-specific challenges. By leveraging lessons learned from international experiences and customizing them to fit local realities, policymakers and industry leaders can develop a comprehensive approach that fosters a more inclusive and supportive environment for women in the automotive sector.

These efforts will help bridge the existing gender gap and empower women to assume leadership roles, ensuring that their contributions are recognized and valued at all levels of the industry.



3.2 Educational strategies and their impact

In Canada’s automotive industry, women have traditionally been underrepresented, comprising only 23% of assembly roles and 25% of parts production positions. This contrasts sharply with the nearly equal gender distribution in the broader national labor force, where women make up 48%, and aligns more closely with the overall manufacturing sector, where female participation stands at 28%. Despite this underrepresentation, Canada possesses a significant pool of qualified women with expertise in aerospace, machinery, and electrical equipment, as well as STEM education and trades certification. These skilled women represent an untapped resource with the potential to transition into automotive roles, enhancing the sector’s workforce diversity and innovation capabilities (FOCAL Initiative, 2020).

A similar challenge is observed in Mexico and other Latin American countries, where women’s participation in technical and scientific sectors remains disproportionately low (Genin and Ocampo, 2019). Unlike Canada, where structured vocational training and industry partnerships have created pathways for female participation, Latin America faces additional socio-cultural barriers, such as entrenched gender roles, limited mentorship opportunities, and workplace cultures that are not always inclusive. Women in both regions often take on administrative, sales, and management roles rather than technical positions, and they frequently encounter lower wages and job insecurity compared to their male counterparts. Furthermore, the prevalence of part-time work and self-employment among women suggests that their full professional potential remains underutilized.

Addressing these disparities requires a multifaceted approach that combines successful international strategies with localized adaptations. Canada’s experience highlights the importance of robust diversity and inclusion programs, flexible work policies, and clear career advancement pathways that provide women with the necessary support and visibility. Similarly, in Mexico and Latin America, tailored strategies must focus on dismantling cultural stereotypes, increasing female representation in STEM-related careers, and fostering industry-academia collaboration to create targeted training initiatives that meet the specific needs of the region. Implementing such strategies can help bridge the gender gap and ensure that women in the automotive sector in Latin America have greater opportunities for leadership, career progression, and job stability.

By learning from Canada’s successes and adapting them to the Latin American context, policymakers and industry leaders can work together to build a more inclusive and equitable automotive sector that harnesses the full potential of its female workforce while addressing region-specific challenges (Figure 2).
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FIGURE 2
 Promoting inclusivity in the automotive industry: educational strategies.


As the foundation of our framework by identifying key educational strategies that promote gender inclusivity in the automotive sector. It outlines critical interventions such as STEM promotion, inclusive curricula development, mentoring programs, practical experiences, and awareness of gender biases. These strategies provide a structured approach to equipping women with the necessary skills and support to thrive in the industry. Elaborating on the six educational strategies of Figure 2, we have the following.

	• Promoting STEM for girls and young women. Partnerships with educational institutions can foster early interest in STEM among girls through specialized programs. This could include extracurricular activities, interactive workshops, and inspirational talks from successful women in the automotive field (Franz-Odendaal and Marchand, 2022).
	• Development of inclusive curricula. Review and update curricula in educational institutions to ensure they are inclusive and reflect gender diversity in the automotive industry. This may involve integrating examples and case studies highlighting women’s work in the industry and promoting female role models in academia (Mills and Ayre, 2003).
	• Mentoring. Establish mentoring programs that connect students interested in automotive careers with female professionals. These mentors could guide, advise, and support young women as they explore their educational and professional options in the industrial sector (Sultana et al., 2013; Naik et al., 2019).
	• Practical experiences. Facilitate practical experiences, such as internships and research projects, that allow students to apply their knowledge in a real automotive environment. This will give them a deeper understanding of the industry and help them develop relevant skills for future careers in this industry (Mehrtash and Centea, 2020).
	• Awareness of gender biases. Integrate awareness of gender equity and eliminate gender biases in school and university curricula. This may include education on gender stereotypes, promoting respect and tolerance, and promoting equal opportunities for all students, regardless of gender (Kollmayer et al., 2020; Hinton-Smith et al., 2022).
	• Partnership with industry. Collaborate closely with automotive companies to develop educational programs that meet the sector’s needs and prepare students, both men and women, for relevant roles in the industry. This may include creating specific training programs and employment opportunities for graduates (Morano-Okuno et al., 2019; Fieldhouse, 2008).

Focusing on these educational strategies aims to support women in preparing them to face the challenges and take advantage of opportunities in the automotive industry. These strategies have a twofold objective: to seek women’s empowerment (Figure 3) and to promote gender equity (Figure 4) in this industrial sector.

[image: Hexagonal diagram titled "Women's Economic Empowerment" with sections: Equitable access to education, Development of relevant skills, Promotion of digital literacy, Support for female entrepreneurs, Financial education, and Awareness raising and cultural change.]

FIGURE 3
 Empowering women in the automotive industry: initiatives for economic equality and success.
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FIGURE 4
 Driving inclusion: educational strategies for automotive equity.


In global economic participation, women’s role has evolved considerably, underscored by initiatives across the G7, G20, and the United States. This movement toward economic inclusivity is not merely a social win; it’s an economic catalyst, evident in surges of GDP, health, social benefits, and poverty reduction. Thus, the evolving role of women in global economic participation teaches us the importance of recognition, equality, empowerment, collaboration, and long-term vision to promote more inclusive and sustainable economic development. However, the path to empowerment is strewn with systemic barriers—discriminatory practices, educational and infrastructural deficits, and a pervasive digital divide—that thwart women’s access to education, skill-building, and equitable work.

Based on the evolution of women’s role in global economic participation and the barriers they still face, combined with the educational strategies proposed in the literature, several initiatives can be proposed to promote women’s economic empowerment in Mexico and Latin America (Figure 3).

• Equitable access to education. Implementing policies and programs to ensure women have equitable access to quality education at all levels, from primary education to higher education and vocational training. This may include removing financial barriers, creating specific scholarships for women, and promoting inclusive and gender discrimination-free educational environments (Sriram et al., 2022; Siyez and Beycioglu, 2019).

	• Development of relevant skills. Design training and capacity-building programs that develop technical, entrepreneurial, and leadership skills for women to participate fully in the economy. These programs should be tailored to the labor market’s needs and provide opportunities for practical learning and work experience (Bullough et al., 2015).
	• Promotion of digital literacy. Encouraging digital literacy among women by providing access to resources and training in information and communication technologies (ICT). This will enable them to seize job and business opportunities in the digital economy and bridge the digital divide separating them from economic opportunities (Sujarwo et al., 2022; Sandys, 2005; Gurumurthy, 2006).
	• Support of female entrepreneurs. Establishing specific support programs for female entrepreneurs, including counseling, mentoring, access to financing, and business support networks. These programs can help overcome women’s barriers when starting and growing their businesses (Iwu and Nxopo, 2015; Elliott et al., 2020).
	• Financial education. Integrating financial education into educational programs for women provides them with the skills and knowledge needed to make informed financial decisions and manage their resources effectively. This may include budgeting, saving, investing, and credit management (Pérez-Roa et al., 2022; Jarecke et al., 2009).
	• Awareness raising and cultural change. Conduct awareness campaigns and public education to promote gender equality in education, work, and society. This can contribute to changing attitudes and perceptions about women’s economic role and overcoming cultural and social barriers they face (Ovseiko et al., 2017).

By implementing these educational strategies (Figure 3), we could contribute to overcoming the systemic barriers that hinder women’s economic empowerment in Mexico and Latin America and move towards a more inclusive, equitable, and prosperous society for all, presenting initiatives aimed at achieving economic equality for women in the automotive industry. It highlights the need for equitable access to education, skills development, digital literacy, and entrepreneurial support. These elements strengthen women’s economic participation and align educational efforts with broader economic empowerment goals.

A study pivoting on China’s automotive industry from 2008 to 2011 provides empirical weight to the discourse, revealing that firms with gender-diversified boards flourish with higher asset and sales growth, lower debt ratios, and heightened R&D investment (Horak and Cui, 2017). This financial buoyancy, however, does not skew the return on equity, which remains consistent with firms lacking female board representation.

Statistical analysis—from t-tests comparing firms with and without women on boards to regression models controlling for size, industry, and temporal factors—corroborates these insights, suggesting that gender diversity is not just a token of social progress but a keystone of corporate robustness and industry competitiveness. These findings pivot towards the conclusion that policymakers and industry players have much to gain from championing gender diversity, not just as a token of progress but as a strategic imperative. The data speaks; it’s high time the economic power structures listened (Buse and Bilimoria, 2014).

Based on the study of the automotive industry in various countries and its correlation with gender diversity on the board of directors, we can derive the following educational strategies to promote gender equity in the automotive sector in Mexico and Latin America (Figure 4).

• Gender diversity benefits education. Develop educational programs for students, professionals, and industry leaders in the automotive sector, highlighting the tangible benefits of gender diversity in financial growth, innovation, and corporate competitiveness (Gurin et al., 2002; Velinov, 2023). Research has shown that gender diversity in the automotive industry is a social justice issue and a key driver of financial growth, innovation, and business competitiveness. Levin and Mattis (2006) highlight the need for gender diversity programs that address quality of life issues, training and development, and management accountability. Ain et al. (2021) further support this idea, highlighting the financial benefits of companies with greater gender diversity. Sethi et al. (2023) mention the importance of leadership development programs for women in engineering, which can help organizations fully leverage the benefits of gender diversity.

	• Integration of case studies in the curriculum. Incorporating case studies in business, management, and economics education effectively enhances the learning experience and prepares students for real-world challenges (Davis et al., 2011). This approach can be particularly beneficial in the automotive industry, where the sector’s history can provide rich illustrations of modern business concepts (Baker et al., 2008). These studies can give students concrete examples of how gender diversity impacts financial outcomes and corporate competitiveness.
	• Promotion of inclusion in higher education. Foster the inclusion of women in higher education programs related to the automotive industry, such as mechanical, electrical, and industrial engineering. This can be achieved through awareness campaigns, specific scholarships, and mentorship programs encouraging more women to pursue careers in these fields (Yunus et al., 2023; Mohamed, 2015).
	• Development of inclusive leadership skills. Offer training and specialized workshops in inclusive leadership skills for students, professionals, and business leaders in the automotive sector. These programs can focus on managing diverse teams, effective communication, and conflict resolution, among other vital skills (Cooney, 2017).
	• Promotion of research to advance gender diversity and inclusion. Research in the automotive industry has highlighted women’s challenges in leadership positions, including conflicting experiences and perceptions of identity (Bullock, 2019). These challenges are exacerbated by gender discrimination in promotion strategies, with women reporting slower progression and the need for flexible work schedules (Lloyd and Mey, 2007). To address these issues, companies must view gender diversity as a business issue with potential benefits for the company and its stakeholders (Levin and Mattis, 2006). However, there is a lack of academic literature on gender nonconformity in business education, which could hinder efforts to promote gender inclusion in industry (Graham and MacFarlane, 2021). Therefore, further research is needed to explore women’s experiences in the automotive sector and promote gender diversity and inclusion.

Figure 4 offers a cohesive educational framework designed to promote gender equity within the automotive sector. It underscores the significance of leadership development, including women in higher education programs, and presenting case studies that exemplify best practices. These themes outline actionable steps to cultivate an inclusive environment that enhances women’s career advancement and encourages greater organizational participation.

The selection of Canada, alongside other global examples, seeks to provide valuable insights into best practices that can be adapted to the distinct socio-economic and cultural contexts of Mexico and Latin America. Despite considerable regional variations, both contexts confront analogous challenges, including entrenched gender stereotypes, inadequate representation of women in technical roles, and barriers to professional advancement.

Canada’s automotive industry exemplifies a case study characterized by its systematic implementation of diversity and inclusion programs. These initiatives may serve as a strategic framework for Latin American countries aiming to enhance female participation in this sector. By leveraging international experiences and adapting them to the specific needs of the Latin American market—such as addressing informal labor practices and prevailing cultural perceptions—this comparative approach enables the identification of transferable strategies.

This framework does not advocate for a one-size-fits-all solution; rather, it emphasizes the importance of utilizing global knowledge to inform local policies and industry initiatives. This ensures that the proposed educational and professional interventions are not only contextually relevant but also sustainable in the long term.




4 Driving new narratives: women-leader identities in the automotive industry

Through the lens of feminist standpoint theory and a communication theory of identity, women in the US automotive industry share compelling narratives that offer a window into their journeys (Bullock, 2019). These stories articulate the complex interplay of self-concept, relationships, and behaviors within a traditionally male-dominated sphere. Their testimonials describe a metamorphosis fueled by education and mentorship: knowledge and skill sets expanded, confidence surged, and resilience hardened against gender bias and social isolation. These women wear their triumphs as badges of honor, celebrating the pride and fulfillment gleaned from their roles while adeptly maneuvering through the sector’s demanding corridors. Communication has been a cornerstone of their ascent—tone-setting, assertiveness, and a certain tenacity have become tools to command respect and carve out recognition. Yet, the camaraderie and the shared experiences with colleagues, both women and men, have fostered supportive networks and communities, fortifying their professional paths. And there lies the beacon of progress: the ascension to leadership roles, the tangible contributions to innovation and growth, and the blossoming optimism for the future. These women do not just occupy spaces in the automotive industry; they expand them, heralding an era where marketing, technology, and other fields beckon more opportunities for women’s advancement. This is the transformative power of education and mentorship—a catalyst for personal and professional renaissance, a reason to be proud and hopeful for the future.

In the academic landscape of South Africa, a groundbreaking article posits the capabilities approach as a transformative framework to sculpt gender equality policies in higher education (Loots and Walker, 2015a). This piece transcends the conventional metrics of numerical parity, delving into the nuanced disparities that shadow women and men in academia and beyond. This article advocates for capabilities approach that honors the rich tapestry of lived experiences, intrinsic values, and individual agency. It identifies four foundational pillars essential for gender equality: bodily integrity, dignity, respect, voice, and knowledge and education. These core capabilities serve as the bedrock for higher education institutions to cultivate and strengthen, thus empowering their community and inspiring a new generation of leaders.

Case studies and testimonials reveal the profound impact of such initiatives. Once beneficiaries of these policies, women recount their metamorphosis: from burgeoning self-assurance to significant career leaps, embodying the essence of growth. They testify to the capabilities approach efficacy in fostering human development, equity, and greater social good.

The narrative is straightforward: the capabilities approach offers more than theoretical value—it is a lived experience, a beacon of progress that ignites personal transformation, underpinning a society’s stride towards social justice and collective well-being.

The empowerment of women in the automotive industry, especially in the United States, and the implementation of the capabilities approach in South Africa leave us with essential strategies that could help drive gender equity in this sector and promote female leadership in Mexico and Latin America (Figure 5).

	• Significance of education and mentorship. Women in the automotive industry have experienced personal and professional transformation through education and mentoring. Dashper (2018) cites the positive impact of mentoring on women’s confidence, career planning, and professional networks. This highlights the importance of education and mentoring programs that expand women’s knowledge and skills, increase their confidence, and prepare them to deal with gender bias and career challenges.
	• Communication as an empowerment tool. Assertive communication and tenacity have become essential tools for women in the automotive industry to gain respect and recognition (Lachira Estrada et al., 2020). This is especially important in male-dominated environments, where women may have difficulty being heard and respected (Mohd Jan, 2006). Grant and Taylor (2014) further stress the importance of communication in developing leadership presence, suggesting that women can improve communication by changing how they talk about their accomplishments. This underscores the importance of developing practical communication skills in women that allow them to stand out in a male-dominated environment.
	• Building support networks and communities. Shared experiences with colleagues, both women and men, have been instrumental in strengthening women’s career paths in the automotive industry. Bullock (2019) highlights the importance of these factors in shaping women’s identities and leadership experiences. Davidson (2018) further highlights the role of work relationships, particularly with female coworkers, in improving the quality of women’s leadership experiences. These findings are supported by the work of Cyr et al. (2020), which suggests that team dynamics and friendship networks can positively impact the academic trajectories of women in STEM fields. This highlights the need to create and foster support networks and communities that offer a safe space to share experiences, advice, and resources between professionals in the sector.
	• Capability approach for gender equality. Implementing the capabilities approach in South African higher education has the potential to address gender disparities as it recognizes the importance of experiences and autonomy in achieving gender equality (Loots and Walker, 2015b). This approach, which focuses on opportunities or activities considered meaningful to people in their daily lives, can guide the development of a gender equality policy in higher education institutions (Loots and Walker, 2015a). Understanding the capabilities approach involves recognizing the importance of individual experiences, autonomy, and opportunities to address social challenges, such as gender disparities, and design more effective and equitable interventions and policies.
	• Transformative impact of inclusive policies. Case studies and testimonials reveal the profound impact of inclusive policies on empowering women, from increased confidence to significant career advancements. Various authors highlight the importance of addressing the root causes of gender inequality and the need for women’s participation in policy formulation. These policies increase women’s confidence and career advancements and contribute to social justice, human development, and inclusive growth (Newman, 2017; Wu, 2023). The authors also highlight the need for specific policy recommendations to expand women’s opportunities, address institutional constraints, and enhance their voice and agency. This highlights the importance of inclusive policies and programs promoting human development, equity, and social well-being.
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FIGURE 5
 Driving gender equity: lessons from women’s empowerment in the automotive industry.


Figure 5 analyzes the impact of organizational culture on the practical implementation of gender equity strategies. It links educational initiatives with workplace policies, emphasizing the necessity of nurturing an inclusive culture that appreciates diversity. By connecting educational interventions to workplace practices, these themes highlight the importance of adopting a holistic approach to achieving gender equity.

To drive gender equity and empower women in the automotive industry, investing in education, mentoring, developing communication skills, creating support networks, and inclusive policies based on capabilities approach that recognizes and strengthens the individual agency of women and men is crucial. These actions benefit women individually and contribute to social progress and social justice.



5 The impact of targeted educational strategies on women’s empowerment in the automotive industry—a brief overview

Before the implementation of targeted educational strategies in the automotive industry, gender disparities were prevalent, with women’s empowerment being limited. Studies such as Van Engen et al. (2001) highlighted the male-dominated nature of the industry and the hierarchical structures that favored men. However, with the introduction of educational strategies focusing on empowerment, there have been noticeable shifts. Research shows that these strategies have increased employee involvement, organizational commitment, and quality improvement (Roslin et al., 2019; Sharma and Bhati, 2017). Emphasizing women’s empowerment in various aspects of the industry, as indicated by Alfaraidy (2021), has played a significant role in closing the gender gap and promoting gender diversity in leadership positions, as suggested by Horak and Cui (2017). Overall, targeted educational strategies have positively impacted women’s empowerment in the automotive industry, leading to improved gender dynamics, increased participation, and a more inclusive work environment.

In addition to highlighting the positive impact of specific educational strategies on empowering women in the automotive industry, in Figure 6 we emphasize some additional points of discussion supported by academic research in the field (Naik et al., 2019; Pološki Vokić et al., 2019; Maier and Nair-Reichert, 2008).

	• Long-term sustainability. It is critical to analyze whether these changes are sustainable in the long term and if educational strategies are continuously being adapted and improved to address the changing needs of women in the automotive industry.
	• Impact on organizational culture. Specific educational strategies can influence the organizational culture of automotive companies, promoting values of equity, inclusion, and diversity. It would be interesting to explore how these initiatives change the perception of women in the industry and how they are being received by employees, especially those in leadership positions.
	• Remaining challenges and barriers. Despite the progress made through educational strategies, challenges and barriers exist to women’s empowerment in the automotive industry. Examining what obstacles women still face regarding access to professional development opportunities, pay equality, and career advancement would be relevant.
	• Results assessment. In addition to highlighting the positive aspects of women’s empowerment, it is essential to conduct a comprehensive evaluation of the quantitative and qualitative outcomes of specific educational strategies. This could include measuring the increase in women’s participation in leadership roles, the impact on organizational culture, and the company’s perception by its employees and customers.
	• Replicability and transferability. It is vital to consider whether successful educational strategies in a specific automotive industry context can be replicated and transferred to other sectors or regions. Identifying best practices and lessons learned could help inform future women’s empowerment initiatives in different sectors and geographical locations.
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FIGURE 6
 Empowering women in automotive: educational strategies for sustainable change.


Figure 6 offers a framework for evaluating the outcomes of educational strategies enacted within the automotive sector. It identifies key performance indicators, such as the representation of women in leadership roles, shifts in organizational culture, and employee satisfaction metrics, providing data-driven insights into the effectiveness of these strategies.

Implementing targeted educational strategies has significantly reduced gender disparities within the automotive industry by empowering women and increasing their representation in leadership positions. While global initiatives have offered valuable frameworks for addressing gender imbalances, successfully applying these strategies in regions like Mexico and Latin America requires careful adaptation to these areas’ unique socio-cultural and economic contexts. Ensuring the long-term sustainability of these initiatives, their impact on organizational culture and their ability to tackle ongoing challenges—such as limited access to professional development and pay equity—are critical in achieving meaningful progress. Moreover, successfully replicating and transferring these strategies to different regions necessitates a comprehensive understanding of local workforce dynamics to enhance their effectiveness. By integrating global best practices with context-specific approaches and addressing these additional points of discussion, we can gain a more comprehensive understanding of the impact of educational strategies on women’s empowerment in the automotive industry and work towards more significant and sustainable change in the future (Segovia-Pérez et al., 2019; Sukitsch et al., 2015; Liera and Desir, 2023) and we can foster a more inclusive and equitable automotive industry that promotes sustained gender diversity and workforce inclusivity.



6 Gender barriers in the automotive industry

Despite Volvo Cars’ innovative project work, hailed for its creative flair reminiscent of a carnival, where standard hierarchies are momentarily upended, gender equality within this dynamic remains elusive (Styhre et al., 2005). The study in Volvo scrutinizes the gendered undercurrents of this spirited environment.

It acknowledges that, although project work is a hub for creativity and enthusiasm, it inadvertently perpetuates gender stereotypes. Women and men navigate an uneven playing field where technical and managerial roles are often divided along gender lines, echoing outdated stereotypes about aptitudes and preferences.

The carnival’s spirit masks a deeper issue: the tenacious grip of masculine norms within the project’s culture. Traits like risk-taking and competitiveness overshadow the value of collaboration and diversity, creating a workspace that inadvertently favors masculine attributes and overlooks the nuance of gender dynamics.

Furthermore, structural barriers loom large. The absence of solid institutional support for women’s career trajectories, especially in senior roles, coupled with insufficient measures for work-life balance, poses significant obstacles. Despite their pivotal role in project success, women’s contributions risk being marginalized or ignored, rendering their achievements invisible in the grand tapestry of corporate accomplishment.

This metaphorical carnival, while a site of temporary liberation from traditional constraints, inadvertently highlights the enduring challenges and limitations that still obstruct the path to full gender equality and inclusion.

Implementing a series of strategic actions is essential to reducing gender barriers in the automotive industry. Here are some key measures that can help address these barriers (Figure 7).

	• Gender equality policies. Automotive companies must establish and adhere to solid gender equality policies that reduce discrimination and promote equal opportunity in all business areas. Sukalova and Ceniga (2021) highlight the competitive advantage of this type of policy, while Warth (2009) emphasizes the need for a combination of voluntary and legislative measures to address gender inequalities. Other studies highlight the corporate social responsibility to respect women’s rights and call for a human gender perspective in the business and rights agenda (United Nations Human Rights Council, 2019; Wettstein, 2012; Ramasastry, 2015). These studies collectively support the establishment and adherence to gender equality policies that reduce discrimination and promote equal opportunity by integrating both sides to open the possibility of formulating a human rights agenda for corporations. This includes policies for fair hiring, merit-based promotions, and closing the gender pay gap.
	• Sensitization and training programs. Implementing awareness and training programs for all employees, especially those in leadership and decision-making positions, is crucial. Latu et al. (2015) and Tan et al. (2020) highlight the need for leadership development programs that focus on understanding and counteracting unconscious gender biases. Bondarevskaya (2015) highlights the value of training programs in addressing gender stereotypes. Meanwhile, Lefringhausen et al. (2020) suggest that changing discriminatory behavior should be a cultural issue, not just a training issue. Together, these findings underscore the need for comprehensive and ongoing training programs that address gender stereotypes, unconscious biases, and discriminatory behaviors, thereby promoting a more inclusive and respectful organizational culture.
	• Promotion of diversity. Automotive companies must actively promote gender diversity at all levels of the organization, including leadership and management positions. Azmat and Boring (2020) note that it is essential to consider the difficulties women face in advancing their careers due to barriers in the system. They also emphasize that policies, such as gender quotas, mentoring programs, and policies that support the family can help overcome these barriers. On the other hand, Garcia-Blandon et al. (2024) stated that companies must actively prioritize gender diversity, which must be led and supported by senior management. Furthermore, the article emphasizes the importance of creating an inclusive company culture that encourages equal opportunities for all. Velinov (2023) highlights the importance of empowering women in the workplace through programs such as mentoring and training and organizational policies promoting gender equality. The findings indicate that a multifaceted approach is crucial to achieving gender diversity in leadership and management positions.
	• Support for work-family balance. Policies and programs that support work-life balance, such as flexible schedules, paid maternity leave, on-site childcare, and remote work options (Sabattini and Crosby, 2016; Foster Thompson and Aspinwall, 2009; Kossek et al., 2011; Friedman, 2001), are essential. Research consistently shows that these initiatives improve productivity and effectiveness, support cultural change, and create more inclusive workplaces (Sabattini and Crosby, 2016). This could help remove barriers women face due to family responsibilities and facilitate their participation and advancement in the automotive industry.
	• Promotion of female leadership. Research consistently supports the importance of companies actively promoting female leadership development. Automotive companies should encourage this development through mentoring, training, and leadership skills training programs, which various studies have identified as effective strategies (Russell et al., 2023; Bonnywell, 2017; Beeson and Valerio, 2012). These programs can help women overcome the barriers they face in leadership roles and strengthen their skills. However, it is also essential that companies create specific opportunities for women to take on leadership roles and increase their visibility within the organization (Beeson and Valerio, 2012).
	• Transparency and accountability. Companies must be transparent in their gender equality practices and accountable for results. Various research shows that transparency can lead to positive results. Duchini et al. (2020) and Bennedsen et al. (2022) found that mandatory pay transparency can reduce the gender pay gap. This suggests that openness can lead to more equitable hiring practices. Sharkey et al. (2022) found that companies that reported pay parity experienced a short-term improvement in employee evaluations. Conley and Torbus (2018) emphasize the importance of transparency in addressing the gender pay gap, highlighting its role in raising awareness and driving action. These findings underscore the need for companies to be transparent in their gender equality practices and accountable for results.
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FIGURE 7
 Strategic actions for breaking gender barriers in the automotive industry.


Figure 7 concentrates on identifying and addressing the barriers that inhibit women’s full participation in the automotive industry. It classifies obstacles such as gender biases, limited mentorship opportunities, and challenges related to work-life balance, and proposes targeted interventions to alleviate these issues.

By taking concrete actions in these areas, automotive companies can significantly contribute to eliminating or reducing gender barriers in the industry, promoting a more equitable, inclusive, and diverse environment for all employees.



7 The intersection of gender differences and equality

Despite the improvements made through various initiatives, the literature review reveals enduring challenges and limitations in pursuing gender equality. The research probes into the intricate web of gender differences in basic skills and personality and how these differences align—or clash—with gender equality indicators.

The controversy at the heart of this dialogue is whether societies known for championing gender equality narrow or widen gender disparities. This problem calls for an integrated analysis that scrutinizes a spectrum of theories—from social-role to evolutionary—that forecast diverging patterns of gender differences in egalitarian contexts. The empirical evidence drawn from the PISA and TIMSS assessments scrutinizes gender variations in academic prowess and personality constructs, such as the Big Five and HEXACO. Yet, this research has its hurdles: measurement issues, confounding variables, and the perennial specter of publication bias.

Moreover, the so-called “gender equality paradox”— the more egalitarian societies, the more pronounced gender differences persist —suggests a complex gene–environment–culture interplay. This paradox underscores the fact that societal attitudes, ingrained stereotypes, and systemic hurdles impede the path to full equality and inclusion. These factors reflect a nuanced reality where individualism, self-expression, and gendered preferences and choices remain entangled within the broader societal fabric.

Based on the importance of comprehensive analysis of various studies and empirical data to understand gender differences in academic abilities and personality constructs in contexts of gender equality, we propose several areas of focus for future studies (Figure 8).
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FIGURE 8
 Advancing gender equity: exploring key research areas for comprehensive understanding and effective strategies.


Figure 8 illustrates how successful educational strategies can be scaled and tailored across various regions, including Mexico and Latin America. It emphasizes the importance of contextualizing global best practices to meet region-specific challenges, ensuring that interventions remain culturally and economically relevant.

Elaborating on the key research areas and strategies for advancing gender equity, we have the following.

	• Exploration of cultural and social factors. Investigating how cultural and social norms influence gender perception and the educational and professional opportunities of men and women. This may include comparative studies across different cultures and societies to understand better differences and similarities in gender disparities (Andersen and Smith, 2022).
	• Examining intersectionality. Investigating how other factors such as race, social class, sexual orientation, and gender identity interact with gender to influence individuals’ educational and occupational experiences. Understanding how these diverse identities intersect can provide a more comprehensive view of the inequalities faced by certain groups (Zimmermann and Seiler, 2019).
	• Longitudinal research. Conducting long-term studies to examine how gender disparities in academic abilities and professional trajectories change over time and how policies and practices may affect these trends (Bedard et al., 2021; Huang et al., 2020).
	• Analysis of policies and practices. Evaluating the impact of specific policies promoting gender equality in education and the workplace. This may include analyzing quota policies, mentoring programs, gender awareness initiatives, and measures to address gender bias in selection and promotion (Voorspoels and Bleijenbergh, 2019; Stromquist, 2013).
	• Research on well-being and satisfaction. Exploring how gender differences in academic abilities and professional roles impact emotional well-being, job satisfaction, and quality of life for men and women. Understanding these dimensions can help inform policies and practices that promote a more equitable and healthier environment for all (Brown and Duan, 2007; Bilimoria et al., 2006; Machado-Taylor et al., 2014).

Addressing these research areas can help future studies gain a more comprehensive understanding of gender disparities and develop effective strategies to promote gender equity in all areas of society.



8 Future directions and policy implications

Amid the advancements heralding gender equality in the automotive industry, we must acknowledge the multifaceted challenges that continue to regulate full inclusion and parity. Traditional gender roles and implicit biases form an invisible yet formidable roadblock, often dictating career trajectories and influencing workplace dynamics in subtle yet significant ways. Persistent stereotypes and double standards serve as additional speed bumps on the path to equality, questioning women’s capabilities and leadership styles in a field dominated by men.

Despite strides toward bridging the gender pay gap, the chasm remains, fed by entrenched systemic issues like occupational segregation and negotiation disparities. The scarcity of women in leadership roles points to a glass ceiling that refuses to shatter completely, while work-life balance and unconscious bias present persistent detours. The road to success is further complicated for women who navigate multiple identities, where intersectionality reveals compounded layers of challenge and discrimination.

Legal frameworks and policies have not yet caught up with the need for robust protections against workplace discrimination and unequal pay. Enforcement is lackluster, leaving many cases of injustice in the shadows, unaddressed due to fear of retribution. Cultural shifts are imperative, requiring a change in mindset and the active engagement of men as allies to uproot harmful norms and practices.

The journey ahead calls for a comprehensive landscape mapping through gender-disaggregated data and intersectional metrics, ensuring no one is left behind in policy formulations. Future research should focus on identifying the choke points and accelerators of gender equality, while education strategies must be recalibrated to drive a cultural shift in perspectives. Policy actions should be laser-focused on closing gaps, enforcing legal protections, and facilitating international collaborations to turbocharge women’s empowerment. The ignition of change in the automotive industry is underway. Still, it requires a continuous fueling of efforts, policy reform, and global cooperation to sustain momentum and drive forward the agenda of women’s empowerment to its full potential.

Educational institutions play a fundamental role in promoting gender equity in the automotive industry. They can achieve this by developing inclusive academic programs that specifically address topics related to gender equality, female leadership, and diversity in the automotive industry. These programs may include specialized courses, workshops, and seminars that educate students about the importance of gender equity and provide them with the necessary skills to tackle challenges and seize opportunities in a diverse workplace. Additionally, as educational institutions, they can promote female role models in the automotive industry through events, conferences, and panel discussions. Inviting women leaders in prominent roles within the industry to share their experiences and advice can be incredibly motivating for students, showing them that they have a legitimate place in the industry and can reach similar heights. Encouraging female participation in fields related to science, technology, engineering, and mathematics from a young age is also essential for increasing gender diversity in the automotive industry. This may involve creating extracurricular programs, summer camps, and educational activities specifically designed to engage girls and young women in STEM and demonstrate the exciting career opportunities available in the industry. Furthermore, establishing collaborations and partnerships with automotive companies to offer students practical opportunities, internships, and research projects can provide them with invaluable real-world experience and help them develop relevant industry skills. This can also open doors for future employment opportunities once students graduate. Finally, researching and analyzing gender barriers in the automotive industry can help identify areas where improvements are needed and propose practical solutions. By collaborating with industry experts, students, and other researchers, innovative ideas and policies to promote gender equality and inclusion in the automotive industry can be generated, laying the groundwork for significant and lasting change.



9 Conclusion

The automotive industry is at a crossroads, influenced by rapid technological innovations, environmental imperatives, and shifting consumer preferences. These developments necessitate a skilled and continuously evolving workforce, underlining the importance of education and training, particularly for women. Historically, women have encountered significant barriers in this sector, ranging from limited access to crucial roles to challenges climbing the professional ladder. Despite these obstacles, concerted education and training initiatives have begun to turn the tide, offering women better opportunities for involvement and advancement in the automotive industry.

The industry has witnessed a notable increase in women’s participation and success by adopting targeted educational strategies, such as specialized training programs and mentorship initiatives. For instance, programs that enhance women’s technical skills and leadership capabilities have shown promising results, with a gradual increase in the number of women holding key positions within the industry. This progress highlights the potential of focused educational efforts in Women’s empowerment leads to improved workplace performance and inclusivity.

Based on the challenges and proposed solutions in other geographical regions to address the gender gap, promote equality in the workplace, and empower women in the automotive industry, we propose some guidelines, legal frameworks, and policies that could be implemented in Mexico and other regions of Latin America.

	• Implement and strengthen laws and regulations reducing gender discrimination in the workplace and ensuring equal pay for equal work or work of equal value. This would include effectively enforcing existing laws and introducing new legislative provisions where necessary.
	• Establish measures to promote salary transparency, such as mandatory disclosure of salary data by gender and position in all companies. This will allow for more effective identification and addressing of wage disparities.
	• Implement policies that facilitate a better balance between work and personal life, such as equitable parental leave, flexible schedules, and childcare facilities, which will help eliminate barriers women face in their careers.
	• Develop training and awareness programs targeting both employers and employees, aiming to eliminate gender biases and promote an inclusive work culture that values and supports gender diversity at all organizational levels.
	• Foster collaboration among government, businesses, civil society organizations, and academia to develop and implement effective policies and programs that promote gender equality and women’s empowerment in the automotive industry.
	• Invest in research and data collection disaggregated by gender to understand better the causes and consequences of gender disparities in the automotive industry. This will enable the development of more effective policies and the monitoring of their impact over time.

By implementing these guidelines and policies, Mexico and Latin America can move towards a more equitable and empowering work environment for women in the automotive industry, following the example of best practices and experiences from other geographical regions. In conclusion, the journey towards gender equality and inclusion in the automotive sector is ongoing. The need for continuous education and adaptive training remains paramount in empowering women to meet the challenges and seize the opportunities of this evolving sector. As we move forward, it is crucial to maintain momentum through research, supportive policies, and international collaboration, ensuring that the drive for women’s empowerment in the automotive industry reaches its full potential, thereby enriching the sector and society.
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The advent of Artificial Intelligence has revolutionized how students can solve academic assignments. In particular, the Conditional Generative Pretrained Transformer, ChatGPT, has become a powerful tool for generating quick solutions to academic assignments in higher education. However, we are still at the beginning of its use and do not yet know the scope or consequences that this will bring to developing both disciplinary and transversal graduation competencies. Here, we report a pilot study in two digital subjects in higher education with the resolution of activities using ChatGPT. The students were exposed to carrying out these assignments individually, and then they verified the quality of their work with traditional sources of high academic quality. After surveying what they experienced, some declared that this was their first time using ChatGPT, while others had already used the tool. The tool has many advantages for the student, such as the immediacy of the information, ease, and availability. However, many concerns arose about the veracity and depth of the topics covered and discomfort based on whether the tool would supplant the teacher or whether the development of skills and competencies would be affected. The need for urgent modifications to the code of academic integrity and the application of new ethics for the use of AI is clear. Our results indicate that teachers should be prepared to use AI expeditiously and that detectors for text generated by AI should be available for evaluation on using this powerful tool.
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1 Introduction

One of the significant challenges facing higher education today is that teachers must teach a generation of students who are digital natives, which puts an intense pressure on teachers to keep up to date in the use of new technologies and teaching strategies. Technological advances have also made education evolve at a dizzying speed. A constant challenge is the teaching update; however, at the end of 2022, as a post-COVID-19 event, the advent of artificial intelligence (AI) attracted great attention and discussion about its usefulness and risks. Educational models such as Project-based, Practical-based, Challenge-based, and Problem-based learning (Membrillo-Hernández et al., 2021) are being adapted to a new reality (Akgun and Greenhow, 2022). Among notable advances in AI, the Conditional Generative Pretrained Transformer ChatGPT has emerged as a prominent development. Developed by OpenAI, ChatGPT (Stojanov, 2023)1 is an advanced natural language processing (NLP) model that is trained on a massive amount of data, including billions of web pages and documents, making it capable of generating human-like text responses to prompts (Stojanov, 2023). Since its launch, it has quickly become one of the fastest-growing consumer applications in history, with an estimated 100 million active users monthly. ChatGPT is a language model that uses deep learning techniques to generate text responses that resemble human language.

Integrating ChatGPT into education can revolutionize traditional teaching approaches by providing students with personalized and interactive learning experiences (Crawford et al., 2023). There are known implications for teaching, learning, academic research, epistemology, the digital transformation of educational institutions, and even ethics (García-Martínez et al., 2023; García-Peñalvo, 2023; Stokel-Walker, 2022). Several investigations have shown that incorporating GPT in education could provide personalized feedback and interactive learning experiences (García-Martínez et al., 2023). It can help students understand complex concepts and theories by offering real-time explanations and illustrative examples when applied to STEM topics. However, there is a paucity of research on the effects of ChatGPT on academic performance (Anderson et al., 2023). In this line, UNESCO2 differentiates three dimensions of the link between AI and education: (i) learning to use AI tools in the classroom, (ii) learning to know AI and its technical possibilities, (iii) raising public awareness about the impact of AI on people’s lives. We are still ignorant of the impact of ChatGPT in education; proof of this is that some universities, such as those in Hong Kong and some in France and Italy, have prohibited its use or have established severe sanctions in some cases. Other universities are updating their academic integrity policies and adapting the exams to prevent the misuse of ChatGPT by students (Tlili et al., 2023).

The main objective of this research is to explore the impact of ChatGPT on the academic performance of higher education students in digital distance learning courses, specifically in Mathematics and Biology, in an educational environment governed by challenge-based learning. In that first study, we will focus on the effect of adopting ChatGPT. This study is part of a pilot program to test different applications of ChatGPT and evaluate its suitability in higher education courses in specific STEM disciplines. The results are part of a study that evaluated students and teachers using AI. More specifically, by using the Tec21 educational model, a challenge-based learning model (Membrillo-Hernández et al., 2021), we were able to examine whether AI could improve this type of teaching. Assessment methods, exercise design, and student feedback were collected to comprehensively analyze the possibilities of using an AI chatbot like ChatGPT.


1.1 Literature review


1.1.1 The role of ChatGPT in higher education

ChatGPT has emerged as a transformative tool in higher education, enabling enhanced learning experiences for students and educators. Studies highlight its ability to provide instant feedback, clarify doubts, and assist in personalized learning, contributing to student success and reducing cognitive overload (Kasneci et al., 2023; Wang et al., 2024). AI-driven tools like ChatGPT are particularly valuable in facilitating accessibility, enabling students from diverse backgrounds to bridge learning gaps. For instance, ChatGPT can simplify complex topics, draft essay outlines, and support collaborative learning (Dwivedi et al., 2021). However, researchers also emphasize the need for human oversight to ensure its effective integration into curricula, as over-reliance on AI may hinder critical thinking and creativity.



1.1.2 Ethical challenges in the use of AI tools

The integration of AI tools into education raises critical ethical concerns. One primary issue is the potential misuse of tools like ChatGPT for plagiarism and academic dishonesty, undermining the principles of academic integrity (Lee et al., 2024). Moreover, AI algorithms are prone to biases that may influence the content generated, inadvertently reinforcing stereotypes or delivering inaccurate information (Birhane, 2021). To address these concerns, universities must adopt ethical guidelines and promote responsible use of AI among students and faculty (Dwivedi et al., 2021).



1.1.3 Balancing innovation with ethical responsibility

The challenge lies in balancing the transformative potential of ChatGPT with ethical responsibilities. Researchers suggest implementing AI literacy programs to help students critically evaluate AI outputs and use them as supplements rather than replacements for original thought (Kasneci et al., 2023). Furthermore, ethical AI governance, including transparency in AI design and the integration of fairness principles, is crucial for fostering trust and ensuring equity in education (Farooqi et al., 2024). Educators, developers, and policymakers must collaborate to ensure that AI tools like ChatGPT promote inclusivity and integrity.



1.1.4 The future of AI ethics in education

The growing influence of AI in higher education necessitates a proactive approach to ethics. Institutions must develop comprehensive frameworks prioritizing accountability, privacy, and inclusivity in AI-driven learning environments (Soori et al., 2023). Future research should explore the long-term implications of AI on student learning outcomes and cognitive development. By aligning ethical practices with innovative uses of tools like ChatGPT, higher education can unlock the full potential of AI while upholding its commitment to equitable and responsible learning.

This literature review provides a holistic view of ChatGPT’s role in higher education, focusing on its benefits and the ethical considerations for responsible implementation. In this report, we assess students’ perceptions about adopting ChatGPT in learning activities in Digital Education courses, considering three dimensions: acceptance of the tool, instructional design of the activity, and development of critical thinking. In addition, to identify relevant findings to guide future AI-based pedagogical implementations.





2 Methodology

Throughout the February–June 2023 semester, Tecnologico de Monterrey in Mexico ran a pilot program to evaluate the integration of ChatGPT within digital higher education courses. This pilot program was conducted in “Fundamentals of Biological Systems” and “Mathematics and Data Science for Decision Making” from the School of Engineering and Sciences of the Tecnologico de Monterrey. These courses share several distinctive attributes: both are university-level, national in scope, delivered online, and enroll a significant number of students. These courses are accessible to students of various majors and are included in the general education category in the academic curriculum. The purpose of general education courses is to provide fundamental knowledge and basic methodologies in specific areas of knowledge, offer a broad perspective, and improve students’ cognitive skills.

The “Fundamentals of Biological Systems” course was made up of 94 students from six different campuses (Tecnologico de Monterrey has 26 campuses spread throughout Mexico): State of Mexico, Guadalajara, Monterrey, Puebla, Querétaro and Toluca. In this course, ChatGPT was used within an individual activity titled “Feed your microbiota: Exploring the impact of your favorite foods on gut health.” The main objective of this activity was to investigate the influence of personal food preferences on the intestinal microbiota and to develop dietary adjustments to improve health and well-being. The students used ChatGPT as a starting point for their research, providing nutritional information and ingredients for commonly consumed products. By consulting ChatGPT, the students gained insight into how these products could affect their gut microbiota using a quick example provided. After this, students were tasked with validating the information derived from ChatGPT by cross-checking it with at least two academic, reliable, verifiable, and current sources.

On the other hand, the course “Mathematics and Data Science for Decision Making” was made up of 392 students from various campuses throughout Mexico, including Monterrey, Querétaro, Guadalajara, Saltillo, Tampico, Toluca, Mexico City, León, Chihuahua, San Luis Potosí, Aguascalientes, Hermosillo, Morelia, Laguna, Hidalgo, Puebla, Santa Fe, Chiapas, Irapuato, and Cuernavaca. ChatGPT was integrated into the activity titled “Machine Learning Research with ChatGPT.” The main objective of this activity was to investigate practical applications of the scikit-learn library in Python for machine learning. The focus was cultivating a comprehensive understanding of standard algorithms and data science methodologies across various academic disciplines. In the context of this course, ChatGPT acted as a virtual research assistant to help the student with topics that may require more attention, especially those that can be addressed through data science, emphasizing scikit-learn algorithms. In addition, it allowed for further exploration of these algorithms and helped to obtain relevant Python code examples tailored to each student’s area of interest. Throughout the activity, students were provided with sample prompts designed to guide their research process.


2.1 Data collection

In both courses, upon the completion of the ChatGPT-assisted activity, a concluding survey was conducted. The primary purpose of this survey was to assess students’ overall perception of the learning activity supported by ChatGPT and to gauge their acceptance of this tool within the educational process. The survey included fifteen items, with thirteen items evaluated on a Likert scale spanning from 1 (strongly disagree) to 10 (strongly agree) and two open questions (see Table 1). The Likert-scale items are inspired by the Unified Theory of Acceptance and Use of Technology (UTAUT2) model (Joshi et al., 2015). These thirteen items aligned with critical thinking, instructional design, technology acceptance, and usage. Furthermore, the survey encompassed open-ended questions about the ongoing enhancement of the learning experience and an inquiry about awareness of the institutional stance on academic integrity concerning the use of ChatGPT. The questions in the survey may seem repetitive. However, they were filtered and consulted with experts in Psychology and Pedagogical Architects and were recommended as such since they are sequential in analyzing students’ perceptions when using ChatGPT.



TABLE 1 Dimensions and corresponding survey items (Likert scale: 1–10) used to assess students’ perceptions of ChatGPT integration in learning activities.
[image: Table with three columns: Dimension, Item, and Item ID. Under "Acceptance of the AI Tool," items include statements about ChatGPT's usefulness and user-friendliness, with IDs Q1 to Q5. "Instructional Design of the Learning Activity" includes statements on understanding and focus, with IDs Q6 and Q7. "Critical Thinking" items discuss analysis, reflection, self-interpretation, and judgment challenges, with IDs Q8 to Q13.]



2.2 Data analysis


2.2.1 Likert-scale items

The responses to the Likert-scale items from the concluding survey were analyzed as continuous variables for comparison purposes. For each item, means and standard deviations (SD) were calculated. To facilitate the interpretation of the results, the Likert-scale questions were grouped into three dimensions: Acceptance of the AI Tool, Instructional Design of the Learning Activity, and Critical Thinking (as shown in Table 1). The averages for each dimension were calculated by averaging the scores of the items corresponding to that dimension.

To compare the responses between the two courses, independent t-tests were conducted at a significance level of 0.05 to determine statistical differences. All analyses, including the calculation of means, SD, t-tests, and the creation of bar graphs, were performed in Microsoft Excel.



2.2.2 Open-ended questions

To gain insight into students’ perceptions of the ChatGPT-assisted activities, the open-ended responses to the survey question “What I liked most about the ChatGPT activity” were analyzed using two complementary approaches: sentiment polarity and topic modeling. These methods offered a comprehensive understanding of the feedback’s emotional tone and thematic structure.

The emotional tone of each response was evaluated through sentiment polarity analysis using Python’s TextBlob library. This method assigned a numerical value ranging from −1 (indicating negative sentiment) to 1 (indicating positive sentiment) to each response, with scores of 0 classified as neutral. This analysis provided an overview of students’ emotional reactions to the activity by categorizing responses into positive, neutral, or negative sentiments.

Topic-modeling techniques were applied to the text responses to uncover recurring themes. Originally in Spanish, answers were preprocessed to ensure consistency and accuracy in the analysis. This process included splitting the text into individual words, removing stop words, and applying lemmatization to standardize terms.

Two topic-modeling methods were used: Latent Dirichlet Allocation (LDA) and Latent Semantic Analysis (LSA). LDA, a probabilistic technique for identifying topics in a collection of documents, was implemented following the approach described by Blei et al. (2003). Based on Singular Value Decomposition (SVD), LSA was applied to extract latent semantic structures in the text, as described by Deerwester et al. (1990). Preprocessing steps, including lemmatization of the Spanish text, were carried out using spaCy (http://spacy.io).

Additionally, a word cloud was generated to visually represent the most frequently used words in students’ responses. To ensure accuracy, the text was tokenized and cleaned by removing common words (such as articles and pronouns) using the nltk library in Python. This preprocessing allowed the analysis to focus on nouns, verbs, and descriptive words that captured students’ experiences rather than grammatical elements. The word cloud provided a quick and intuitive visualization of the key themes emerging from the open-ended responses, complementing the structured insights obtained from topic modeling.

These analyses provided structured insights into students’ perceptions. Sentiment polarity highlighted the overall emotional tone of the answers, while topic modeling and the word cloud revealed key themes, offering a comprehensive understanding of the qualitative data.





3 Results

This study involved two exploratory courses from the School of Engineering and Sciences: “Fundamentals of Biological Systems” and “Mathematics and Data Science for Decision Making”. Both courses integrated ChatGPT into their learning activities, which required students to use the tool and validate the information provided by ChatGPT using formal academic sources, such as peer-reviewed articles, books, and verified websites. After completing the activities, students evaluated their experiences through a survey, with items grouped into three dimensions: Acceptance of the AI Tool (Q1–Q5), Instructional Design of the Learning Activity (Q6–Q7), and Critical Thinking (Q8–Q13) (see Table 1).


3.1 Comparative results between courses

The survey responses revealed significant differences between the two courses, particularly in the Acceptance of the AI Tool dimension. As shown in Figure 1, students in the “Mathematics and Data Science for Decision Making” course rated this dimension higher on average than those in the “Fundamentals of Biological Systems” course. This suggests that students in the mathematics course found ChatGPT more user-friendly and effective for their tasks. However, the data also show more significant variation in the “Fundamentals of Biological Systems” course, as evidenced by more significant standard deviations in the survey responses for this dimension (see Table 2).

[image: Bar chart comparing average Likert ratings for two courses: blue for Fundamentals of Biological Systems and orange for Mathematics and Data Science for Decision Making. Categories assessed are Acceptance of the AI Tool, Instructional Design of the Learning Activity, and Critical Thinking. All ratings are close to nine, with the Acceptance of the AI Tool differing slightly, indicated by an asterisk.]

FIGURE 1
 Average Likert scores (0–10) for the dimensions of Acceptance of the AI Tool, Instructional Design of the Learning Activity, and Critical Thinking across both courses. The asterisk indicates a significant difference between courses as determined by a t-test (p ≤ 0.05). Error bars represent standard deviations (SD).




TABLE 2 Mean scores and standard deviations of survey items evaluating students' perceptions of ChatGPT integration in learning activities (Likert scale: 1–10).
[image: A table displays mean and standard deviation (SD) values for two courses: "Fundamentals of Biological Systems" and "Mathematics and Data Science for Decision Making" across thirteen questions (Q1-Q13). Each question has corresponding mean ± SD values for both courses, showcasing variations in performance metrics.]

The more significant variation in the “Fundamentals of Biological Systems” course could be attributed to the smaller sample size compared to the “Mathematics and Data Science for Decision Making” course. The smaller group size may amplify individual differences in students’ perceptions, leading to higher response variability.

While both courses showed similar scores in the Instructional Design of the Learning Activity and Critical Thinking dimensions, it is important to highlight the consistently lower scores for items Q11, Q12, and Q13 related to critical evaluation and validation of information provided by ChatGPT.



3.2 Survey results by item

The survey items were analyzed to identify specific trends within each dimension. For Acceptance of the AI Tool (Q1–Q5), students in both courses rated the tool highly for its usability and efficiency. For example, Q1, which evaluated whether ChatGPT allowed students to complete activities more quickly, received some of the highest scores across both courses (9.36 ± 2.01 in “Fundamentals of Biological Systems” and 9.76 ± 0.76 in “Mathematics and Data Science for Decision Making”). The high scores in this dimension suggest that students perceived ChatGPT as a helpful and user-friendly tool for completing tasks.

The Instructional Design of the Learning Activity (Q6–Q7) dimension also received positive feedback. Q6, which assessed whether the professor’s instructions were clear, was rated highly in both courses (9.59 ± 0.88 and 9.26 ± 1.44), indicating that the activities were well-structured and communicated. Students’ engagement with the activities was also reflected in their responses to Q7, which asked whether ChatGPT helped them stay focused.

In contrast, the Critical Thinking (Q8–Q13) dimension revealed areas where students faced challenges. Items Q11, Q12, and Q13, which specifically addressed students’ ability to evaluate and validate information provided by ChatGPT, received the lowest scores across both courses. For instance, Q12, which asked whether the activity encouraged students to look for information from other sources, scored 8.62 ± 2.20 in “Fundamentals of Biological Systems” and 8.43 ± 2.31 in “Mathematics and Data Science for Decision Making”. These scores are notable, given that students were explicitly instructed to validate ChatGPT’s outputs using formal sources. Similarly, Q11 and Q13, which evaluated the use of independent judgment and skepticism regarding ChatGPT’s outputs, also scored lower. These results suggest that while students found ChatGPT helpful, its integration into the activities did not strongly foster critical evaluation or validation skills.



3.3 Perception of students on the use of ChatGPT

To explore students’ perceptions and feelings regarding the integration of ChatGPT in their academic activities, we employed a data-driven approach to analyzing responses to open-ended survey questions. Students were asked, “What did you like most about the activity that integrates ChatGPT?” The collected responses were analyzed using Python with natural language processing libraries, as detailed in the methodology.

Initially, sentiment polarity was calculated for each response, ranging from −1 (negative) to 1 (positive). Neutral responses scored at 0. The sentiment distribution revealed that 90% of the responses were neutral, while only 2% were positive and 8% negative (Figure 2A). This high percentage of neutral responses indicates that many students might still lack familiarity with ChatGPT’s full capabilities or harbor uncertainties about its potential. Additionally, a word cloud was generated to visually represent the most frequently used words in students’ responses. As described in the methodology, the text was preprocessed using the nltk library to remove common words and highlight key terms. As shown in Figure 2B, the most frequently used words were information, simplicity, new, tool, and technology.

[image: Chart A shows a pie chart titled "Feeling distribution of responses" with 90% neutral, 8% negative, and 2% positive responses. Chart B displays a word cloud with prominent words like "Information," "Use," "Simple," "Easy," and "Technology."]

FIGURE 2
 (A) Distribution of the analysis results of the feelings generated from the responses to the open question, “What did I like most about the activity with ChatGPT?” This analysis includes reactions from the courses “fundamentals of biological systems” and “mathematics and data science for decision making.” (B) Word cloud analysis of the responses to the same open question.


To gain deeper insights and address the limitations of sentiment analysis, we employed advanced natural language processing techniques, including Latent Dirichlet Allocation (LDA) and Latent Semantic Analysis (LSA), to perform topic modeling on the open-ended responses. This approach enabled us to uncover underlying themes in the feedback and better understand the nuances of student perceptions.

The LDA topic modeling revealed five key themes. These themes included: (1) Use of tools for information retrieval, emphasizing simplicity and efficiency; (2) Rapid and dynamic learning with technology, showcasing students’ appreciation for ChatGPT’s innovative capabilities; (3) Ease and speed of ChatGPT usage, highlighting its accessibility; (4) Research and specific responses, reflecting its role in supporting precise academic inquiries; and (5) Technology and artificial intelligence as support tools, underlining the broader relevance of AI in learning contexts.

Complementing these findings, LSA grouped responses into related categories, further emphasizing ChatGPT’s practical utility and role in facilitating innovative and efficient learning experiences. Responses described ChatGPT as a tool that “simplifies research,” “saves time,” and “provides clear and concise explanations.” However, some students expressed concerns about the reliability of ChatGPT’s outputs and emphasized the importance of validating its responses with credible sources.

Transitioning from sentiment polarity to topic modeling underscores the importance of employing advanced techniques to interpret complex qualitative data. While the sentiment analysis highlighted the prevalence of neutral opinions, the topic modeling illuminated how students viewed ChatGPT as both a facilitator of efficient learning and a tool requiring responsible use and validation. These findings offer a nuanced perspective on student perceptions, bridging initial neutrality with deeper thematic insights.




4 Discussion

ChatGPT and similar AI tools have rapidly gained significance in higher education, reshaping how students and educators interact with information and learn. These tools offer instant access to vast knowledge repositories, enabling students to explore topics in-depth, generate ideas, and receive personalized assistance. For educators, AI provides innovative ways to design interactive learning experiences and streamline administrative tasks, such as grading or creating lesson plans. The availability of such technology enhances accessibility, allowing students from diverse backgrounds to learn effectively at their own pace.

However, with great power comes great responsibility, and the ethical implications of using AI tools in education cannot be overlooked. One of the primary concerns is ensuring academic integrity. Tools like ChatGPT can inadvertently facilitate plagiarism or undermine critical thinking when misused. Educational institutions must prioritize teaching students how to use AI responsibly—encouraging them to view it as a supplement to their efforts rather than a replacement. Establishing guidelines for ethical AI use in academia can help maintain the quality and credibility of education.

This study describes a pilot experiment to analyze students’ perceptions about the use of the artificial intelligence tool ChatGPT in two science classes at the Tecnologico de Monterrey. The students’ responses clearly show that we are still at the beginning of using this tool and remain ignorant of its potential. ChatGPT has been used in various academic activities (Stokel-Walker, 2022), but the impact on the future is still unknown.

One advantage of using ChatGPT is instant access to information since it allows access to information in real-time. In addition, ChatGPT can encourage personalized learning, as it can adapt to students’ individual needs, offering explanations and examples that fit their level of knowledge and learning style. It can also promote self-directed learning, motivating students to explore topics of interest at their own pace and level.

However, some student responses pointed out that ChatGPT may constitute a danger by creating excessive dependency and preventing consultation of documents of high academic quality. This would strongly impact the development of critical thinking skills, reasoning for complexity, and problem-solving. An interesting note had to do with the fact that in the future, ChatGPT could lead us to lose interaction with humans, and ChatGPT could be the teacher, the teammate, the one who answers questions of all kinds. On the other hand, a student commented on the lack of precision in the data used by ChatGPT, which is often not updated, or a paid version is required to access updated content. Many other potential dangers were mentioned, such as response bias, the probable failure to secure student data, and the limited development of STEM graduation competencies. We are still at the beginning of the use of ChatGPT; we do not yet know the consequences of its use, but we must take into account the new rules already imposed by academic authorities on the use of these tools. Several universities have even banned its use.

Another ethical aspect lies in the transparency and fairness of AI tools. Biases in AI models could reinforce stereotypes or propagate misinformation, leading to unintended consequences in learning environments. Institutions should advocate for using ethical AI systems built with inclusivity in mind. At the same time, educators must emphasize the importance of evaluating AI outputs critically to ensure the information aligns with reliable, factual sources.

ChatGPT in higher education can significantly benefit student learning if implemented carefully and thoughtfully. However, it is important to recognize and address the potential risks and limitations associated with its use, thereby ensuring a practical and ethical educational experience. The academic integrity code of all universities today includes the responsible use of Artificial Intelligence. When students were questioned, to our surprise, a third of the population surveyed did not know about the modifications to the regulations.

There is still much to learn about using artificial intelligence tools, but at least in these first drafts of higher education, we can say that they can be useful when used responsibly and can help solve many academic problems in many areas of knowledge.

Ultimately, integrating AI tools like ChatGPT in higher education presents an incredible opportunity to enhance learning but must be guided by ethical principles. These include promoting responsible use, fostering critical engagement with AI outputs, and ensuring fairness and transparency in their deployment. By addressing these ethical concerns, higher education can harness the benefits of AI while upholding its commitment to nurturing informed, thoughtful, and socially responsible learners.
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This manuscript introduces an educational approach by integrating Industry 4.0 and 5.0 technologies within a Smart Factory learning environment at Tecnologico de Monterrey (Tec) and through international collaboration with the Massachusetts Institute of Technology (MIT). It addresses the challenge of adapting engineering education to the demands of smart manufacturing, highlighting the importance of hands-on experience with cyberphysical systems, Additive Manufacturing (AM), Supervisory Control and Data Acquisition (SCADA) integration, and robotics. By integrating the curriculum with Sustainable Development Goals (SDGs), the initiative aims to train engineers capable of contributing to sustainable industrial practices and innovation. The Automation of Manufacturing Systems course provides immersive learning through direct engagement with advanced technologies and methodologies. Students develop technical skills in collaborative robots (cobots), human-machine interfaces (HMI), computer vision and Programmable Logic Controller (PLC) programming. This also develops methodological skills in analytical thinking problem-solving and other competences. The curricula further enhanced social and personal competencies, preparing students to lead in a technologically advanced and sustainable industrial environment. With the emergence of Industry 5.0, which emphasizes sustainability and worker wellbeing, this educational model integrates social behavior science with digital technologies in a student-centered approach. The presented case study highlights the effectiveness of redesigning the course to include immersive learning experiences focused on Industry 4.0 and 5.0 skills. A student survey conducted at the end of the course validated these findings, revealing high satisfaction levels (9.65/10) associated with developing new skills, exploring new concepts, generating new ideas, and promoting innovative thinking. Both the students and the teaching team offered recommendations to further scale and improve the course.
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1 Introduction

Sectors worldwide are transitioning to Industry 4.0, driving universities to adapt engineering education to include emerging technologies. Industry 4.0 refers to the integration of digital technologies in manufacturing to drive benefit innovation during industrialization stage, relevant components are shown in Table 1. These technologies enable smart factories where machines and systems communicate and optimize production processes autonomously, enhancing three pillars: (1) efficiency, (2) flexibility, and (3) scalability (Culot et al., 2020). In response to this shift, the Tec21 Educational Model, implemented in 2019 across 26 campuses of Tecnológico de Monterrey, redefines traditional education by focusing on developing both disciplinary and transversal competencies through real-world challenges. It organizes the academic experience into blocks that integrate content modules, along with Tec Weeks (Semana Tec), Week 18 (Semana 18), and Tec Semesters (Semestre Tec). Tec Weeks, occurring in weeks 6 and 12, are immersive sessions centered on skills like leadership and entrepreneurship. Week 18, at the semester’s end, emphasizes reflection and feedback, allowing students to evaluate progress and set new goals. The model emphasizes a student-centered relationship with faculty acting as facilitators. It promotes challenge-based learning, interdisciplinary collaboration, and advanced technologies to prepare students for modern industry demands. Central to this model is the “challenge,” a hands-on experience that confronts students with real-world situations to develop competencies in problem-solving and collaboration.



TABLE 1 Integration of digital technologies in manufacturing of Industry 4.0.
[image: Table listing Industry 4.0 pillars with descriptions, benefits, key technologies, and applications. Includes IoT, Big Data, Automation, Cybersecurity, Simulation, System Integration, 3D Printing, and Augmented Reality. Highlights improved processes, decision-making, security, efficiency, and innovation through technologies like sensors, analytics, robots, and AR tools. Applications range from predictive maintenance to operator training.]

The model also focuses on three core components: Contributions, which include society, economy, and industry; Competencies, such as creativity and adaptability; and Commitments, like integrity and inclusivity, all of which create a challenging, inspiring, and learning environment for students and professors (Figure 1). The integration of Industry 5.0 technologies in Tec21 further enhances students’ technical and socio-emotional skills, preparing them for sustainable industrial environments. By embedding Sustainable Development Goals (SDGs) into the curriculum, the model ensures alignment with global innovation and sustainability priorities. Key elements include:

	1. Industry 5.0 integration: This study enables structured collaboration among collaborative robots, automated systems, and students within a Smart Factory, emphasizing resilience by integrating digital twins, ergonomics, and production-flow optimizations. It aligns with SDGs 4, 9, and 10 through practical challenges that merge PLC programming, vision systems, and additive manufacturing to equip students with the technical and socioemotional competencies needed in evolving industrial contexts, reducing inequalities in access to advanced technologies while reinforcing global responsibility.
	2. Student 5.0 framework: We propose a holistic model merging Education 5.0, Industry 5.0, and Society 5.0 to prepare students for future challenges.
	3. Smart factory implementation: Practical applications, such as the redesigned Automation of Manufacturing Systems course, provide hands-on experience with advanced technologies in a Smart Factory setting.

[image: Diagram illustrating three categories: "Contribution" in orange with ecology, policy, economy, society, industry, academy; "Competences" in blue with creativity, adaptability, curiosity, autonomy, collaboratory, empathy; "Commitments" in green with advisory, integrity, equity, inclusivity, accountability, interactivity. Adjacent triangle shows "TEC 21" with "Student" and "Professor" linked by "Challenging," "Learning," "Inspiring" to "Environment."]

FIGURE 1
 Framework of TEC 21 Educational Model highlighting contributions, competences, and commitments, along with the dynamic relationship between students, professors, and the learning environment.


To ensure a thorough understanding of Industry 4.0 components, specific modules were introduced where students actively worked with IoT sensors, AI algorithms for predictive maintenance, and collaborative robots for automation tasks. Each component was linked to real industrial applications, such as monitoring production efficiency through IoT networks or using AI to optimize robotic operations. The curricula adaptation involves integrating automation, digital process integration, cyber-physical systems, and the analytics of the information produced (Lu, 2017). According to Nosalska et al. (2020), Industry 4.0 can be divided into six different areas: systems and automation, industrial networks and connectivity, data science, manufacturing technologies, robots, and information technologies (Nosalska et al., 2020). Engineering education now including topics such as internet of things (IoT), cloud computing, Virtual Reality and Augmented Reality (VR/AR), computational simulations, additive manufacturing, Artificial intelligence (AI), data analytics, cybersecurity, robotics, and smart factories are driving the transformation in the contemporary industry. In this way, students are learning new ways of thinking that make them more competitive for the industry, such as, adaptative thinking, cognitive and programming skills, and data analytics (Mian et al., 2020). Moreover, inclusion of Industry 4.0 has proven to emerge new engineering skills such as (1) technical: programming and understanding processes, operations and solving complex problems, (2) methodological: analytical and research skills, (3) social: ability to see the big picture, lead, communicate and start technological changes, and (4) personal: ability to work in complex environments and commitment for lifelong learning (Jerman et al., 2018). Furthermore, another challenge in transforming engineering education relates to the integration of the Sustainable development Goals (SDGs) outlined in the United Nations Agenda 2030. Through a review of the literature, it has been demonstrated a strong correlation between with SDGs 8, 9, and 12 which focus on decent work and economic growth, industry, innovation and infrastructure, and responsible consumption and production, respectively with the industry 4.0 (Beier et al., 2021). Taking this into account, appropriately incorporating these goals in education content can advance manufacturing productivity and enhance competitiveness of companies and regions (Rüßmann et al., 2015).

Considering the evolving needs of the industry for novel engineering programs and their appropriate integration into new career trajectories, it has been suggested preparing new infrastructure where students can enrich their preparation (Fuertes et al., 2021). Tecnologico de Monterrey addresses these evolving industry and educational needs by implementing the Tec21 Educational Model and offered a new class of Automation of Manufacturing System, emphasizing skills-based learning to solve real industry challenges though tools such as a Smart Factory and hands-on learning with Industry 4.0 technologies (e.g., manufacturing, sensing, and controlling tools), preparing students to advance SDGs through digital automation. The course emphasizes the development of automated industrial systems using design and simulation tools and programmable devices, ensuring compliance with performance and quality standards (Rodriguez-Padilla et al., 2023). Key learning outcomes include the ability to apply mechanical, electronic, software, and automatic control technologies and methodologies appropriately, select components based on technical specifications, design automation strategies for processes, systems, and machinery, and analyze the interactions and synergies within mechatronic systems. This course requires prior knowledge in mechatronic design, system modeling, control theory, robotics, and industrial automation (Content of Automation of Manufacturing Systems Course, 2019).

However, the current panorama is shifting beyond merely incorporating, implementing, and adapting the latest Industry 4.0 technologies into engineering curricula. We are now at the threshold of a new era, Industry 5.0, which is poised for implementation. This new chapter in industry, emphasizes in sustainability and the wellbeing of workers (Xu et al., 2021), an aligning closely with Sustainable Development Goals (SDGs) 3, which focuses on good health and wellbeing, and SDG 9, which underscores the importance of industry, innovation, and infrastructure (Kasinathan et al., 2022). By incorporating these two approaches, industry transformation must encompass social behavior science as well as integration of digital information, computation and communication (Froyd et al., 2012). In contrast to Industry 4.0, where cyber-physical systems catalyze digital transformation by having connection between digital and real world (Klotzer et al., 2017). A new approach has been introduced for Industry 5.0, rethinking how information, production, and automation are conceived through virtual simulations to address both physical and social challenges. In this paper, we examine how students interact, learn, and apply state-of-the-art digital technologies within a manufacturing cell featuring collaborative robots (cobots), with particular emphasis on human interaction, ergonomics, and adaptability—elements that align with Industry 5.0 instrumentation (Ivanov, 2023).

The motivation for this work is to align engineering education with the evolving technological landscape of Industry 4.0 and 5.0, integrating advanced technologies like cyber-physical systems, additive manufacturing, and robotics. The redesign of the Automation of Manufacturing Systems course was driven by the need to address the gaps in current engineering education, specifically related to integrating hands-on experiences with Industry 4.0 and 5.0 technologies. Feedback from industry stakeholders highlighted a need for students with practical exposure to technologies such as collaborative robots and digital twins. Therefore, this course was restructured to provide students with the practical skills that align directly with the evolving needs of the industry. It emphasizes a holistic approach that combines traditional and immersive learning experiences to produce well-rounded engineers equipped with technical, social, and personal competencies. The goal is to foster critical thinking, problem-solving, and lifelong learning skills, ensuring students can meet industry demands and lead in technologically advanced, sustainable, and human-centric workplaces. This manuscript introduces an immersive educational paradigm under the Education 5.0 and Industry 5.0 panorama, offering a novel approach to teaching automation in manufacturing systems alongside skills assessment for a Student 5.0.

To rigorously assess the effectiveness of this educational model, this research employs a mixed-methods approach. It begins with a literature review exploring educational models and industry experiences within Industry 4.0 and 5.0, setting the foundation for identifying gaps and best practices in emerging pedagogical methods and curricula. A research group, composed of faculty members and industry partners, collaborated to redesign the Automation of Manufacturing Systems course. This redesign integrates hands-on learning with cyber-physical systems, technical implementation, and simulations aligned with Industry 5.0, demonstrating their application in an educational context. The course evaluation includes learning outcomes and student feedback. Additionally, quantitative and qualitative data were collected through student surveys, competency-based assessments, and observational analysis to measure learning outcomes, student satisfaction, and their understanding of the course. This structured methodology provides a comprehensive evaluation of how immersive learning experiences contribute to student engagement and skill development.



2 Literature review

In contrast to a rigid curriculum, the flexible approach of the Tec21 Educational Model allows students multiple opportunities to shape their education through the curricular pathways model. This model offers students the ability to explore, decide, and specialize throughout their academic journey. From the first semester, students can choose a disciplinary area, gaining exposure to both their chosen field and other disciplines, which helps them evaluate various options before making a final decision. This structure reflects a “few entries, many exits” approach, enabling diverse career pathways. In comparison, the shift from a traditional curriculum—focused on theoretical knowledge and individual performance—to the Student 5.0 curriculum demonstrates the evolution toward integrating advanced interdisciplinary modules, sustainability, and human-centric design. Student 5.0 emphasizes holistic problem-solving through integrated projects, such as combining robotics and programming with sustainability challenges, rather than separate courses, aligning education with future industry demands (Table 2).



TABLE 2 Comparison between Education 4.0 and Education 5.0 in engineering curricula.
[image: Comparison chart contrasting Education 4.0 and Education 5.0 in engineering. Education 4.0 focuses on technology-driven learning, technical skills, and partnerships with tech companies. Education 5.0 emphasizes a human-centered approach, soft skills, and collaborations with diverse sectors. It integrates technology with ethics and sustainability, while Education 4.0 centers on automation and digitization. Education 5.0 prepares students for societal impact, embedding ethics throughout the curriculum.]


2.1 Education 4.0

Education 4.0 has envisioned to define the influence of applying this industrial revolution (Popova-Nowak and Cseh, 2020). It uses emerging technologies and cyber-physical systems to enhance both teaching and learning process, thereby familiarizing young engineers to Industry 4.0 environments educational providers and innovation drives along learning portals, partners, and software support the process (Mourtzis et al., 2018). Meanwhile, Mukul and Büyüközkan stated that students have the autonomy to develop and complement their education through several digital platforms and resources. This environment can be established with a university or crossing borders through cyber-physical systems. Teaching can be carried out creatively in different stages of life with content that is generatively customizable, DIY, or audience-specific, founded on the learning theory is connectivism (Mukul and Büyüközkan, 2023). A study on how personalized content, offer students various options for learning styles, and teach through different project-based learning methods to gain experience in educational environments (Popova-Nowak and Cseh, 2020).



2.2 Education 5.0

Education 5.0 represents a shift toward personalized learning supported by advanced technologies, aiming to provide adaptable and inclusive educational experiences with a focus on creating student-centered learning environments (Garg et al., 2024). Education 5.0 incorporates the previous phases of Education 4.0 along with the emerging technologies and methodologies from Industry 4.0. It also integrates the well-established frameworks of engineering education offered by universities and educational institutions, complemented by advanced technologies to address real-world challenges related to sustainability and societal wellbeing. This integration would not be possible without the support of accreditation agencies, certifications from industrial companies, and professional educational institutions (Lantada and Lantada, 2022). Education 5.0 introduces several aspects to engineering education, including (1) a holistic approach, emphasizing interdisciplinary engineering for greater impact; (2) a humanistic perspective, promoting education that is shared and distributed for progressive adoption; (3) an ethical guidance, recognizing the importance of ethics, which, while secondary in the era of Industry 4.0 and AI, now demands attention to benefit from experience and ensure ethical considerations are addressed; (4) international experiences, preparing students for diverse, international, and multicultural environments, encouraging exposure to new approaches and unique developments from different organizations; (5) support from technology and assistance from artificial intelligence; (6) enjoyable and enhanced outcomes, where education aims to be “joyful, meaningful, socially iterative, and actively engaging” (Liu et al., 2017) and (7) education for all, aligned with the SDGs to ensure no one is left behind, thus making engineering education widely distributed and accessible (Lantada et al., 2016). The concept of Student 5.0 is introduced as a learned with a holistic formation, with personalized and tech education focusing on socio emotional skills such as critical thinking, creativity, collaboration, and lifelong learning (Education 5.0), strong emphasis on human-machine collaboration, sustainability, innovation and social-ethical responsibility (Industry 5.0), and with the perspective that technology should focus on achieving and enhancing the quality of life for all, global and cultural competences, and empathy for others (Society 5.0). Figure 2 presents an overview of how all elements are connected to create the Student 5.0.

[image: Diagram depicting the concept of "Student 5.0" within interconnected systems of Education 5.0, Society 5.0, and Industry 5.0. Central themes include adaptive education systems, lifelong learning, personalized technology, and collaborative production with focuses on social, technological, and ethical contexts. Key elements highlight academia-society partnerships, innovations, entrepreneurship, and workforce readiness.]

FIGURE 2
 Student 5.0 holistic integration of Society 5.0, Industry 5.0 and Education 5.0 adapted from Farinha (2012) and Huang et al. (2022).




2.3 Immersive experiences in teaching and learning

In this approach, the Teaching Factory (TF) model creates an environment for collaboration between academia and industry, establishing a safe space for education, research, and practical innovation. It also serves as a virtual forum for all manufacturing knowledge, offering a unique experience that integrates current academic training with the needs of industrial partners and the demands of outsourcing manufacturing initiatives (Chryssolouris et al., 2016). However, the Learning Factory (LF) concept, introduced in the United States in 1995, facilitates both formal and informal learning for industry and academia alike. For example, the Vienna University of Technology (VUT) offers an interdisciplinary and practice-oriented approach, making an active enjoyable learning experience in manufacturing and production more engaging in pilot production than passively listening to lectures in the classroom (Jäger et al., 2012). Similarly, at EAFIT University’s Learning Factory, students enhance their learning through the integration of didactic methods with engineering education (Baena et al., 2017). Another instance is the Industry 4.0 technologies Laboratory (I4Tech Lab), which promotes education for Industry 4.0 by creating a realistic environment equipped with a variety of technologies, including Augmented Reality and IoT (Prieto et al., 2019). The previous examples are considered immersive learning environments for comprehensive manufacturing education. Table 3 integrates the objectives of the proposed approach by having the integration of Industry 4.0 and 5.0 technologies with the Education 4.0 and 5.0 skills, learning objectives and how it is approach in our Smart Factory.



TABLE 3 Integration of Education 4.0 and 5.0 skills with Industry 4.0 and 5.0 technologies in a Smart Factory context.
[image: Table comparing aspects of Education 4.0 and 5.0 skills, Industry 4.0 and 5.0 technologies, SDGs, and Smart Factory approach. It lists innovation systems, practical training, learning environments, teaching design, technology accessibility, skill development, methodological skills, hands-on learning, and engagement. Each aspect details specific elements: for example, Education 4.0 skills include co-creation and technical skills, while Industry 4.0 involves IoT and cloud computing. Smart Factory approaches detail integration of AI, immersive environments, and gamification for engaging education in manufacturing.]

Building upon these immersive learning environments, advanced technologies like Artificial Intelligence (AI) and Machine Learning (ML) are further transforming education, especially within the framework of Education 5.0. AI and ML enable personalized, adaptive learning experiences that fit individual students’ needs, thereby enhancing the effectiveness of educational outcomes (Kochmar et al., 2020; Kim et al., 2022; Kamalov et al., 2023). This impact is evident in several key areas:

	• Personalized learning paths: AI algorithms analyze a student’s performance data across various subjects to create customized learning plans. For example, if a student excels in mathematics but struggles with physics, the system adjusts by providing more challenging math problems while offering additional support and resources in physics. This approach ensures that students are neither bored with content that is too easy nor overwhelmed by content that is too difficult, optimizing their learning potential.
	• Adaptive assessment and feedback: Intelligent tutoring systems use ML to assess student responses in real-time. If a student answers a question incorrectly, the system identifies the misconception and provides immediate, targeted feedback. Immediate feedback helps students correct errors promptly, reinforcing learning and preventing the reinforcement of misunderstandings.
	• Predictive analytics for student support: ML models analyze data such as attendance, assignment submissions, and engagement in online discussions to predict which students are at risk of falling behind. Educators can proactively reach out to these at-risk students to offer support, thereby improving retention rates and academic performance.
	• Language processing and communication: Natural Language Processing (NLP) enables AI chatbots to answer student queries 24/7. For example, a student studying late at night can ask the chatbot to explain a concept or provide resources. This continuous support enhances learning flexibility and accommodates different student schedules.
	• Administrative efficiency: AI automates administrative tasks like scheduling, grading multiple-choice assessments, and managing enrollments. Educators can focus more on teaching and mentoring rather than administrative duties, improving the overall educational experience.




3 Proposed approach

The proposed methodology integrates experiential and challenge-based learning components that differ from the traditional ECTS credit allocation, which typically emphasizes lecture hours and theoretical assessments. Considering that 1 Tec credit is approximately equivalent to 1.67 ECTS/1 US credit and that full academic workload at Tec is 18 credits (30 ECTS or 18 US credits) over an 18-week period, this course runs from week 7 to week 18 and carries 12 credits (∼66.6% of a full workload). Through the immersive educational journey offered by our Smart Factory, the course on Automation of Manufacturing Systems prepares students with hands-on experience, preparing them for the complexities of Industry 5.0. The curriculum begins by familiarizing students with fundamental manufacturing concepts such as cycle times, ergonomics, and optimization techniques, including the principles of 5S, 7 wastes and principles of Lean Manufacturing (Hurtado et al., 2023), along with operational and production efficiency. The course was designed to align with SDG 9 (Industry, Innovation, and Infrastructure) by teaching students to use advanced technologies for developing efficient automation solutions. For SDG 4 (Quality Education), the integration of digital twins allowed students to gain practical skills in a simulated environment, which reduced the barriers to accessing physical equipment. Additionally, the project-based learning approach promoted inclusivity, directly contributing to SDG 10 (Reduced Inequalities). As the course progresses, students deepen their technical knowledge by operating collaborative robots (cobots), where they should consider the impacts of having the collaboration between workers and robots (Green et al., 2008), and how to integrate them into the production engineering, acquire skills in Human-Machine Interface (HMI) systems, PLC programming, sensor integration, and explore the functionalities of vision systems. The course culminates in a comprehensive application of this knowledge in the challenge, enabling students to integrate manufacturing systems with automation technologies, placing particular emphasis on sustainable practices and the ergonomic aspects of human-cobot collaboration. An essential part of this educational path involves the virtual creation and application of fixtures, jigs, and poka-yokes, aimed at enhancing and automating production processes in alignment with Design for Manufacturing and Assembly (DFMA) principles. Utilizing Tecnomatix Process Simulate to verify automation projects not only demonstrates the real-world application and improvement of these processes but also provides valuable feedback from students, leading to the continuous improvement of their proposal. This strategy aims to ensure that students develop a thorough grasp of the technical, social, and ergonomic considerations key to Industry 4.0 technologies, preparing them to lead and innovate in the rapidly advancing domain of Industry 5.0.



4 Methodology and educational experience


4.1 Immersive learning methodology

First, as context, students were immersed in developing the subassembly for the electronics of a custom-made, low-cost extrusion machine that produces microfibers and are measured known as Fiber Extrusion Device (FrED), a product of the Tec-MIT collaboration (Li, 2023). The goal was to automate FrEDs production within a teaching/learning factory environment, such as Tec’s Smart Factory in 7 weeks. Sequences of the learning methodology are shown in Figure 3. Initially, a kick-off meeting with MIT professors and graduate students was launched. Then students received training in various Industry 4.0 technologies during the first 3 weeks in the Smart Factory. The course began by teaching them with hands on training: (1) PLC programming with TIA Portal (PLC 1200, Siemens, Germany), followed by instruction on collaborative robots like the xArm-6 (Ufactory, China), infrared sensors including PNP and NPN, a conveyor belt equipped with a DC motor as an actuator, industrial buttons, and Human Machine Interfaces (HMIs). Additionally, students explored computed vision using Data Logic Pro (Datalogic, Italy), all aimed at understanding how SCADA functions and integrating these elements to automate the manufacturing process. By having all this training students acquire all the skills to attend real word problems (Pinzone et al., 2017). At the same time, (2) theoretical and logical training was given by introducing the students: to the basics of industrial engineering, including the definition of the Product Lifecycle Management (PLM), Diagram of Process Operation (DOP), layout design for the manufacturing cell line, cycle time determination, facility walkthroughs, the implementation of 5S, and the advantages of using fixtures, jigs, and poka-yokes in coordinating manufacturing operations. Quality topics were considered in the application of computed vision for inspection. With these lectures and previous training, students get the knowledge required for automation by having a full perspective of what is required for an industrial solution.

[image: Flowchart outlining an Industry 4.0 process, starting with DOP development and FrED research, moving through introductions to industrial security and networks, sensors, PLCs, cobots, and artificial vision. It progresses to tooling in 3D design and building, involving simulation and validation. Automation stages lead to the end. The right panel lists technologies: integration, autonomous robots, artificial vision, simulation, 3D modeling, additive manufacturing, and cyber-physical systems, each with a colored dot.]

FIGURE 3
 Steps and Industry 4.0 technologies used in the challenge.


Alongside these phases, (3) students learned virtual simulators training where they ventured into digital twin creation using Tecnomatix Process Simulate (Siemens, Germany) by a series of recorded trainings with typical manufacturing equipment like the one in the Laboratory in 15 h. For the challenge, they first designed the station with SolidWorks, then exported JT files using Autodesk Inventor (Autodesk, United States). Subsequently, they learned to create kinematics, material flow, and virtual commissioning to prepare for the challenge. Moreover, a series of advisory meetings were held to refresh previous knowledge on (1) the use of additive manufacturing and Computer Aided Design (CAD), specifically Filament Fused Fabrication (FFF) and laser cutting, for producing physical station equipment via Computed Aided Manufacturing (CAM), (2) basics of electronics and microcontrollers (i.e., Arduino), and (3) machine elements such as couplings, bearings, aluminum profiles, T-nuts, screws, and other mechanical components.

During the intensive 60-h training program, distributed over 20 h each week, a five-member student team will undertake various specialized roles. This includes one student focusing on design and fabrication, another dedicated to the development of process flow logistics, a third specializing in electronics, a fourth acting as the project manager, and a fifth responsible for control mechanisms. All the students participated in the integration process and collaborated with MIT graduate students to develop their automation and decision-making regarding their assembly tasks. Students tackled the first part of the challenge: designing and developing the station’s elements (storage unit, fixtures, gripper, jigs, etc.) taking 20 h. They were tasked with creating an optimal gripper for their application, determining the placement of parts for assembly, and deciding on the tools for workers and cobots (fixtures, jigs, and poka-jokes). Upon completion, students began to design the automation flow, integrating worker and cobot/station tasks to minimize downtime and prevent production bottlenecks. Following this, the challenge escalated as they were required to provide the final Diagram of Process Operation (DOP) and the automation flow (Quintero-Sanchez et al., 2024). They then initiated simulations using Tecnomatix Process Simulate, where students conducted various simulations to review the process, movements, and interactions between cobot and worker in a virtual environment, aiming for an ergonomic, comfortable, and safe automation setup.

The immersive experience within the Smart Factory aimed to achieve a set of educational goals, meticulously designed to enrich students’ learning journeys, and prepare them for the evolving industrial panorama. The learning objectives were categorized into three primary domains: technical, methodological, and social skills. Technical objectives included mastering PLC programming and using Human-Machine Interface (HMI) systems. Methodological objectives focused on developing problem-solving skills using real-world scenarios, while social objectives included enhancing teamwork through collaborative assignments. Each objective was mapped to specific course activities to ensure measurable outcomes. These goals are outlined as follows:

	• Immersive engagement: To provide students with a fully immersive, memorable, and enjoyable experience in the Smart Factory, ensuring that they engage deeply with the learning material and technological environment.
	• Technical proficiency: To master technical knowledge critical to Industry 4.0 and foundational industrial engineering concepts, including Product Life Cycle Management. This goal emphasizes the importance of understanding the technological advancements shaping modern manufacturing and production processes.
	• Skills development for future education: To develop skills and abilities that align with the principles of Education 4.0 and 5.0, preparing students for a future where technological fluency, adaptability, and continuous learning are paramount.
	• Reflection on Sustainable Development Goals (SDGs): To encourage students to reflect on the role of SDGs within the industry and recognize their potential to revolutionize the sector through informed and sustainable practices. This goal aims to highlight the significance of integrating sustainability into industrial operations and the powerful impact of training within an industrial context.
	• Application of mechatronics knowledge: To apply the knowledge and skills acquired throughout their Bachelor in Mechatronics Engineering program, allowing students to connect theoretical concepts with practical applications in a meaningful way.
	• Virtual and real-world integration: To offer an integral opportunity for practice in a virtual environment through digital twins. This includes a comprehensive understanding of automation design, considering the human element in the process and improving a harmonious relationship between workers and cobots.



4.2 Performance of the immersive learning pedagogy

To ensure the reliability and validity of our data, we employed a mixed-methods approach that included both quantitative surveys and qualitative observations. (1) For the quantitative component, we used the university’s standardized ECOA system to administer structured student evaluation surveys at the end of the course, gathering data on five key constructs related to teaching effectiveness and learning outcomes: instructor expertise and mastery, student engagement and motivation, learning environment and trust, instructor support and feedback, and overall learning experience. (2) For the qualitative component, we conducted classroom observations and oral argumentative assessments to gain deeper insights into students’ problem-solving approaches, technical decision-making, and teamwork. We then applied thematic analysis to categorize student responses and behaviors into core themes such as technical competence, critical thinking, and collaborative engagement, identifying recurring patterns in how students approached challenges and justified their solutions. To capture real-time insights into the educational experience, we also collected feedback during various project phases. The data analysis combined statistical evaluation of the survey results with thematic interpretation of observational data, allowing us to pinpoint key trends and areas for improvement. Additionally, to assess students’ learning efficiency, we employed both a competency-based assessment—measuring technical knowledge and problem-solving skills relevant to Industry 4.0 and 5.0—and an oral argumentative test, which required students to articulate their engineering decisions, demonstrate real-time problem-solving, and reflect on the practical application of theoretical knowledge. Descriptive statistical analysis was conducted, including the calculation of mean scores, standard deviations, and frequency distributions for each survey item. This allowed us to identify trends in student perceptions and measure performance against established benchmarks.




5 Results


5.1 Immersive learning activities


5.1.1 Digital twin

As demonstrated by Hincapié et al., leveraging digital twins and virtual commissioning has significantly enhanced traditional teaching methods. These implementations simplify the comprehension of technical knowledge, such as PLC programming and debugging of various logic and implementation errors, particularly because the costs associated with mistakes are prohibitively high (Hincapié et al., 2014). Furthermore, the availability of virtual scenarios has proven extremely beneficial in reducing the time from implementation. The practical application of digital twins in the course allowed students to simulate the complete production process, identify potential inefficiencies, and make informed adjustments before physical implementation. For example, students tested different automation flow designs in Tecnomatix Process Simulate, which provided insights into reducing human-cobot interaction times and optimizing workstation layouts for enhanced ergonomics. It also introduces a novel approach to teaching that accommodates different learning styles, including Kinesthetic, Kinesthetic/Visual, Visual, and Auditory (Hincapié et al., 2020) Students were tasked with first creating all virtual components of the challenge, including programming, integrating and downloading files from the different equipment suppliers (cobot, PLC, HMI, cameras, emergency stop, etc.), designing all the components for the manufacturing line (storages with bines, fixtures and jigs, spaces for the tooling, etc.), and validating the proposed layout (Figure 4). They developed simulations in Process Simulation where workers (1 for transporting the FrED for other subassembly and 1 for assembly operations) and the cobot interact preserving the working space for both. This involved ensuring safe distances, considering ergonomics, and defining security spaces according to ANSI RIA and Mexican safety standards (NOMs).

[image: Diagram and photo of a workstation. On the left, a labeled layout with areas for storage, a stop button, HMI, conveyor, cobot, storage, and fixtures. The right shows the real setup with matching labels. Items include a robotic arm, computer screens, and various components numbered one to nine, corresponding to the layout.]

FIGURE 4
 Proposed station layout and components of the manufacturing station.


For the challenge, the students were commissioned with the assembly of the electronics by a custom designed electric gripper powered with Arduino Nano and mechanisms presented the following assembly precedence (Figures 5a,b), such as (1) the supply of materials to the station, (2) accurate positioning of the drivers and the RAMPS shield over the Arduino Mega, and (3) the placement of the power supply (12 V, 5 A) cables and screws. Through observation, it was noted that several issues, including the reordering of the layout, PLC program debugging, review of the automation logic (Figure 5c), and the monitoring of times to reduce cycle time by minimizing downtime, assisted the students in achieving the final solution in Process Simulate before transitioning to real-world application (Figure 5e). This aligns with the principles of Education 5.0, emphasizing the implementation of cyber-physical systems in virtual simulators, dominating Industry 4.0 technologies (Figure 5d) and making such programming accessible to all interested parties.

[image: Diagram showing a detailed assembly operation workflow. Panel (a) displays an operation tree and sequence chart with tasks like conveyor, robot, inspection, and operator tasks arranged over time. Panel (b) illustrates assembly precedence, detailing components like Arduino Mega, power supply, and wire progression. Panel (c) focuses on assembly logics, including transition logics, logic modules, and gates. Panel (d) highlights Industry 4.0 technologies like autonomous robots, artificial vision, and additive manufacturing. Panel (e) presents assembly simulation with images of operation steps. The bottom labels mention educational experience and assembly automation.]

FIGURE 5
 FrED electronics automation. (a) Operation tree and sequence for the electronics assembly, (b) assembly logics, (c) assembly precedence, (d) Industry 4.0 technologies used, and (e) assembly simulation in Tecnomatix Process Simulate.


According to Figure 5a, the following actions are broken down for manufacturing station:

	1. Conveyor Task 1: Transporting the power supply.
	2. Robot Task 1: Pick-and-place operation for the Arduino Mega.
	3. Robot Task 2: Pick-and-place operation for the RAMPS 1.4.
	4. Robot Task 3: Pick-and-place operation for drivers.
	5. Inspection Task 1: Electronic components inspection with computed vision.
	6. Operator Task 1: Pick-and-place operation for electrical Dupont cables.
	7. Operator Task 2: Pick-and-place operation for electronic components onto the platform.
	8. Operator Task 3: Connecting electronic components with the power supply.
	9. Operator Task 4: Screwing in the power supply.

The implementation of Digital Twin technology within the Smart Factory environment allowed students to create and manipulate virtual models of the Fiber Extrusion Device (FrED). This facilitated real-time simulation and optimization of manufacturing processes. As demonstrated in Figure 5, students were able to identify and rectify inefficiencies in the assembly line, leading to a reduction in cycle time and an improvement in ergonomic safety measures. Figure 6 showcases the iterative approach, reflecting how students continuously improved manufacturing strategies for the placement of the electronic of the plastic extrusion machine. This sequence represents the process flow in both Process Simulate and the physical automation process. It begins with one worker placing the base structure (Figures 7a,e), followed by the conveyor delivering the power supply (Figures 7b,f). The worker then installs the components, places the cables, and secures the elements on the FrED (Figures 7c,g). Finally, once completed, the second worker collects the ready-to-use FrED (Figures 7d,h). The blend of real and simulated environments enabled students to fine-tune a strategy that enhanced human interaction within the Smart Factory lab’s manufacturing cell. Additionally, the essential role of Siemens’ Process Simulate software in the simulation and validation of robotics integration highlights the application of Industry 5.0 concepts. These simulations offered critical insights into the practicality and efficiency of incorporating cutting-edge technologies into tangible systems compared to the test-error with the physical equipment.

[image: Eight images depict a blend of real-life and digital assembly processes. Images a to d show individuals assembling a physical device with tools and components. Images e to h illustrate digital models that mimic the assembly with human figures and robotic arms at workstations. The sequence highlights a transition from physical assembly to a simulated environment.]

FIGURE 6
 Digital twin simulations and physical integration. (a) and (e) Show the placement of the FrED from previous processes; (b) and (f) illustrate the supply of electronic elements from the conveyor; (c) and (g) depict the fixation of these elements by the worker; and (d) and (h) show the second worker retrieving the finished FrED.


[image: Diagram of an automated system featuring interconnected components: xArm6 cobot, Gripper driver, Arduino nano, PLC S7 1200, HMI Simatic KTP7 Basic, infrared proximity sensors, DataLogic P15, CBX 100 connector, LED lights, DC motor, Ethernet switch, DC/DC converter, and power supply. Different connection types are indicated: VDC (red), ground (black), digital (dotted black), and Ethernet (green).]

FIGURE 7
 Mechatronics architecture of devices involved in the manufacturing station.




5.1.2 Manufacturing cell integration and networks

By recognizing that working with cyber-physical will help to address emerging challenges such as effective collaboration, trustworthiness, and system complexity, to create human-centered and sustainable environments, capitalizing transdisciplinary frameworks to cover societal, engineering, and sustainability challenges together (Gürdür Broo et al., 2021). The present case study demonstrated an optimization of production processes with a strong emphasis on ergonomics and human-machine collaboration. By having first, the digital twin and simulations in Tecnomatix Process Simulate and the final order for automation, students began the automation process by integrating all elements into the manufacturing cell, as shown in Figure 7.

Firstly, the PLC was implemented as a central control unit where inputs such as infrared proximity sensors, push buttons and information from other devices are processed according to functions and logic configured by the user powered by 24VDC. Therefore, the PLC activates the outputs to power the Direct Current (DC) motor as actuators and communicate with other devices. For material handling in this process, the xArm6 collaborative robot was used to perform these tasks as mentioned above. Additionally, the xArm6 cobot was equipped with an advanced gripper in which an Arduino nano was used to control a servo motor (gripper controller). It is important to mention the students carried out the gripper’s design and implementation and the devices that integrate the manufacturing cell were linked to the Ethernet Module switch to generate a local network with a specific IP for each one.

To validate the result of the process, the artificial vision camera was integrated to carry out the inspection process. Thus, the camera verifies the correct assembly and the correct location of the parts. Additionally, students created and designed the user interface with an HMI, allowing the worker to navigate through different types of information about the process: device status, process flow, process information, and parameterization. Finally, a power supply was used to provide 24VDC to power the devices that integrate into the manufacturing cell. Also, a DC/DC converter was employed to give 5VDC for microprocessor unit for the advanced gripper. The integration of cyber-physical systems within the manufacturing cell provided a hands-on platform for students to engage with collaborative robots (cobots) and programmable logic controllers (PLCs).




5.2 Learning outcomes and students feedback

Through observation by the teaching team, it was noted that students needed to: create training management for the worker (one student) since, when the process was video recorded, the student had errors and mistakes; plan several subroutines to reduce monotony in the worker’s activities; and conduct assembly tests to increase efficiency and save time during the worker’s tasks. Additionally, it was important to allocate time to students for their own processes and, in the event of scaling to other classrooms, develop an easy way to make connections on the PLC and handle the I/O. Furthermore, even though the students planned their activities using a Gantt chart, it is suggested to establish very specific goals for each period and monitor continuous process improvement through an automated activity system and give the students space to discuss their ideas and make decisions.

On the other hand, the analysis of the study’s findings and their implications for future educational practices can be succinctly presented as follows:

	• Evolution toward Education 5.0: Integrate more aspects of Education 5.0, focusing on worker wellbeing and the incorporation of emotions into creating dignified work environments. This aligns with the Sustainable Development Goals (SDGs) related to health and wellbeing and dignified work and equality of opportunities.
	• Sustainable Development Goals (SDGs) inclusion: The course aligns with the Sustainable Development Goals by enhancing quality education (SDG 4) through skills-based learning with Industry 4.0 technologies, improving students’ technical and analytical abilities. It also supports industry, innovation, and infrastructure (SDG 9) by teaching students to design and implement automation solutions and promotes reduced inequalities (SDG 10) by providing equal access to educational tools, preparing all students for a competitive, technologically advanced job market.
	• Enhancing understanding through VR: Implement VR simulators to allow students to interact directly with the FrED system and its components.
	• Strengthening project management: Define communication channels, secure proficiency of control and design change management.


5.2.1 Quantitative analysis of student performance

A descriptive statistical analysis was performed on the scores obtained from 40 students enrolled in the class for both activities, assessing competency mastery (C1–C7) as presented in Table 4. In Evidence 1, the perfect median score and low variability highlight consistent success in evaluating and implementing advanced automation technologies. In Evidence 2, students demonstrated high proficiency in analyzing system interactions and proposing technological solutions, as reflected in the high average scores.



TABLE 4 Results from competence and argumentative assessments.
[image: Table displaying activities divided into two evidences. Evidence 1 includes Requirement Analysis, Methodological Component Selection, System Interaction Analysis, and Technological Solution Proposal with a mean of 93.66, median of 98.00, standard deviation of 10.49, minimum 71.00, and maximum 100.00. Evidence 2 involves Evaluation of Advanced Technologies, Design of Automation Strategies, and Implementation of Automation Proposals with a mean of 95.61, median of 100.00, standard deviation of 9.97, minimum 65.00, and maximum 100.00.]



5.2.2 Results from student opinion survey

The results and feedback gathered from the Student Opinion Survey from Tec known as ECOA offer insightful reflections from students who participated in this immersive experience, highlighting the impactful learning outcomes and personal growth achieved through the course. Incorporating the ECOA student evaluation of the professor at the end of the Course at Tecnologico de Monterrey into our analysis, the feedback previously summarized aligns remarkably with the principles of Education 5.0, particularly in its focus on challenge-based learning, personal growth, and industry readiness. In the specific query, “The professor challenged me to give my best (develop new skills, new concepts and ideas, think differently, etc.),” students assigned a high rating of 9.65 out of 10, with a standard deviation of 1.26, echoing the core tenets of Education 5.0 that advocate for personalized, challenge-based, and lifelong learning approaches. This educational model emphasizes the importance of adapting to students’ needs, an aspect students highlighted in praising the instructor’s human-first approach, summarized aptly as “first human and then teacher.” The methodological integration and cutting-edge resources and international collaboration not only prepared students to be competitive but also instilled a motivation for excellence and continuous learning, qualities essential for navigating the complexities of the modern workforce. Feedback such as “worthy of praise” and “excellent professor” encapsulates the course’s transformative impact, demonstrating a strong correlation between the instructor’s challenge-based pedagogy and the innovative, holistic educational paradigm proposed by Education 5.0. This approach not only creates technical skill proficiency, personal development, and industry preparedness but also profoundly impacts students’ readiness for future challenges, marking a significant stride toward realizing the ambitious goals of Education 5.0. High ratings in Instructor Expertise 9.35 and Learning Environment 9.08 reflect a positive and supportive classroom atmosphere. Slightly lower scores in Instructor Feedback 8.89 suggest areas for improvement in providing timely and detailed feedback (see Table 5).



TABLE 5 Results from student’s survey—holistic evaluation of the course.
[image: Table displaying survey item ratings including average scores out of ten and standard deviations. Instructor expertise scored 9.35 (SD 2.04), student engagement 9.65 (SD 1.26), learning environment 9.08 (SD 2.57), instructor support 8.89 (SD 2.75), and overall experience 8.78 (SD 2.89).]

This challenge serves as an inspiring opportunity to develop enjoyable experiences that captivate students’ attention and commitment toward a unified goal: the production of a FrED. Such an endeavor closely mirrors potential future challenges in the actual industrial sector. This initiative can be adapted to various environments, and, with software support, it can even proceed without complete access to Industry 4.0 technologies, by having a remote factory where the students 5.0 can run factory simulations within university settings. Moreover, it offers a framework that companies could adopt to test automation strategies before full-scale implementation. In essence, it provides universities with secure platforms for industry collaboration, where students are empowered to devise innovative solutions for diverse manufacturing challenges.

Furthermore, the positive feedback regarding the development of soft skills highlights the effectiveness of our holistic educational approach. By fostering teamwork, communication, and problem-solving abilities, we prepare students for the collaborative and dynamic nature of modern industrial environments (Jerman et al., 2018). The alignment with SDGs reinforces the societal relevance of our educational model, ensuring that students are not only technically proficient but also socially responsible and ethically aware. This dual focus addresses the growing demand for engineers who can contribute to sustainable and inclusive industrial practices (Beier et al., 2021). Our findings also suggest that the Student 5.0 framework effectively bridges the gap between theoretical knowledge and practical application, facilitating a seamless transition from academia to industry. This is particularly pertinent as industries increasingly seek graduates who are adept at navigating complex technological landscapes and can lead innovation initiatives (Lu, 2017; Nosalska et al., 2020). Future research should explore the scalability of our model across different educational institutions and its long-term impact on student career trajectories. Additionally, integrating emerging technologies such as Virtual Reality (VR) and Augmented Reality (AR) could further enhance the immersive learning experience, providing even more robust training platforms for students.

Although the findings highlight notable advancements in developing Industry 5.0 competencies, several biases may limit the broader applicability of these results. First, the study drew on a relatively small group of students who were already highly motivated, which could lead to more favorable evaluations than those seen in a larger or more diverse population (Tashakkori and Teddlie, 2010). Second, the course was conducted at a single institution with specific technological and facilities resources, making its replication in other contexts potentially challenging. Furthermore, relying on self-reported surveys at the course conclusion can introduce social desirability bias, where participants might rate their experience more positively or respond in ways they believe are expected. Finally, a Hawthorne effect may have emerged, as students knew they were participating in a novel educational initiative and could have changed their behavior accordingly. Recognizing these limitations can guide future research toward larger, more varied samples, as well as additional mixed-methods assessments (e.g., longitudinal studies, focus groups) to enrich the robustness and generalizability of these outcomes.

The immersive design and compressed timeframe of the course may not fully capture how competencies evolve over longer academic periods or in more diverse, real-world manufacturing contexts spanning multiple industry types. While the specialized equipment and software reflect state-of-the-art technology, their availability is not universal; institutions or regions with fewer resources may face challenges in replicating these conditions (Mourtzis et al., 2018). Moreover, the study design did not incorporate a control group or a longitudinal follow-up, thereby limiting the capacity to assess sustained learning effects and to isolate the influence of the redesigned curriculum from other factors. Because industry feedback was gathered primarily from the course’s direct stakeholders, broader validation from external industrial partners—along with cross-institutional comparisons—would bolster generalizability and practical relevance. Future research might also investigate the scalability of this model in low-resource environments or with a more diverse student population to better understand the adaptability of this approach.





6 Conclusion

In conclusion, this case study is a compelling example of how educational programs are evolving to impart students with the future-oriented skills demanded by Industry 5.0. By immersing students in a transformative educational experience focused on hands-on learning and virtual simulations, this study effectively imparts future-oriented skills essential for navigating modern industrial environments. The tangible outcomes, evidenced by the acquisition of specific skills such as PLC programming, robotics integration, and HMI design, underscore the practical application of the competencies. Our work conclusions highlight the following:

	• The redesign of the Automation of Manufacturing Systems course addresses the need for practical skills aligned with Industry 4.0 demands and the principles of Education 5.0.
	• The course integrates hands-on experiences with IoT, AI, and collaborative robotics, ensuring students are equipped for real-world applications in smart manufacturing.
	• The concept of Student 5.0 promotes a holistic approach to education, emphasizing not only technical competencies but also social, methodological, and personal skills essential for collaboration and innovation.

This study exemplified the requirements of Industry 5.0 and prepared Student 5.0 participants to thrive in a more dynamic and proactive educational approach, with positive feedback from students confirming the achievement of the stated objectives. Additionally, the qualitative analysis of the competence assessment confirmed that students were fully immersed and successfully acquired both the technical knowledge and soft skills included in this course. Our educational model offers a scalable framework for engineering institutions to incorporate advanced technologies and sustainability principles into their curricula. Graduates equipped with both technical and socio-emotional skills are better prepared to lead and innovate in technologically advanced and sustainable workplaces. Open problems and future research include investigating the scalability of our educational model across different institutions and industrial contexts, assessing the long-term impact on student career trajectories and industry performance, exploring the integration of emerging technologies like Virtual Reality (VR), Augmented Reality (AR), and Artificial Intelligence (AI) to enrich learning experiences, and extending our framework to other engineering disciplines to address complex industrial challenges through interdisciplinary collaboration. Moreover, the emphasis on human-centered manufacturing in the educational journey highlights the pivotal role in enhancing competitiveness in an organizational context.

Future studies aiming to replicate or extend this educational model might be guided by the following research questions:

	1. How does an immersive Smart Factory environment influence the development and retention of core Industry 5.0 competencies among engineering students over time? Exploring both immediate and long-term skill retention would clarify how rapidly evolving industries can be integrated into curricula while maintaining knowledge longevity.
	2. Which elements of the integrated Education 5.0 framework most effectively bridge theoretical knowledge and practical application? Identifying specific pedagogical strategies—such as digital twins, virtual reality, or adaptive feedback—would help educators refine course design for maximum impact.
	3. What factors influence the transferability and success of this model across different universities and resource-constrained environments? Investigating variables like technology availability, local industry partnerships, and institutional support may shed light on how to adapt the approach without compromising educational quality.
	4. To what extent do these acquired Industry 5.0 competencies enhance graduates’ employability, adaptability, and contributions to sustainable industrial practices? Longitudinal tracking of alumni outcomes could reveal how effectively students translate their training into professional settings that prioritize sustainability and human-centered manufacturing.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors without undue reservation.



Author contributions

ER-C: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project administration, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. MA-R: Formal analysis, Investigation, Methodology, Project administration, Software, Validation, Writing – original draft. JG-Á: Conceptualization, Formal analysis, Investigation, Methodology, Project administration, Writing – original draft, Writing – review & editing. DQ-S: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Software, Validation, Writing – original draft, Writing – review & editing. AO-E: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project administration, Supervision, Writing – original draft, Writing – review & editing. AV-M: Conceptualization, Funding acquisition, Resources, Visualization, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. The research was possible with the financial support of the Tecnologico de Monterrey Mechatronics Department and the Institute of Future Education through the Writing Lab.



Acknowledgments

The authors acknowledge the support of the Massachusetts Institute of Technology through the FrED Factory Lab, with special thanks to Brian Anthony, Russel Bradley and José Pacheco for their invaluable contributions. The authors acknowledge the financial and technical support of the Writing Lab of the Institute for the Future of Education at Tecnológico de Monterrey.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The handling editor PC declared a shared affiliation with the authors at the time of review.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References
	 Baena, F., Guarin, A., Mora, J., Sauza, J., and Retat, S. (2017). Learning factory: the path to industry 4.0. Procedia Manuf. 9, 73–80. doi: 10.1016/J.PROMFG.2017.04.022
	 Beier, G., Niehoff, S., and Hoffmann, M. (2021). Industry 4.0: a step towards achieving the SDGs? A critical literature review. Discov. Sustain. 2, 1–21. doi: 10.1007/S43621-021-00030-1
	 Chryssolouris, G., Mavrikios, D., and Rentzos, L. (2016). The teaching factory: a manufacturing education paradigm. Proc. CIRP 57, 44–48. doi: 10.1016/J.PROCIR.2016.11.009
	 Content of Automation of Manufacturing Systems Course (2019). Available online at: https://samp.itesm.mx/Materias/VistaPreliminarMateria?clave=MR2007B&lang=EN (Accessed July 19, 2024).
	 Culot, G., Nassimbeni, G., Orzes, G., and Sartor, M. (2020). Behind the definition of industry 4.0: analysis and open questions. Int. J. Prod. Econ. 226:107617. doi: 10.1016/J.IJPE.2020.107617
	 Farinha, L. (2012). Triple Helix conference. 10TH 2012. Emerging triple Helix models for developing countries: from conceptualization to implementation, 324.
	 Froyd, J. E., Wankat, P. C., and Smith, K. A. (2012). Five major shifts in 100 years of engineering education. Proc. IEEE 100, 1344–1360. doi: 10.1109/JPROC.2012.2190167
	 Fuertes, J. J., Prada, M. Á., Rodríguez-Ossorio, J. R., González-Herbón, R., Pérez, D., and Domínguez, M. (2021). Environment for education on industry 4.0. IEEE Access 9, 144395–144405. doi: 10.1109/ACCESS.2021.3120517
	 Garg, A., Babu, B. V., and Balas, V. E. (Eds). (2024). Advances in Technological Innovations in Higher Education: Theory and Practices (1st ed). CRC Press. doi: 10.1201/9781003376699
	 Green, S. A., Billinghurst, M., Chen, X., and Chase, J. G. (2008). Human-robot collaboration: a literature review and augmented reality approach in design. Int. J. Adv. Robot. Syst. 5, 1–18. doi: 10.5772/5664
	 Gürdür Broo, D., Boman, U., and Törngren, M. (2021). Cyber-physical systems research and education in 2030: Scenarios and strategies. J Ind Inf Integr. 21:100192. doi: 10.1016/J.JII.2020.100192
	 Hincapié, M., de Jesús Ramírez, M., Valenzuela, A., and Valdez, J. A. (2014). Mixing real and virtual components in automated manufacturing systems using PLM tools. Int. J. Interact. Des. Manuf. 8, 209–230. doi: 10.1007/S12008-014-0206-7
	 Hincapié, M., Valdez, A., Güemes-Castorena, D., and Ramírez, M. (2020). Use of laboratory scenarios as a strategy to develop smart factories for industry 4.0. Int. J. Interact. Des. Manuf. 14, 1285–1304. doi: 10.1007/S12008-020-00696-3
	 Huang, S., Wang, B., Li, X., Zheng, P., Mourtzis, D., and Wang, L. (2022). Industry 5.0 and society 5.0—comparison, complementation and co-evolution. J. Manuf. Syst. 64, 424–428. doi: 10.1016/J.JMSY.2022.07.010
	 Hurtado, C. V., Castro, O. J. L., De La Garza Inzunza, E. E., and Saravia, R. G. (2023). Applying the lean manufacturing tools 5S and 7 wastes for the learning and development of undergraduate students. IEEE global engineering education conference, EDUCON 2023-May.
	 Ivanov, D. (2023). The Industry 5.0 framework: viability-based integration of the resilience, sustainability, and human-centricity perspectives. Int. J. Prod. Res. 61, 1683–1695. doi: 10.1080/00207543.2022.2118892
	 Jäger, A., Mayrhofer, W., Kuhlang, P., Matyas, K., and Sihn, W. (2012). The “learning factory”: an immersive learning environment for comprehensive and lasting education in industrial engineering. Proceedings of the 16th world multi-conference on systemics, cybernetics and informatics, 237–242.
	 Jerman, A., Bach, M. P., and Bertoncelj, A. (2018). A bibliometric and topic analysis on future competences at smart factories. Mach. Des. 6:41. doi: 10.3390/MACHINES6030041
	 Kamalov, F., Santandreu Calonge, D., and Gurrib, I. (2023). New era of artificial intelligence in education: towards a sustainable multifaceted revolution. Sustain. For. 15:12451. doi: 10.3390/SU151612451
	 Kasinathan, P., Pugazhendhi, R., Elavarasan, R. M., Ramachandaramurthy, V. K., Ramanathan, V., Subramanian, S., et al. (2022). Realization of sustainable development goals with disruptive technologies by integrating Industry 5.0, Society 5.0, smart cities and villages. Sustain. For. 14:15258. doi: 10.3390/SU142215258
	 Kim, J., Lee, H., and Cho, Y. H. (2022). Learning design to support student-AI collaboration: perspectives of leading teachers for AI in education. Educ. Inf. Technol. (Dordr) 27, 6069–6104. doi: 10.1007/S10639-021-10831-6
	 Klotzer, C., Weibenborn, J., and Pflaum, A. (2017). “The evolution of cyber-physical systems as a driving force behind digital transformation” in Proceedings − 2017 IEEE 19th conference on business informatics, CBI 2017, 5–14.
	 Kochmar, E., Do Vu, D., Belfer, R., Gupta, V., Serban, I. V., and Pineau, J. (2020). Automated personalized feedback improves learning gains in an intelligent tutoring system. Artif. Intell. Educ. 12164:140. doi: 10.1007/978-3-030-52240-7_26 
	 Lantada, A. D., and Lantada, A. D. (2022). “Engineering education 5.0: strategies for a successful transformative project-based learning” in Insights into global engineering education after the birth of Industry 5.0. IntechOpen. doi: 10.5772/intechopen.102844
	 Lantada, A., Muñoz-Guijosa, J. M., Tanarro, E. C., Otero, J. E., and Sanz, J. L. M. (2016). Engineering education for all: strategies and challenges. Int. J. Eng. Educ. 32. Available at: https://www.ijee.ie/latestissues/Vol32-5B/02_ijee3303ns.pdf
	 Li, R. (2023). Design and manufacturing of the filament collection and diameter measurement systems of fiber extrusion device for educational purposes. Available online at: https://dspace.mit.edu/handle/1721.1/147910 (Accessed April 6, 2024).
	 Liu, C., Solis, S. L., Jensen, H., Hopkins, E., Neale, D., Zosh, J., et al. (2017). Neuroscience and learning through play: A review of the evidence (research summary). The LEGO Foundation, DK.
	 Lu, Y. (2017). Industry 4.0: a survey on technologies, applications and open research issues. J. Ind. Inf. Integr. 6, 1–10. doi: 10.1016/J.JII.2017.04.005 
	 Mian, S. H., Salah, B., Ameen, W., Moiduddin, K., and Alkhalefah, H. (2020). Adapting universities for sustainability education in industry 4.0: channel of challenges and opportunities. Sustain. For. 12:6100. doi: 10.3390/SU12156100
	 Mourtzis, D., Vlachou, E., Dimitrakopoulos, G., and Zogopoulos, V. (2018). Cyber-physical systems and education 4.0 –the teaching factory 4.0 concept. Proc. Manuf. 23, 129–134. doi: 10.1016/J.PROMFG.2018.04.005
	 Mukul, E., and Büyüközkan, G. (2023). Digital transformation in education: a systematic review of education 4.0. Technol. Forecast Soc. Change 194:122664. doi: 10.1016/J.TECHFORE.2023.122664
	 Nosalska, K., Piątek, Z. M., Mazurek, G., and Rządca, R. (2020). Industry 4.0: coherent definition framework with technological and organizational interdependencies. J. Manuf. Technol. Manag. 31, 837–862. doi: 10.1108/JMTM-08-2018-0238
	 Pinzone, M., Fantini, P., Perini, S., Garavaglia, S., Taisch, M., and Miragliotta, G. (2017). Jobs and skills in industry 4.0: an exploratory research. IFIP Adv. Inf. Commun. Technol. 513, 282–288. doi: 10.1007/978-3-319-66923-6_33 
	 Popova-Nowak, I. V., and Cseh, M. (2020). The relationship between knowledge management and organizational learning with academic staff readiness for education 4.0. Eurasian J. Educ. Res. 14, 299–331. doi: 10.1177/1534484315596856
	 Prieto, M. D., Sobrino, Á. F., Soto, L. R., Romero, D., Biosca, P. F., and Martínez, L. R. (2019). Active learning based laboratory towards engineering education 4.0. IEEE international conference on emerging technologies and factory automation, ETFA 2019-September, 776–783.
	 Quintero-Sanchez, D. I., de la Garza-Inzunza, E. E., García-Avila, J., and Ramirez-Cedillo, E. (2024). Collaborative smart manufacturing with process operation diagrams: a case study from Tec’s smart factory. IEEE international conference on industrial engineering and engineering management, 1257–1261.
	 Rodriguez-Padilla, C., Vazquez-Hurtado, C., and Ramirez-Cedillo, E. (2023). Manufacturing cell framework based on TEC21 educational model: a successful case of study. 2023 IEEE IFEES world engineering education forum and global engineering deans council: convergence for a better world: A call to action, WEEF-GEDC 2023- proceedings.
	 Rüßmann, M., Lorenz, M., Gerbert, P., Waldner, M., Justus, J., Engel, P., et al. (2015). Industry 4.0: the future of productivity and growth in manufacturing industries. Boston Consulting Group, 9, 54–89.
	 Tashakkori, A., and Teddlie, C. (2010). Putting the human back in “human research methodology”: the researcher in mixed methods research. J. Mix Methods Res. 4, 271–277. doi: 10.1177/1558689810382532
	 Xu, X., Lu, Y., Vogel-Heuser, B., and Wang, L. (2021). Industry 4.0 and Industry 5.0—inception, conception and perception. J. Manuf. Syst. 61, 530–535. doi: 10.1016/J.JMSY.2021.10.006


Copyright
 © 2025 Ramírez-Cedillo, Armendáriz-Rodríguez, García-Ávila, Quintero-Sánchez, Ortiz-Espinoza and Vargas-Martínez. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	
	ORIGINAL RESEARCH
published: 02 April 2025
doi: 10.3389/feduc.2025.1418184






[image: image2]

Skill-based employment taxonomy in the global IT industry 5.0

Jorge Valverde-Rebaza1,2*, Fabiana Rodrigues de Góes2, Julieta Noguez1 and Nathalia C. Da Silva2


1School of Engineering and Science, Tecnologico de Monterrey, Monterrey, Mexico

2Department of Scientific Research, Visibilia, Brazil

Edited by
Dillip Das, University of KwaZulu-Natal, South Africa

Reviewed by
Hideyuki Kanematsu, Osaka University, Japan
 Wunhong Su, Hangzhou Dianzi University, China
 Ririn Ambarini, Universitas PGRI Semarang, Indonesia

*Correspondence
 Jorge Valverde-Rebaza, jvalverr@tec.mx

Received 16 April 2024
 Accepted 10 March 2025
 Published 02 April 2025

Citation
 Valverde-Rebaza J, Rodrigues de Góes F, Noguez J and Da Silva NC (2025) Skill-based employment taxonomy in the global IT industry 5.0. Front. Educ. 10:1418184. doi: 10.3389/feduc.2025.1418184






Introduction: The Information Technology (IT) sector, a key driver of Industry 4.0 and the transition toward Industry 5.0, continues to demonstrate resilience in the face of prevalent global challenges, including the ongoing COVID-19 pandemic and persistent talent shortages. The prominence of IT roles in the global job market highlights the need for a unified framework that efficiently identifies and categorizes IT jobs. While the International Labour Organization (ILO) has introduced the International Standard Classification of Occupations (ISCO) for job classification on a global scale, it lacks the necessary granularity for the rapidly evolving IT landscape.
Methods: Efforts to bridge the previous granularity issue often fall short due to country-specific labor market peculiarities. To address this gap, this work introduces a novel hierarchical taxonomy for classifying IT jobs within the broader framework of ISCO-08. Following meticulous data labeling and clustering, the development of the Bee-inspired Employment and Expertise Taxonomy (BEET) was a collaborative effort between the HR team, data scientists, analysts, and the authors of this article. A lot of public job postings were gathered that encompass a diverse range of vacancies within the IT sector, spanning from October 2023 to February 2025. Using insights from the clustering results, the team worked to identify distinct patterns and commonalities across IT job roles. Our taxonomy consists of five major groups, further divided into 15 sub-major groups and 35-unit groups. The proposed taxonomy has the potential to not only categorize diverse IT roles with precision but also forecast workforce demands effectively.
Results: Key insights suggest that this hierarchical approach could significantly aid in workforce demand forecasting and provide valuable guidance to educators in shaping programs that prepare professionals for the challenges of Industry 5.0. Furthermore, by aligning educational efforts with the evolving needs of the global IT market, our proposal offers a robust framework for both analysts and educators, providing strategic insights essential for future workforce development in the rapidly advancing.
Discussion: The development of the BEET taxonomy marks a significant advancement as a framework for IT job classification, offering a comprehensive and adaptable tool aligned with the evolving demands of the technology sector in the era of Industry 5.0. By leveraging the BEET framework, we can gain deeper insights into the dynamics of the IT labor market, enabling more targeted and impactful research. However, some limitations should be noted, as the dataset used to develop BEET consists exclusively of English-language job postings from various countries, which may introduce linguistic and regional biases. Additionally, certain niche or emerging roles that are less frequently advertised online may be underrepresented in the taxonomy.
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1 Introduction

In today's globalized world, technology plays a pivotal role in transforming the job market, driving unprecedented changes in the workforce through an increasing synergy between jobs, technology, and education (Dobslaw et al., 2023; Siddique et al., 2024). Over the past four decades, technological advancements have significantly influenced global employability and productivity, underscoring the importance of education in preparing individuals for technology-driven job markets. This interconnected relationship has particularly strengthened the Information Technology (IT) sector (Castro Silva and Lima, 2017; Hötte et al., 2023; Koo and Le, 2024), which has demonstrated resilience in addressing global challenges such as the COVID-19 pandemic and talent shortages by emphasizing human-centric technologies (Apatsidis et al., 2021; König and Seifert, 2022; Akah et al., 2022; Oikonomou et al., 2023; Hötte et al., 2023). As the industry continues to evolve, the transition from Industry 4.0, which focused on automation and data-driven efficiency, to Industry 5.0, emphasizes human-technology collaboration, innovation, and sustainability. This shift introduces new dynamics in the IT job market, where individuals now face the challenge of blending technical skills with creativity and ethical considerations to develop socially responsible solutions (Wang et al., 2020; Fettach et al., 2022).

In this context, IT roles have come to increasingly dominate the global job market (World Economic Forum, 2023). Nonetheless, a significant gap persists in effectively organizing IT-related skills to facilitate accurate job classification (Uter, 2017; Napierala and Kvetan, 2023; Azofeifa et al., 2024). Therefore, the need for a unified framework that accurately identifies and categorizes IT skills has never been more critical.

Current frameworks, such as the International Standard Classification of Occupations (ISCO) developed by the International Labour Organization (ILO), establish a global baseline for job classification. Over the years, ISCO has been revised multiple times to adapt to the evolving structures of occupations worldwide. The two most recent iterations, ISCO-88 and ISCO-08, have notably influenced the classification landscape. ISCO-88, launched in 1988, offered a comprehensive update reflecting the dynamic nature of employment. However, acknowledging the necessity for further refinement and alignment with contemporary labor market trends, ISCO-08 was developed and published in 2008. This latest version incorporates enhanced methodologies and additional dimensions, resulting in a more nuanced classification system that more effectively captures the complexities of modern occupations (International Labour Organization, 2023).

The unique characteristics of skills and job offerings in each country have driven national organizations to adapt and utilize ISCO-08 as a foundational framework. These initiatives aim to develop comprehensive classifications that encompass all forms of employment. An example is the Mexican National Occupation Classification System (SINCO) (Instituto Nacional de Estadística y Geografia, 2019), which integrates additional dimensions of skill specialization which encompass factors such as “level of responsibility” and more detailed elements pertaining to the nature of goods or services produced, such as “modality of sale”. Similarly, Canada's National Occupational Classification (NOC) (Statistics Canada, 2021) incorporates “Training, Education, Experience, and Responsibilities” (TEER) levels along with skill specialization to more precisely categorize occupations. The NOC framework addresses the challenge of overlapping skill specializations by establishing separate groups based on TEER level and specialization. In Australia and New Zealand, the Australian and New Zealand Standard Classification of Occupations (ANZSCO) (Australian Bureau of Statistics, 2022) uses a combination of skill level and skill specialization considerations to enhance the clarity and usability of the occupational classification.

The existing frameworks, including ISCO-08, SINCO, NOC, ANZSCO, and others, while comprehensive in scope, have limitations when applied to the IT sector. These frameworks typically emphasize job classification without sector-specific specialization, which limits their applicability to the IT sector, which demands a more nuanced approach. To the best of our knowledge, the only prior proposal for a specific job classification framework focused on the IT sector is the work by Melkumyan (2006). Other efforts have primarily aimed at organizing IT domains, such as the 2012 ACM Computing Classification System (CSS) (Association for Computing Machinery, 2012), or focused on specific IT segments, including Software Engineering (Papoutsoglou et al., 2019), Requirement Engineering (Wang et al., 2018; Moravánszky, 2024), Human-Computer Interaction (Butiurca and Zancanaro, 2021), Data and Business Analytics (Barefah, 2024), among others. Although there are some works in which efforts are made to discover patterns between skills that help classify jobs (Valverde-Rebaza et al., 2018; Ghosh et al., 2020; Choi et al., 2021; Ternikov, 2022; Baldwin et al., 2022; Fettach et al., 2022; Siswipraptini et al., 2023, 2024; Senger et al., 2024; Alharbi and Al-Alawi, 2024; Azofeifa et al., 2024), there is a strong gap for a more refined classification system that accurately reflects the diverse IT landscape.

In this article, we introduce the Bee-inspired Employment and Expertise Taxonomy (BEET), a hierarchical framework designed to classify IT jobs within the ISCO-08 structure. In accordance with ISCO guidelines, BEET prioritizes the hard skills required for task execution as well as the expected level of seniority, irrespective of how these skills are acquired. Our taxonomy is built on a comprehensive analysis of requisites and technical skills extracted from our own dataset of global IT job postings, which we meticulously collected between 2023 and 2025. An initial version of BEET was previously published (Valverde-Rebaza et al., 2024). In this manuscript, we present the enhanced version BEET v2025-rev2, which incorporates feedback and insights from the initial release, broadening its applications and improving classification accuracy.

We anticipate that BEET will help analysts forecast the demands of the workforce and HR professionals in better aligning applicants with job opportunities, streamlining the recruitment and selection process for greater efficiency. Furthermore, our proposal offers to educators valuable guidance to prepare professionals for face the challenges anticipated with Industry 5.0.

The structure of this article is organized as follows: Section 2 provides a comprehensive review of all the steps that led to the construction of the framework we propose, including verification and validation processes. Section 3 details the complete structure of BEET, including examples of the classification of some vacancies and reporting potential overlaps between unit groups. Section 4 concludes our research with a discussion of our findings, highlighting the implications and potential impact of this research. Finally, Section 5 summarizes the key findings and highlights potential directions for future research.



2 Materials and methods

In this section, we outline all the steps related to data processing that allowed the development of our IT employment taxonomy.


2.1 Data collection

We gathered public job postings that encompass a diverse range of vacancies within the IT sector, spanning from October 2023 to February 2025. Our dataset includes job postings from companies of varying sizes, including small, medium, and large enterprises, located across the globe, with a focus on Europe and America. Additionally, we considered only job postings published in English.

The selection of job postings was based on several criteria to ensure a representative and comprehensive dataset. We focused on roles that are predominantly tech-centric and sought to cover a broad spectrum of IT positions, from entry-level to senior roles. The inclusion criteria required that postings explicitly list requisite technical skills relevant to Industry 5.0, ensuring relevance to our taxonomy development. Furthermore, the selection process emphasized diversity in both the geographical origin of the postings and the industry sectors they represent, although the dataset is primarily composed of postings from the technology, finance, and healthcare industries.

A total of 1, 780 IT job offers were collected using web crawlers specifically designed for this purpose. Importantly, this collection process was conducted directly on the companies' public websites, following thorough verification of their data policies, to minimize bias. Additionally, relying on web-scraped data may result in the underrepresentation of companies with lower online visibility, as well as job postings that are less popular or less frequently advertised.

Manual search and collection were also carried out in specific cases. For example, after defining our taxonomy, there was an effort to balance the IT jobs dataset to avoid excessive imbalance, as some job categories might naturally occur more frequently than others. Thus, if there was a low number of job offers collected for a specific job category, then more job postings from that category were manually searched on the web for subsequent collection. Additionally, to further reduce bias, a process of anonymizing company names was conducted. This ensures that analysis and insights derive strictly from job content rather than company identity or reputation.



2.2 Data labeling

Our data labeling process involved a team of three Human Resources (HR) professionals, each with extensive experience in recruitment and selection processes within the IT sector, who meticulously reviewed the collected vacancies. These professionals applied labels at two levels of granularity. At the first level, they categorized job offers based on potential areas of Computing using the 2012 ACM Computing Classification System (CSS) (Association for Computing Machinery, 2012).

The choice of ACM CSS was driven by its status as a well-known and widely used framework within the academic IT community, providing comprehensive coverage of computing domains through its semantic vocabulary. These qualities make it particularly effective at capturing the broad spectrum of IT roles. As a poly-hierarchical ontology, the ACM CSS offers flexibility and depth in categorizing computing topics, accommodating multiple classifications for positions that span various areas of expertise. For example, a job offer for a front-end developer might be categorized under both “Software and its Engineering” and “Human-centered computing”. Regular group discussions and periodic meetings were held to align understanding, resolve ambiguities, and ensure consistent application of labels across all job postings.

At the second level of granularity, more specific labels were assigned to define job offers based on the main activities to be performed. For instance, job offers seeking database administrators or Oracle database specialists were both categorized under the “database” classification.

This thorough process resulted in a final dataset comprising 389 labeled job offers. Notably, this dataset is characterized by its balanced distribution across job categories, with each second-level category containing approximately 10 job offers in average.



2.3 Job skills understanding with NLP and machine learning assistance

In our data analysis, we employed natural language processing (NLP) techniques to create representations of job vacancies, focusing on skills, technology knowledge, and technical requirements requested (Valverde-Rebaza et al., 2018; Baldwin et al., 2022; Senger et al., 2024; Jose Gonzalez-Gomez et al., 2024). Subsequently, we employed an agglomerative hierarchical clustering algorithm, a widely-used approach for unsupervised clustering, to group and analyze the labeled dataset.

In the data preprocessing stage, the job descriptions were cleaned using a custom preprocessing function, which included basic text normalization, such as converting text to lowercase, removing punctuation, and eliminating non-relevant characters. Following the cleaning process, we converted the job descriptions into numerical features, which included the removal of stop words. This step also accounted for common words that appeared frequently but carried little semantic weight, reducing noise in the data.

For feature extraction, we relied on the TF-IDF representation of the text, capturing important terms that could distinguish job roles. After that, we applied the Average Linkage Hierarchical Clustering (ALHC) algorithm (Siswipraptini et al., 2023). Here, we adopted Ward's method as the criterion for selecting the pair of clusters to merge at each step, based on the optimal Euclidean distance. By setting a Ward distance threshold of 1.72, we automatically obtained 32 clusters formed based on textual similarity extracted from job descriptions. These 32 clusters were further hierarchically grouped by ALHC algorithm into 9 broader groups, distinguished by different colors in Figure 1. This figure highlights some of the most relevant hard skills appearing in the leaf nodes of the clustering structure.
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FIGURE 1
 Hierarchical clustering dendrogram obtained from job vacancy descriptions.


Here, it is important to consider that one of the key benefits of ALHC algorithm is its ability to capture hierarchical structures in the data, allowing for a deeper understanding of the relationships and similarities among job descriptions. Additionally, it does not require the specification of the number of clusters beforehand, offering flexibility in identifying meaningful groupings based on the dataset's intrinsic characteristics.

Therefore, to assess the quality of the clustering results, we computed three widely used validation metrics: Silhouette Score, Davies-Bouldin Index, and Calinski-Harabasz Score. The obtained Silhouette Score of 0.0470 reflects the inherent complexity of job descriptions in the IT sector, where overlapping skill requirements and shared technology stacks make strict cluster separability challenging. The Davies-Bouldin Index of 3.3704 indicates a certain degree of similarity between some clusters, which is expected given the frequent co-occurrence of skills across different job roles. Meanwhile, the Calinski-Harabasz Score of 2.9119 suggests that, while the clusters exhibit some dispersion, they still provide a structured representation of the underlying data. These results align with the nature of job postings, where distinctions between roles are often nuanced rather than sharply defined. More importantly, the clustering serves as a strong foundation for human experts to refine the classification, helping to uncover meaningful groupings and better distinguish job categories based on domain knowledge.



2.4 Building BEET: a new skill-based IT employment taxonomy

Following meticulous data labeling and clustering, the development of the Bee-inspired Employment and Expertise Taxonomy (BEET) was a collaborative effort between the HR team and the authors of this article. Using insights from the clustering results, the team worked to identify distinct patterns and commonalities across IT job roles.

Our HR team, leveraging their extensive industry experience, played a crucial role in aligning the taxonomy with real-world job market demands. Their expertise was essential in interpreting the clustering outcomes (presented in Section 2.3) and refining the initial clusters into well-defined categories that accurately represent the diversity of skills and roles in the IT sector. Following this validation, the authors focused on integrating theoretical frameworks and ensuring compliance with academic rigor and ISCO-08 standards. Through a series of collaborative workshops and iterative refinement sessions, the team structured BEET to maximize both its applicability and robustness.

The final taxonomy consists of 35 unit groups, expanding upon the 32 clusters identified through the ALHC algorithm. These unit groups are further organized into 15 sub-major categories, derived from the 9 groups initially formed. Ultimately, these categories are consolidated into 5 main groups. A detailed explanation of BEET is provided in Section 3.

To assess BEET's consistency, we conducted an expert agreement evaluation with a panel of five HR professionals specializing in IT recruitment. Each expert independently classified a random sample of 100 job postings into the appropriate BEET unit groups. The reliability between raters was measured using Cohen's kappa coefficient, a widely accepted metric for categorical classification tasks. The resulting kappa score of 0.78 indicates substantial agreement among experts, demonstrating the reliability of BEET as a classification framework. Disagreements occurred primarily in roles with overlapping skill requirements, highlighting the importance of clear definitions of categories.



2.5 Integration and practical implications

BEET demonstrates significant potential for integration into existing recruitment and educational systems, thereby improving workforce planning, talent acquisition, and curriculum development. Since 2021, various versions of BEET have been incorporated into BeeNet, a web-based recommendation system designed to assist HR teams in Brazilian companies of different sizes in more effectively matching candidate profiles with job openings during the recruitment and selection process for IT professionals (FAPESP, 2019).

Continuous feedback from the BeeNet system has contributed to the systematic refinement of BEET. As a result, BEET has evolved into a robust taxonomy aimed at improving the classification and analysis of IT jobs while facilitating better alignment between educational programs and industry demands within the context of Industry 5.0. One of BEET's key strengths lies in its strong alignment with established classification systems such as ISCO-08 and ACM CSS, which enhances its adoption and interoperability.

The well-recognized semantic vocabulary of ACM CSS further supports BEET in accurately classifying and representing IT roles across various domains. Thus, BEET's structure, influenced by ACM CSS, accommodates a broad range of computing topics with a flexible and comprehensive categorization framework. Furthermore, BEET's integration with the ISCO-08 framework enhances the granularity and specificity of IT job classifications, addressing common limitations found in existing classification standards. This alignment ensures that BEET not only complements international standards but also extends them by providing a more detailed categorization tailored to the rapidly evolving IT sector.



2.6 Validation processes

BEET validation was conducted through an extensive pilot test, and iterative refinement process from 2020 to 2024. During its development, each component of BEET was meticulously evaluated and incorporated only after receiving approval from the entire team responsible for its creation. This team consisted of HR professionals, academic experts, and industry advisors, whose diverse perspectives ensured BEET's practical relevance and academic robustness.

Progress in BEET's development was assessed through a series of pilot tests that applied the taxonomy to real-world job postings and recruitment scenarios. These tests aimed to replicate actual conditions and gather detailed feedback from users, including HR professionals from various companies actively engaged in candidate selection processes within the IT job market.

Regular feedback sessions from the team and insights from pilot testing were crucial for validating our taxonomy. They facilitated the resolution of any inconsistencies or gaps in the classification framework. Furthermore, the iterative nature of the validation ensured that BEET not only reflects best practices but also adapts to new roles and technologies emerging in the IT sector. Consequently, BEET is equipped to provide accurate and comprehensive classifications that align with its foundational goals within the context of Industry 5.0.




3 Bee-inspired Employment and Expertise Taxonomy (BEET)

As result of the process detailed in Section 2, in this section we present a comprehensive overview of BEET and its categories. BEET is formed by five major groups (MG), which are further divided into 15 sub-major (SM) categories and 35 unit groups (UG), as illustrated in Figure 2.
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FIGURE 2
 Graphical depiction of BEET, the hierarchical taxonomy proposed for classifying IT job roles.



3.1 MG1–System

Professionals in the System major group play a pivotal role in shaping the foundational elements needed for the design and implementation of robust and reliable systems adhering high safety and sustainability standards. These professionals ensure that systems are designed to meet current needs while being adaptable for future advancements, balancing performance, efficiency, and environmental impact. Thus, MG1 is formed by two sub-major groups: Micro and Small Systems (SM1) and Macro Systems (SM2).


3.1.1 SM1–Micro and Small Systems

The Micro and Small Systems sub-major group encompasses the design, development, and integration of compact electronic systems and devices. Jobs in this group require professionals to have the ability to create efficient but miniaturized solutions that meet the demands of modern applications, ranging from consumer electronics to industrial automation. Professionals leverage their expertise in circuit design, hardware integration, and system optimization to deliver innovative products that enhance functionality while minimizing size and power consumption. Thus, SM1 consists of 2 unit groups: Circuits and Devices (UG1) and Hardware Integration (UG2).


3.1.1.1 UG1–Circuits and Devices

This unit group specializes in the design and development of electronic circuits and devices. Professionals in this group are responsible for creating the foundational components that enable the functionality of micro and small systems. They work on various technologies, including analog, digital, and mixed-signal circuits, ensuring that devices operate reliably and efficiently. Key responsibilities include:

	• Circuit design: develop and simulate electronic circuits using software tools to ensure optimal performance and reliability.
	• Component selection and prototyping: choose appropriate electronic components based on specifications, performance requirements, and cost considerations to build and test prototypes of circuits and devices to validate designs and identify potential issues.
	• Testing and Validation: Conduct rigorous testing of circuits and devices to ensure compliance with industry standards and specifications.

Relevant job roles include: Circuit Design Engineer, Embedded Systems Engineer, Electronics Technician, Digital Design Engineer, PCB Design Engineer, Mixed-Signal Design Engineer, and others.



3.1.1.2 UG2–Hardware Integration

This unit group is dedicated to the integration of various hardware components into cohesive systems. Professionals in this area focus on ensuring that different hardware elements work together seamlessly, optimizing performance and functionality. They are involved in the assembly, testing, and troubleshooting of integrated systems, ensuring that all components function as intended. Key responsibilities include:

• System integration: combine various hardware components into a unified system, ensuring compatibility and functionality.

	• Testing and troubleshooting: conduct tests on integrated systems to identify and resolve issues related to hardware interactions and performance.
	• Configuration management and performance: manage hardware configurations and ensure that all components are correctly set up for optimal performance to improve efficiency and reliability.
	• Collaboration with software teams: work closely with software engineers to ensure that hardware and software components are effectively integrated.

Relevant job roles include Hardware Integration Engineer, Hardware Support Engineer, Field Application Engineer, Field Service Engineer, and others.




3.1.2 SM2–Macro Systems

The Macro Systems sub-major group encompasses the study, design, and management of larger-scale or impactful systems, which can be simple or complex, influencing broad operational contexts. Jobs in this group require professionals to have the ability to understand the interactions between different system elements, ensuring their effective operation. Thus, SM2 consists of 5 unit groups: Computational Systems (UG3), Cybersecurity and Criptography (UG4), Quantum (UG5), Robotics and Automation Engineering (UG6), and Tech Environmentalism (UG7).


3.1.2.1 UG3–Computational Systems

This unit group focuses on the design, development, and optimization of computational systems that process and analyze data through established logic and methodologies. It encompasses a range of technologies and applications, including algorithm development, numerical methods, and software engineering, aimed at solving complex problems across various domains. Key responsibilities include:

	• Algorithm development: design and implement algorithms to solve specific computational problems.
	• Performance optimization: analyze and optimize the performance of computational systems to ensure efficiency and scalability.
	• Numerical analysis: apply numerical methods to solve complex equations and problems in physics.
	• Simulation and modeling: create simulations and models to represent complex systems and predict their behavior.
	• Interdisciplinary collaboration: work collaboratively with researchers and engineers across disciplines, integrating computational techniques into diverse applications.

Relevant job roles include Algorithm Engineer, Simulation Scientist, System Analyst, Computational Analyst, Computational Scientist, Computational Physicist, Applied Research Scientist, and others.



3.1.2.2 UG4–Cybersecurity and Criptography

This unit group focuses on the technical aspects related to the protection of systems and data from cyber threats, the implementation of cryptographic techniques, and the development of secure systems. It encompasses a range of specialized practices aimed at ensuring the integrity, confidentiality, and availability of information in digital environments. Key responsibilities include:

• Threat analysis: identify, analyze, and assess potential cyber threats and vulnerabilities in systems and networks.

• Cryptographic implementation: develop and implement cryptographic algorithms and protocols to secure data transmission and storage.

• Security architecture design: design and evaluate security architectures that protect against unauthorized access and data breaches.

	• Incident response and forensics: conduct technical investigations of security incidents and breaches, analyzing evidence to determine the cause and impact.
	• Vulnerability assessment: perform technical assessments and penetration testing to identify and remediate vulnerabilities in systems and applications.

Relevant job roles include Cybersecurity Engineer, Cryptography Specialist, Security Researcher, Penetration Tester, Cybersecurity Researcher, Information Security Specialist, Cryptanalyst, and others.



3.1.2.3 UG5–Quantum

This unit group focuses on the study and application of quantum technologies and principles, including quantum computing, quantum communication, and quantum cryptography. Professionals in this group are tasked with leveraging quantum mechanics to develop innovative solutions that can outperform classical systems in terms of speed, security, and efficiency. Key responsibilities include:

	• Quantum Algorithm Development: Design and implement algorithms specifically tailored for quantum computing environments to solve complex problems more efficiently than classical counterparts.
	• Quantum System Design: Develop and optimize quantum systems and architectures, ensuring their functionality and scalability for practical applications.
	• Quantum Communication Protocols: Create and analyze protocols for secure quantum communication, ensuring the integrity and confidentiality of transmitted information.
	• Research and Development: Conduct theoretical and experimental research to explore new quantum phenomena and their potential applications in various fields.

Relevant job roles include Quantum Software Engineer, Quantum Research Scientist, Quantum Cryptography Specialist, Quantum Systems Architect, Quantum Algorithm Developer, and others.



3.1.2.4 UG6–Robotics and Automation Engineering

This unit group focuses on the design, development, and implementation of robotic systems and automation technologies that enhance operational efficiency and productivity across various industries. Professionals in this group leverage interdisciplinary knowledge in mechanical, electrical, and software engineering to create intelligent systems capable of performing tasks autonomously or semi-autonomously. Key responsibilities include:

• System design: develop and design robotic systems and automation solutions tailored to specific applications and industry needs.

• Programming and control: write and implement software algorithms for controlling robotic systems, ensuring precise and reliable operation.

	• Integration: integrate robotic systems with existing processes and technologies, ensuring seamless functionality and communication between components.
	• Testing and validation: conduct rigorous testing and validation of robotic systems to ensure they meet performance, safety, and regulatory standards.
	• Maintenance and support: provide ongoing maintenance and technical support for robotic systems, troubleshooting issues and implementing improvements as necessary.

Relevant job roles include: Robotics Engineer, Automation Engineer, Control Systems Engineer, Robotics Technician, Embedded Systems Engineer, AI Robotics Engineer, Robotics Research Scientist, and others. Here it is important to note that, both UG2 and UG6 involve the integration of hardware components, but UG6 specifically emphasizes robotic systems, while UG2 encompasses a broader range of hardware integration tasks.



3.1.2.5 UG7–Tech Environmentalism

This unit group emphasizes the role of technology professionals in developing and implementing practices that minimize environmental impact and promote sustainability within technological systems. Professionals in this area are responsible for ensuring that technology solutions are designed and operated in an environmentally responsible manner. Key responsibilities include:

• Sustainable Technology Design: Develop and implement technology solutions that prioritize energy efficiency, resource conservation, and minimal environmental impact throughout their lifecycle.

	• Energy System Optimization: Focus on improving the efficiency of energy storage systems (such as batteries) and optimizing energy consumption in CPUs, GPUs, and other electronic components. This includes analyzing and reducing waste to enhance sustainability.
	• E-Waste Management: Design and manage programs for the responsible disposal and recycling of electronic waste, promoting circular economy principles within the tech sector.
	• Green IT Practices: Advocate for and implement green IT initiatives, such as virtualization, cloud computing, and energy-efficient data centers, to reduce the carbon footprint of technology operations.

Relevant job roles include: Sustainability Engineer, Environmental Technologies Compliance Specialist, Green IT Consultant, Electronic Waste Management Coordinator, Technology Environmental Analyst, Energy Efficiency Analyst, among others.

Some intersections can be found in UG7, UG6 and UG2 job vacancies. However, while UG7 is dedicated to promoting sustainable technology practices, UG6 focuses on automation and robotics for operational efficiency, and UG2 addresses the integration of hardware components, highlighting their distinct roles within the technological landscape.




3.2 MG2–Infrastructure

The Infrastructure major group encompasses professionals responsible for the design, implementation, and management of the foundational technologies that support IT systems and services. These professionals ensure that the underlying infrastructure is robust, scalable, and secure, enabling organizations to operate efficiently and effectively in a technology-driven environment. MG2 is divided into two sub-major groups: Architecture (SM3) and Networking (SM4).


3.2.1 SM3–Architecture

The Architecture sub-major group focuses on the strategic design and planning of IT systems and frameworks that align with organizational goals. Professionals in this group are tasked with creating comprehensive architectural solutions that integrate various technologies and ensure optimal performance. Thus, SM3 consists of two unit groups: IT Architecture (UG8) and Networks and Communications Architecture (UG9).



3.2.1.1 UG8–IT Architecture

This unit group specializes in the design and implementation of IT architectures that support business processes and technology initiatives. Professionals in this group are responsible for creating scalable and flexible architectures that facilitate the integration of various IT components. Key responsibilities include:

	• Architectural design: develop and document architectural frameworks that define the structure and interactions of IT systems.
	• Technology evaluation: assess and recommend technologies that align with architectural goals and business requirements.
	• Integration strategy: formulate strategies for integrating disparate systems and technologies to ensure seamless operation.
	• Compliance and standards: ensure that architectural designs adhere to industry standards and regulatory requirements.

Relevant job roles include IT Architect, Solutions Architect, Technical Architect, Infrastructure Architect, and others.



3.2.1.2 UG9–Networks and Communications Architecture

This unit group focuses on the design and optimization of network architectures that facilitate effective communication and data exchange within and between organizations. Professionals in this area are responsible for ensuring that network infrastructures are resilient, secure, and capable of supporting organizational needs. Key responsibilities include:

• Network design: create and implement network architectures that optimize performance and reliability.

• Security architecture: develop security frameworks to protect network infrastructures from threats and vulnerabilities.

	• Capacity planning: analyze and forecast network capacity requirements to ensure scalability and performance.

Relevant job roles include Network Architect, Communications Architect, and others.




3.2.2 SM4–Networking

The Networking sub-major group encompasses professionals who specialize in the implementation and management of network infrastructures that enable connectivity and communication across systems. This group focuses on both physical and cloud-based networking solutions. Thus, SM4 consists of two unit groups: Physical Networking (UG10) and Cloud Networking (UG11).


3.2.2.1 UG10–Physical Networking

This unit group is dedicated to the design, installation, and maintenance of physical network infrastructures, including cabling, switches, routers, and other hardware components. Professionals in this area ensure that physical networks are reliable and efficient. Key responsibilities include:

	• Network installation: oversee the installation of physical network components, ensuring adherence to design specifications.
	• Troubleshooting and maintenance: diagnose and resolve issues related to physical network components to ensure continuous operation.
	• Performance monitoring: monitor network performance and implement improvements to optimize efficiency.

Relevant job roles include Network Engineer, Network Technician, Field Network Technician, Network Support Specialist, and others.

It is possible to find some intersections between UG10 and UG9, as well as between UG10 and UG1. It should be considered that, UG10 specializes in the implementation and upkeep of physical network components, whereas UG9 concentrates on designing and optimizing network architectures to enhance communication and data exchange within and between organizations. In addition, UG10 also emphasizes the operational aspects of networking, ensuring seamless communication across systems, whereas UG1 delves into the foundational design of electronic circuits, which are critical for the performance of individual devices.



3.2.2.2 UG11–Cloud Networking

This unit group focuses on the design, implementation, and management of cloud-based networking solutions that facilitate connectivity and data exchange in cloud environments. Professionals in this area are responsible for ensuring that cloud networks are secure, scalable, and efficient. Key responsibilities include:

	• Cloud network design: develop and implement cloud networking architectures that support organizational needs.
	• Security management: implement security measures to protect cloud networks from threats and vulnerabilities.
	• Performance optimization: analyze and optimize cloud network performance to ensure reliability and efficiency.
	• Integration with on-premises systems: facilitate the integration of cloud networks with existing on-premises infrastructures.

Relevant job roles include Cloud Network Engineer, Cloud Solutions Architect, Cloud Infrastructure Engineer, Cloud Networking Specialist, and others.




3.3 MG3–Development

The Development major group encompasses professionals involved in the design, development, validation, and deployment of software systems across various platforms and technologies. It has five sub-major groups: Software Architecture (SM5), Software Development (SM6), Validation and Verification (SM7), Operations (SM8), and Experience (SM9).


3.3.1 SM5–Software Architecture

Professionals in the Software Architecture sub-major group are responsible for defining the structure and organization of software systems. They ensure that the architecture aligns with business goals and technical requirements, facilitating scalability, maintainability, and performance. Thus, SM5 consists of two unit groups: System and Enterprise Architecture (UG12) and Application Architecture (UG13).



3.3.1.1 UG12–System and Enterprise Architecture

This unit group focuses on the design and definition of software architecture specifically for conventional and enterprise software systems. Professionals in this group are responsible for creating architectural models that guide the development and integration of software applications within an organization, ensuring that they align with business objectives and technical requirements. Key responsibilities include:

	• Architecture definition: define the overall architecture of enterprise software systems, ensuring that it meets business needs and integrates seamlessly with existing systems.
	• Technology evaluation: evaluate and select appropriate software technologies and platforms that align with the architectural vision and business objectives.
	• Scalability and performance: ensure that the defined architecture supports scalability, maintainability, and performance, allowing the software systems to grow and adapt to changing business needs.
	• Architectural review: conduct architectural reviews and assessments to ensure compliance with established standards and best practices, identifying areas for improvement and optimization.

Relevant job roles include: Enterprise Architect, System Architect, Business Architect, and others. It is important to note that, while UG12 highlights the specific focus of enterprise architects on software solutions, UG8 encompasses a broader scope that includes IT architects in managing the overall IT landscape.



3.3.1.2 UG13–Application Architecture

This unit group specializes in the design and development of application architectures that define how software applications are structured and interact with each other and with external systems. Professionals in this group focus on creating scalable, maintainable, and high-performance application architectures that meet both functional and non-functional requirements. They ensure that applications are designed to integrate seamlessly with existing systems and adhere to best practices in software development. Key responsibilities include:

• Application Design: Create architectural designs that outline the structure and components of software applications.

• Integration Planning: Develop strategies for integrating applications with other systems and services, ensuring smooth data flow and interoperability.

	• Performance Optimization: Analyze and optimize application performance to ensure responsiveness and efficiency under varying loads.

Relevant jobs include: Software Architect, Application Architect, Integration Architect, Cloud Application Architect, and others.

Here is important to note that, UG12 and UG13 both focus on architectural aspects but operate at different levels. UG12 addresses the overarching structure and integration of all IT systems within an organization, ensuring that various systems work cohesively to support business goals. Professionals in this group define the architecture that governs interactions between different systems and processes across the enterprise. In contrast, UG13 specifically focuses on the design and structure of individual software applications, ensuring they are scalable, maintainable, and optimized for performance. This group emphasizes how applications interact with each other and integrate with external systems. Thus, while UG12 provides a holistic view ensuring that all systems within an organization work cohesively to support strategic goals, UG13 zooms in on the architectural considerations of individual applications, highlighting their distinct roles and responsibilities.




3.3.2 SM6–Software Development

The Software Development sub-major group encompasses professionals involved in the creation of software applications across various domains, including web, mobile, and enterprise applications. Thus, SM6 consists of four unit groups: Web Dev (UG14), Mobile, Games and Wearables Dev (UG15), Enterprise Application (UG16), and IoT Solutions (UG17).


3.3.2.1 UG14–Web Dev

This unit group focuses on the development of web-based applications, including front-end and back-end components. Professionals in this group work to create responsive and user-friendly web applications that meet the needs of users and businesses. Key responsibilities include:

	• Front-end Development: Implement the client-side functionality of web applications using modern web technologies such as HTML, CSS, and JavaScript frameworks.
	• Back-End Development: Develop server-side logic, APIs, and database interactions to support the functionality of web applications.
	• Performance Optimization: Analyze and optimize web application performance to ensure fast load times and responsiveness.
	• Cross-Browser Compatibility: Ensure that web applications function correctly across different browsers and devices, maintaining a consistent user experience.

Relevant job roles include: Software Engineer, Web Developer, Front-End Developer, Back-End Developer, Full-Stack Developer, and others. It is important to note that, professionals in this group emphasizes a broad approach to software development, allowing for flexibility in various web technologies and frameworks.



3.3.2.2 UG15–Mobile, Games and Wearables Dev

This unit group specializes in the development of mobile applications, video games, and wearable technology, focusing on creating engaging and interactive experiences for users across various platforms. Professionals in this group leverage various technologies and frameworks to deliver high-quality applications that meet user expectations. Key responsibilities include:

• Mobile application development: design and develop applications for mobile platforms, including iOS and Android, ensuring optimal performance and user experience.

• Game development: create and implement game mechanics, graphics, and user interfaces for video games, focusing on gameplay and user engagement.

	• Wearable technology development: design and develop applications for wearable devices, ensuring seamless integration with mobile platforms and providing unique user experiences.
	• Cross-platform development: utilize frameworks and tools to develop applications that function seamlessly across multiple platforms and devices.
	• Performance optimization: analyze and optimize mobile, game, and wearable applications for performance, ensuring smooth operation and responsiveness.

Relevant job roles include: Mobile App Developer, Game Developer, Game Designer, Game Programmer, Wearable App Developer, Cross-Platform Developer, Game Designer, and others.



3.3.2.3 UG16–Enterprise Application

This unit group focuses on the development of large-scale enterprise applications that support business processes and operations. Professionals in this group ensure that applications are robust, secure, and scalable, meeting the complex needs of organizations. Key responsibilities include:

• Business requirements analysis: analyze business requirements and translate them into technical specifications for enterprise applications.

	• System integration: develop and integrate enterprise applications with existing systems, ensuring seamless data flow and interoperability.
	• Robotic process automation (RPA): design and implement RPA solutions to automate workflows, reducing manual effort and increasing efficiency.

Relevant job roles include: Enterprise Application Developer, Business Analyst, Systems Integrator, Application Support Specialist, Technical Consultant, RPA Developer, and others.

Here, it is important to note that, while UG14 focuses on the development of web-based applications that cater to a broad audience and user experience, UG16 specifically addresses the creation of large-scale applications tailored to meet the complex needs of organizations, emphasizing integration, security, and business process support.



3.3.2.4 UG17–IoT and embedded solutions

This unit group specializes in the development of Internet of Things (IoT) solutions that enhance connectivity and data exchange between devices, including embedded systems. Professionals in this group work to create applications and systems that leverage IoT technologies and embedded solutions to enable real-time monitoring, control, and automation. Key responsibilities include:

	• IoT application development: design and develop applications that connect and manage IoT devices, ensuring seamless data communication and user interaction.
	• Device integration: implement solutions that integrate various IoT devices and embedded systems, enabling them to work together effectively.
	• Security implementation: ensure that IoT and embedded solutions are secure, protecting devices and data from unauthorized access and vulnerabilities.
	• Performance optimization: analyze and optimize the performance of IoT applications and embedded systems to ensure reliability and efficiency in diverse operational environments.

Relevant job roles include: IoT Developer, IoT Solutions Architect, Embedded Systems Engineer, and others. Here it is important to note that there are potential intersections between UG2, UG6 and UG17 due mainly to overlapping responsibilities in job offers related to hardware integration and system functionality.

Therefore, while UG2 encompasses a broad range of hardware integration tasks across various electronic devices and systems, UG17 specifically targets the connectivity and data exchange between IoT devices, emphasizing real-time monitoring, control, and automation. Professionals in UG17 are expected to possess in-depth knowledge of IoT protocols, data communication standards, and security measures tailored to IoT environments, setting them apart from those in UG2, who concentrate on ensuring compatibility and functionality across diverse hardware systems without a specific focus on IoT applications.

In contrast, UG17 and UG6 may intersect in job requirements involving the automation of IoT devices, yet they maintain distinct areas of expertise. UG6 is primarily focused on the development of intelligent systems designed to execute tasks independently or with minimal human intervention. While UG6 may incorporate IoT components, its core emphasis lies in robotics and control systems, rather than the specific functionalities and applications of IoT solutions. Consequently, professionals in UG6 are expected to have expertise in robotics and automation processes, which may not necessarily include the specialized knowledge required for developing and managing IoT systems, thereby highlighting the unique focus of UG17 within the broader technological landscape.




3.3.3 SM7–Operations

The Operations sub-major group focuses on the management and maintenance of IT systems and applications to ensure their reliability, availability, and performance. Professionals in this group are responsible for implementing operational practices that support the deployment, monitoring, and continuous improvement of software solutions. Thus, SM7 consists of two unit groups: Operational Excellence (UG8) and Reliability Engineering (UG19).


3.3.3.1 UG18–Operational Excellence

This unit group specializes in the integration of development and operations practices to enhance collaboration and efficiency in software delivery. It also includes the application of Artificial Intelligence (AI) to improve IT operations. Key responsibilities include:

	• Continuous integration/continuous deployment (CI/CD): IMPLEMENT CI/CD pipelines to automate the build, testing, and deployment processes, ensuring rapid and reliable software delivery.
	• Monitoring, analyzing, and logging: set up monitoring and logging systems to track application performance and detect issues in real-time including the systematic use of AI-based services.
	• Incident management: manage incidents and outages, ensuring timely resolution and minimizing impact on users.

Relevant job roles include: DevOps Engineer, AIOps Engineer, Release Manager, and others.



3.3.3.2 UG19–Reliability Engineering

This unit group focuses on ensuring the reliability and availability of software systems through proactive monitoring, incident management, and performance optimization. Key responsibilities include:

• Reliability assessment: evaluate the reliability of systems and applications, identifying potential risks and areas for improvement.

	• Performance tuning: optimize system performance through analysis and adjustments to configurations, code, and infrastructure.
	• Incident response: develop and implement incident response plans to address system outages and performance issues effectively.
	• Capacity planning: analyze usage patterns and forecast future capacity needs to ensure systems can handle expected loads.

Relevant job roles include: Reliability Engineer, Site Reliability Engineer (SRE), Performance Engineer, Incident Manager, and others.

It is important to note that UG18 and UG19 both focus on ensuring system performance and reliability but from different perspectives. UG18 emphasizes the integration of development and operations practices to enhance collaboration and efficiency in software delivery. Professionals in this group implement CI/CD pipelines and monitoring systems to streamline processes and improve operational workflows. In contrast, UG19 is dedicated to maintaining the reliability and availability of software systems in production environments. This group focuses on proactive monitoring, incident management, and performance optimization to ensure systems remain operational and meet user expectations. Thus, while UG18 is about enhancing collaboration between development and operations, UG19 centers on the ongoing reliability and performance of systems.




3.3.4 SM8–eXperience

The eXperience sub-major group focuses on the design and enhancement of user experiences across software applications. Professionals in this group are responsible for ensuring that applications are user-friendly, accessible, and engaging, ultimately improving user satisfaction and adoption. Thus, SM8 consists of two unit groups: User Interface and Experience (UG20), and Interaction Design (UG21).


3.3.4.1 UG20–User Interface and Experience

This unit group specializes in user interface (UI) and user experience (uX) design, focusing on creating visually appealing and intuitive interfaces that enhance user interaction with applications. Key responsibilities include:

	• User research: conduct research to understand user needs, behaviors, and pain points, informing design decisions.
	• Wireframing and prototyping: create wireframes and prototypes to visualize and test design concepts before implementation.
	• Visual design: develop the visual elements of the user interface, including layout, color schemes, typography, and iconography.
	• Usability testing: conduct usability tests to evaluate the effectiveness of designs and gather feedback for improvements.

Relevant job roles include: UI Designer, uX Designer, User Researcher, and others.



3.3.4.2 UG21–Interaction Design

This unit group focuses on the design of interactions within applications, addressing how users engage with interface elements and how these interactions can be optimized to enhance the overall user experience. Professionals in this group aim to create intuitive and efficient interactions that facilitate seamless navigation and usability. Key responsibilities include:

• User flows: create and prototype interactions that are intuitive and efficient„ allowing the user flows that outline how users interact with the application, identifying critical points and opportunities for improvement.

• Collaboration with UI designers: work closely with UI designers to ensure that interactions align with the aesthetics and functionality of the interface.

Relevant job roles include: Interaction Designer, Usability Specialist, and others. Therefore, while UG20 focuses on overall user experience and interface design, UG21 emphasizes optimizing user interactions within applications.




3.3.5 SM9–Validation and Verification

The Validation and Verification sub-major group focuses on ensuring the quality, reliability, and performance of software applications through systematic testing and quality assurance processes. Professionals in this group are responsible for identifying defects, validating functionality, and ensuring that applications meet specified requirements. Thus, SM9 consists of three unit groups: Software Testing (UG22), Quality Assurance (UG23), and Experience Assurance (UG24).


3.3.5.1 UG22–Software Testing

This unit group specializes in the design and execution of test cases to identify defects and ensure software quality. Professionals in this group utilize various testing methodologies to validate that applications function as intended. Key responsibilities include:

	• Test case design: develop detailed test cases based on requirements and specifications to ensure comprehensive coverage of application functionality.
	• Test execution: execute test cases and document results, identifying defects and areas for improvement.
	• Regression testing: conduct regression testing to ensure that new code changes do not adversely affect existing functionality.
	• Automation testing: implement automated testing solutions to improve efficiency and repeatability of test processes.
	• Defect tracking: utilize defect tracking tools to log, manage, and prioritize identified issues for resolution.

Relevant job roles include: Software Tester, Test Automation Engineer, Performance Tester, and others.



3.3.5.2 UG23–Quality Assurance

This unit group focuses on establishing quality standards and processes throughout the software development lifecycle. Professionals in this group work to ensure that quality assurance (QA) practices are integrated into all phases of development. Key responsibilities include:

• Quality standards development: define and document quality standards and best practices for software development and testing.

• Process improvement: analyze existing processes and implement improvements to enhance software quality and efficiency.

• Compliance audits: conduct audits to ensure adherence to quality standards and regulatory requirements.

	• Risk management: identify potential risks to software quality and develop mitigation strategies to address them.

Relevant job roles include: QA Analyst, QA Manager, Process Improvement Specialist, Technical Writer, and others.

Given that software testing and reliability are essential components of quality assurance, the responsibilities of UG23 professionals can sometimes be confused with those of UG22 and UG19 professionals. UG19 professionals prioritize the ongoing reliability and performance of systems in production, addressing issues such as uptime and system failures. UG22 professionals, on the other hand, focus on validating software through testing to ensure it meets defined standards. In contrast, UG23 professionals strive to cultivate a culture of quality that permeates the entire software development lifecycle, ensuring that products meet all specified requirements before deployment.



3.3.5.3 UG24–Experience Assurance

This unit group focuses on ensuring the quality and effectiveness of user experiences across software applications. Professionals in this group are responsible for implementing strategies and processes that guarantee a consistent and high-quality user experience, ultimately enhancing user satisfaction and loyalty. Key responsibilities include:

	• Quality Standards Development: Establish and document quality standards for user experience, ensuring that all applications meet these benchmarks.
	• Experience Testing: Conduct thorough testing of user experiences to identify issues and ensure that applications function as intended from a user perspective.
	• User Feedback Integration: Gather and analyze user feedback to inform continuous improvement efforts and ensure that user needs are met.
	• Performance Monitoring: Monitor user interactions and application performance to identify areas for enhancement and ensure a seamless experience.

Relevant job roles include: XA (eXperience Assurance) Developer, XA Specialist, User Experience Tester, Experience Quality Manager, and others.

It is important to consider that UG20 and UG24 both focus on user experience but from different angles. UG20 is dedicated to the design of user interfaces (UI) and user experiences (uX), emphasizing the creation of visually appealing and intuitive interfaces that enhance user interaction with applications. Professionals in this group conduct user research, wireframing, and usability testing to ensure that applications meet user needs effectively. In contrast, UG24 focuses on ensuring the quality and effectiveness of user experiences across software applications. This group implements strategies and processes to evaluate and enhance user satisfaction, gathering feedback and monitoring user interactions to identify areas for improvement. Thus, while UG20 is primarily concerned with the design aspects of user interfaces, UG24 is about assessing and ensuring the overall quality of user experiences, highlighting their distinct roles and responsibilities within the realm of user experience design.




3.4 MG4–Data

Professionals in this category are crucial for handling data responsibilities, encompassing collection, organization, analysis, interpretation, and management. Their work supports organizations in making informed decisions. By identifying market trends and enhancing operational processes, these experts use advanced analytical tools and methodologies to derive insights, promoting innovation via data-driven strategies. This approach is pivotal in the shift from Industry 4.0 to Industry 5.0, where efficient data management bolsters collaboration between humans and technology. MG4 is formed by three sub-major groups: Data Collection and Management (SM10), Data Analysis and Insights (SM11), and AI Strategies and Engineering (SM12).


3.4.1 SM10–Data Collection and Management

This sub-major group encompasses roles focused on data collection, organization, and maintenance. Responsibilities include database management and ensuring data quality, security, and compliance across traditional and big data environments. SM10 consists of two unit groups: Databases (UG25) and Big Data (UG26).



3.4.1.1 UG25–Databases

This unit group focuses on designing, implementing, maintaining, and optimizing database systems. Professionals ensure that databases remain efficient, secure, and accessible, leveraging various database management systems for data storage, organization, and retrieval. Key responsibilities include:

	• Database design: structuring databases to ensure optimal performance and scalability.
	• Performance optimization: implementing strategies to enhance database speed and efficiency, including indexing, query optimization, and load balancing.
	• Security management: ensuring data protection through mechanisms such as encryption, access controls, and regular audits.
	• Backup and recovery: establishing processes for data backup and disaster recovery to protect against data loss.
	• System monitoring and maintenance: regularly monitoring database systems to identify and troubleshoot issues proactively, as well as deal with support of database systems, ensuring they run efficiently and securely.

Relevant job roles include Database Support Technicians, Database Administrator, Data Manager, SQL Developer, Data Warehouse Specialist, Database Security Analyst, Data Migration Specialist, and others.



3.4.1.2 UG26–Big Data

This unit group is dedicated to managing, processing, and analyzing the vast volumes of data characteristic of Big Data environments. It emphasizes the use of Big Data technologies to extract meaningful insights and facilitate data-driven decision-making. Core responsibilities include:

• Data management: handling large datasets using big data technologies like Hadoop, Spark, and NoSQL databases.

• Advanced analytics: employing Statistical and Machine Learning techniques to analyze Big Data and generate actionable insights.

• Storage solutions: designing and managing scalable storage solutions that ensure data accessibility and security.

	• Innovation and research: continuously exploring and adopting new Big Data tools and methodologies to stay ahead of technological trends and improve data handling efficiency.

Key roles include Big Data Analyst, Hadoop Developer, Big Data Consultant, Big Data Engineer, Streaming Data Engineer, among others.




3.4.2 SM11–Data Analysis and Insights

This sub-major group includes roles centered on data analysis to extract insights that inform strategic decision-making. It covers data interpretation, trend analysis, and the development of analytical models. This group is divided into two unit groups: Analytics (UG27) and Science (UG28).


3.4.2.1 UG27–Analytics

This unit group emphasizes in-depth data interpretation and analysis to generate actionable insights. Professionals are responsible for technical data analysis, including gathering, processing, and interpreting data to identify patterns and trends. They employ various analytical methodologies and tools to conduct comprehensive analyses, often converting raw data into insightful visualizations and reports. Key responsibilities include:

	• Data interpretation: deep dive into datasets to identify significant trends, patterns, and correlations.
	• Visualization: developing charts, graphs, and dashboards to visually represent data insights using tools like Tableau, Power BI, or others.
	• Statistical analysis: applying statistical techniques to quantify insights and validate hypotheses.
	• Report and strategic recommendations: producing detailed reports that communicate analytical findings to stakeholders to support business strategies and decisions.

Some key roles include Data Analyst, Business Intelligence Analyst, Reporting Analyst, Market Research Analyst, Customer Insights Analyst, Data Visualization Specialist, etc.



3.4.2.2 UG28–Science

This unit group centers on applying statistical methods and scientific principles to analyze complex datasets and extract valuable insights. Professionals are tasked with designing experiments, performing detailed statistical analyses, and building predictive models. Their work relies on advanced statistical techniques and scientific approaches to guide decision-making and foster innovation. Main responsibilities include:

• Experimental design: designing experiments and studies to collect data in a systematic and scientifically valid manner.

• Research-based analysis: conducting in-depth analyses using statistical software to interpret results and validate hypotheses.

	• Learning-based modeling: developing and applying statistical and Machine Learning models to analyze data and make predictions aiming to obtain relevant information for strategic decisions.
	• Communication of findings: presenting complex statistical concepts and results in a clear and understandable manner to stakeholders, often through reports and visualizations.
	• Research and development: engaging in research activities to advance methodologies and improve analytical techniques within the field.

Key roles include Statistician, Biostatistician, Quantitative Analyst, Operations Research Analyst, Data Science Researcher, Data Scientist, and others.




3.4.3 SM12–AI Strategies and Engineering

This sub-major group integrates strategic planning with the technical implementation of AI and Data Engineering initiatives. It leads the design, development, and deployment of AI solutions and data infrastructures to support advanced analytics and intelligent systems. By merging strategy with execution, this group enables organizations to use AI and Big Data technologies effectively to drive innovation and meet strategic objectives. This group is divided into two unit groups: AI and Data Engineering (UG29) and AI and Data Architecture (UG30).


3.4.3.1 UG29–AI and Data Engineering

Focused on the practical implementation and operationalization of AI and data applications. It emphasizes the creation of robust data pipelines, systems integration, and the deployment of Machine Learning (ML), Deep Learning (DL), Large-Language Models (LLMs), or other AI-based models at scale. The primary responsibilities identified for this group are:

	• Model development: building, training, and fine-tuning complex ML, DL or LLMs using frameworks like TensorFlow, PyTorch, or similar tools.
	• Infrastructure development: designing and implementing scalable data architectures and pipelines that support efficient data processing and model deployment.
	• Integration services: ensuring seamless integration of various data sources and AI systems, fostering a unified data ecosystem.
	• Model deployment: collaborating with data scientists to operationalize AI models, ensuring they are production-ready and maintainable.
	• Automation and optimization: utilizing automation tools to streamline data processing and model management, enhancing system performance and reliability.

Some key roles include Data Engineer, AI Engineer, Machine Learning Engineer, Deep Learning Engineer, LLM Engineer, AI Operations Engineer, Blockchain Developer, and others. It is important to consider that, professionals in UG29 often leverage Big Data technologies to enhance machine learning and deep learning model development and deployment. Unlike UG26, which focuses primarily on managing and processing vast datasets, UG29 emphasizes the practical implementation of AI solutions, integrating advanced analytics with operational strategies to drive business outcomes.



3.4.3.2 UG30–AI and Data Architecture

Centered on the strategic design and structuring of AI and data systems. This unit group plays a critical role in conceptualizing and designing the overarching frameworks that host AI applications and data processes. It emphasizes creating scalable, robust, and efficient system architectures that meet both current needs and anticipate future organizational demands. The primary responsibilities identified for this group are:

• System framework design: crafting high-level designs and blueprints that define the structure and integration of AI and data systems within the organization.

• Strategic alignment: ensuring that architecture aligns with business objectives and strategic goals, facilitating seamless integration with existing and future technological infrastructures.

• Scalability and flexibility planning: designing architectures that can easily scale and adapt to accommodate evolving technologies and growing data requirements.

	• Performance and efficiency optimization: making high-level decisions on technologies and methodologies to enhance overall system performance.
	• Security and compliance: establishing architectural guidelines to ensure system security and regulatory compliance throughout the entire data lifecycle.

Examples of key roles are AI Architect, Data Architect, Cognitive Architect, Deep Learning Infrastructure Architect, Cloud Data Architect, and others.

It is important to note that, UG29 and UG30 both focus on AI and data but serve different purposes within an organization. UG29 is centered on the practical implementation and operationalization of AI solutions and data applications. Professionals in this group are responsible for building, training, and deploying machine learning models, as well as creating robust data pipelines and ensuring seamless integration of data sources. In contrast, UG30 focuses on the strategic design and structuring of AI and data systems. This group emphasizes creating scalable and efficient architectures that align with business objectives and facilitate the integration of AI technologies. Thus, while UG29 is hands-on and operational, dealing with the execution of AI projects, UG30 is concerned with high-level design and strategic alignment, highlighting their distinct roles and responsibilities in the AI and data landscape.




3.5 MG5–Management

The Management major group encompasses various professions related to the management of Information Technology (IT), Systems, and Data and AI. This group focuses on ensuring that technology and data resources are effectively aligned with organizational goals and strategies. Thus, MG5 is formed by three sub-major groups: IT Management (SM13), Systems Management (SM14) and Data and AI MAnagement (SM15).


3.5.1 SM13–IT Management

This sub-major group focuses on the management of IT resources, projects, and services to ensure that they meet the needs of the organization and its stakeholders. Thus, SM13 is formed by two unit groups: IT Project Management (UG31) and IT Service Management (UG32).



3.5.1.1 UG31–IT Project Management

This unit group specializes in the planning, execution, and monitoring of IT projects, ensuring that they are completed on time, within scope, and within budget. Key responsibilities include:

	• Project planning: develop project plans that outline objectives, timelines, resources, and budgets.
	• Risk management: identify potential risks and develop mitigation strategies to minimize their impact on project success.
	• Stakeholder communication: maintain clear communication with stakeholders throughout the project lifecycle to ensure alignment and manage expectations.
	• Performance monitoring: track project progress and performance against established metrics, making adjustments as necessary.

Relevant job roles include: Project Manager, Scrum Master, Program Manager, and others.



3.5.1.2 UG32–IT Service Management

This unit group focuses on the management of IT services to ensure they meet the needs of users and the organization. Key responsibilities include:

• Service design: develop and implement service designs that align with user needs and organizational objectives.

• Service delivery: ensure that IT services are delivered effectively and efficiently, meeting established service level agreements (SLAs).

	• Incident management and continuous improvement: manage incidents and service requests, ensuring timely resolution and minimal disruption to users, aiming to identify opportunities for service improvement.
	• User training and support: provide training and support to users to ensure they can effectively utilize IT services.

Relevant job roles include: IT Service Manager, Service Desk Manager, ITIL Consultant, and others.




3.5.2 SM14–Systems Management

This sub-major group focuses on the administration and optimization of IT systems to ensure they operate efficiently and effectively. Here, SM14 is formed only one unit group: Systems Administration (UG33).


3.5.2.1 UG33–Systems Administration

This unit group specializes in the administration and maintenance of IT systems, ensuring their reliability and performance. Key responsibilities include:

	• System configuration: install, configure, and maintain operating systems and software applications.
	• Monitoring and performance tuning: monitor system performance and make adjustments to optimize efficiency.
	• Backup and recovery: implement backup and recovery procedures to protect data and ensure business continuity.
	• User management: manage user accounts and permissions, ensuring appropriate access to systems and resources.
	• Troubleshooting: diagnose and resolve system issues, providing timely support to users.

Relevant job roles include: Systems Administrator, Network Administrator, and others.




3.5.3 SM15–Data and AI Management

This sub-major group focuses on the management of data resources and the implementation of AI solutions to support organizational objectives. Thus, SM15 is formed by two unit groups: Data Management (UG34) and AI Project Management (UG35).


3.5.3.1 UG34–Data Management

This unit group specializes in the governance, quality, and security of data within the organization. Key responsibilities include:

• Data governance: establish policies and procedures for data management, ensuring compliance with regulations.

• Data quality management: implement processes to ensure the accuracy, consistency, and reliability of data.

	• Data security: develop and enforce security measures to protect sensitive data from unauthorized access.
	• Data lifecycle management: manage the lifecycle of data from creation to archiving or deletion.

Relevant job roles include: Data Manager, Data Governance Analyst, Data Privacy Officer, and others.



3.5.3.2 UG35–AI Project Management

This unit group focuses on the management of projects related to artificial intelligence, from conception to implementation. Key responsibilities include:

	• AI Strategy Development: Define and implement strategies for AI projects that align with business objectives.
	• Project Planning: Develop project plans that outline objectives, timelines, resources, and budgets for AI initiatives.
	• Stakeholder Communication: Maintain clear communication with stakeholders throughout the project lifecycle to ensure alignment and manage expectations.
	• Performance Monitoring: Track project progress and performance against established metrics, making adjustments as necessary.

Relevant job roles include: AI Project Manager, AI Product Manager, Machine Learning Project Manager, and others.






4 Discussion

The introduction of BEET marks a significant advancement as a framework to support the task of IT jobs classification, since it represents a detailed tool adapted to the evolving demands of the technology sector in the context of Industry 5.0. This section discusses the implications of this taxonomy, insights gained from the dataset analysis, and the broader context of challenges and reliability.


4.1 Descriptive analysis

The labeled dataset for BEET comprises 389 IT job postings in English, collected globally between 2023 and 2025. These job postings were sourced from 221 unique companies of varying sizes across different regions. Given that company names were anonymized, their sizes were mapped according to the LinkedIn classification system.1 In this system, category A is reserved for individual workers, category B represents companies with 1 to 10 employees, C includes companies with 11 to 50 employees, D corresponds to those with 51 to 200 employees, E covers companies with 201 to 500 employees, F includes those with 501 to 1,000 employees, G represents companies with 1,001 to 5,000 employees, H includes organizations with 5,001 to 10,000 employees, and finally, I denotes companies with more than 10,000 employees. AAs observed in Figure 3, our dataset is characterized by the predominance of job postings published by companies in size categories I and G, suggesting a concentration of opportunities in large organizations. Companies in category B have only 2 job postings and there are no companies in category A. Thus, less than half of the job postings belong to companies C, D, E, F and H.


[image: Bar chart titled "Distribution of Company Sizes" showing frequency of different company sizes. Category I has the highest frequency at 211, followed by G with 72, D with 32, E with 26, H with 17, F with 15, C with 14, and B with 2. Frequencies are displayed on the y-axis and company sizes on the x-axis.]
FIGURE 3
 Frequency of job postings published by companies according to their size.


As previously mentioned, we aimed to maintain a balanced distribution of job categories within the dataset, as well as a proportional representation of companies publishing job postings. However, due to the technical specificity of certain roles, some job categories emerged more frequently, reflecting the specialization of specific companies in particular areas. Consequently, Figure 4 illustrates that only six companies have between 10 and 19 job postings in our dataset. Moreover, the vast majority of companies have six or fewer job postings.


[image: Bar chart displaying the number of job postings by various companies. Company S2 and Company Q1 both have 19 postings, followed by Company O2 and Company L4 with 15. Company I1 has 13, P4 has 9, Q1 has 8, D1 has 7, and H3 has 6.]
FIGURE 4
 Top 10 companies with the most job postings.


To account for the global nature of the IT labor market, the job postings in our dataset originate from companies worldwide. Figure 5 presents the top-10 countries with the highest number of job postings. We highlight the significant number of job postings published by companies in the United States of America (USA), which accounts for 263 vacancies, followed by Brazil and Mexico, each with 24 postings. Spain has 13 postings, and the United Arab Emirates (UAE) has 11. The remaining countries in the dataset have 7 or fewer job postings.


[image: Bar chart titled "Top 10 Countries with the Most Job Postings" showing the USA with 263 postings, followed by Mexico and Brazil with 24 each. Spain has 13, UAE has 11, Portugal has 7, and Japan, India, UK, and Finland each have 5.]
FIGURE 5
 Top 10 countries with the highest number of job postings.


On the other hand, Figure 6 provides a clearer understanding of the relationship between the country where job postings were published and the size of the companies. The figure shows that most job postings were made by companies classified as size I and G, primarily in countries recognized as global technology and innovation hubs, such as the USA, the UAE, and the United Kingdom (UK), indicating a correlation between company size and location in technologically advanced regions.


[image: Bar chart titled "Job Postings by Company Size and Country" showing job postings across company sizes (O to I) with color-coded bars representing various countries, such as the USA, Germany, and Japan. Most postings are in large companies, primarily from the USA.]
FIGURE 6
 Distribution of job postings by company size and country of publication.


By applying BEET to the labeled data, a deeper understanding of the breadth and scope of the five Major Groups (MGs) can be achieved by identifying interrelated topics, which serve as the foundation for defining the Sub-Major Groups (SMs) and Unit Groups (UGs), allowing for a more robust analysis of employment trends in the IT sector. his observation is supported by Figure 7, which presents word clouds for each of the five MGs.


[image: Five word clouds labeled a to e, each featuring prominent terms related to technology and business. A: Emphasizes "systems," "software," "development," "research." B: Highlights "cloud," "network," "solution." C: Focuses on "product," "solution," "development." D: Features "data," "solution," "business." E: Centers on "business," "project," "data," "management."]
FIGURE 7
 Word clouds for the five major groups of BEET. (a) Word cloud from job postings MG1. (b) Word cloud from job postings MG2. (c) Word cloud from job postings MG3. (d) Word cloud from job postings MG4. (e) Word cloud from job postings MG5.


We can also analyze the distribution of UGs in relation to the size of the companies that published the job postings, as illustrated in Figure 8. In the figure, it can be observed that UG29 has the highest number of job postings, followed by UG3 and UG28, while UG24, UG21, and UG23 have the fewest postings. Despite this variation, a common trend across most UGs is that job vacancies were predominantly posted by size I companies, which may indicate a market preference for large organizations when offering job opportunities.


[image: Bar chart showing the distribution of job postings across various unit groups (UGs) by company size. UGs are listed on the vertical axis, while the horizontal axis indicates the number of job postings ranging from zero to twenty. A legend on the right specifies company sizes by color code.]
FIGURE 8
 Distribution of unit groups by company size and country of publication.


In summary, the descriptive analysis of the BEET dataset reveals significant insights into the landscape of IT job postings across various company sizes and geographical regions. The predominance of larger organizations in the dataset highlights the concentration of opportunities within established companies, particularly in technology and innovation hubs. Furthermore, the variations in job categories and postings underscore the technical specificity of roles within the industry. By leveraging the BEET framework, we can better understand the dynamics of the IT labor market, paving the way for more targeted research and analysis in subsequent sections. This foundational understanding sets the stage for exploring the implications of these findings in the broader context of employment trends and skill requirements in the technology sector.



4.2 Limitations and future research directions

While BEET represents a significant advancement in the classification of IT jobs, certain limitations must be mentioned. The dataset specifically constructed for BEET's development consists of job postings available in English from various countries worldwide. This linguistic constraint may limit the generalizability of our findings to regions and markets where English is not the primary language. As a result, this selection bias could overlook linguistic and cultural nuances present in job markets that operate in other languages, potentially impacting the comprehensiveness and adaptability of our taxonomy.

Another limitation to consider is the fact that, our dataset was sourced from publicly available job postings, which may introduce a second type of selection bias, as it might not fully capture positions from companies that rely heavily on internal recruitment strategies or confidential postings. As a result, certain niche roles or emerging positions that are less frequently advertised online could be underrepresented in our taxonomy.

In this regard, future research will focus on mitigating the biases identified in our dataset to enable further iterations of our framework, ultimately leading to a more robust version of BEET. Additionally, to facilitate its adoption, we plan to develop and deploy machine learning and deep learning models, including Generative Artificial Intelligence (GenAI) models, capable of assimilating BEET and automatically classifying job vacancies. By doing so, we aim to reduce human effort while ensuring greater efficiency and scalability, thus maximizing the intended impact of our approach.




5 Conclusion

This paper presents a novel hierarchical taxonomy for classifying computer jobs within the broader framework of ISCO-08. While existing frameworks like ISCO-08 provide a broad classification, there has been a lack of taxonomies specifically tailored to the IT sector's evolving needs, particularly in the context of Industry 5.0 skills. This paper presents BEET as a potential solution to this gap, providing a more granular classification system for IT roles. We introduce Bee-inspired Employment and Expertise Taxonomy (BEET), a hierarchical framework designed to classify IT jobs within the ISCO-08 structure. BEET prioritizes the hard skills required for task execution, focusing primarily on hard skills regardless of the way they are acquired or the seniority level, which aligns with the goal of capturing the core competencies required for job execution rather than hierarchical distinctions.

BEET is hierarchical in nature and is formed by five major groups (MGs), which are further divided into 15 sub-major categories (SMs) and 35 unit groups (UGs). While the structure is designed to classify each job offer into a single UG, the overlapping skill requirements in many IT job postings may result in some roles fitting into more than one UG. In such cases, a detailed job analysis is essential for accurate classification.

By aligning educational efforts with the changing needs of the global IT market, BEET constitutes a solid framework for both analysts and educators, providing essential strategic insights for future workforce development in the rapidly evolving global IT landscape.

Future research should focus on expanding the dataset to encompass a broader range of languages and recruitment sources, thereby enhancing the cross-cultural applicability of BEET. Additionally, integrating qualitative studies that explore the specific needs of diverse job markets could further refine and validate the taxonomy, ensuring its relevance across various global contexts. Furthermore, our immediate research objective is to train machine learning models capable of assimilating BEET and performing the automatic classification of job postings. This approach will reduce human effort while ensuring the adoption and scalability of BEET in real-world applications.
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Introduction: The rapid evolution of technology necessitates the development of advanced computing and data analysis skills in undergraduate education. Standardizing curricula is a strategy to ensure consistent learning outcomes and align educational objectives with industry requirements. This study investigates the impact of a standardized curriculum on students' academic performance and professional certification outcomes.
Methods: A quasi-experimental design was used to analyze 1,597 students enrolled in a data analysis course before and after implementing a standardized curriculum at a private university in Mexico City. The study assessed course grades and certification exam scores to evaluate the effectiveness of standardization. Parametric and non-parametric tests were applied to ensure robust analysis.
Results: Implementing the standardized curriculum resulted in a slight decrease in average course grades but significantly improved certification exam scores, exceeding the threshold for certification. The findings highlight enhanced proficiency in data analysis tools and consistency in achieving educational objectives across groups.
Discussion: The results suggest that curriculum standardization effectively addresses teaching methodologies and assessment criteria discrepancies. While increased curriculum difficulty temporarily impacted grades, the improved certification outcomes demonstrate the value of standardization in preparing students for industry demands. These insights provide a foundation for future curriculum development to align academic instruction with the evolving requirements of a technology-driven workforce.
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1 Introduction

Technological advancement demands the development of strong computing and data-analytic competencies in undergraduate education. Organizations and institutions now require professionals to have expertise in computing, quantitative analysis, data processing, and management. According to Simaremare et al. (2024), technological advancements require individuals to develop knowledge and skills in using different tools to remain competitive. Consequently, education is essential in enabling students to adapt to environmental changes. Although current generations of students are more adept at using technology, many students entering higher education lack sufficient computer proficiency to succeed in quantitative analysis courses. This gap underscores the growing need for integrating technology as a fundamental component of academic and professional environments, shifting its role from optional to essential (Rubin and Abrams, 2015; Gasigwa et al., 2024).

A primary objective of education is to prepare individuals for societal integration and real-world situations (Gasigwa et al., 2024). According to the World Economic Forum (2023), businesses anticipate that 44% of workers' core skills will be disrupted by 2027 due to the rapid pace of technological advancements. In this context, future skills such as analytical thinking and technological literacy have become critical for workforce readiness. To foster these competencies, educational institutions should emphasize developing these abilities to ensure graduates are well-prepared to thrive in rapidly evolving professional environments (Ehlers and Kellermann, 2019).

Higher education institutions are key allies in preparing students for an increasingly data-driven workforce. The need for graduates with strong technological competence has led universities to seek innovative instructional strategies to enhance students' analytical and computational skills (Rubin and Abrams, 2015; Carayannis and Morawska-Jancelewicz, 2022). Practical learning approaches extend beyond passive instruction, encouraging active engagement in tasks such as manipulating computational tools (McCloskey and Bussom, 2013). According to Barreto (2015), using software to observe the impact of altering variables or formulas facilitates deeper understanding by bridging abstract concepts with practical applications. Moreover, Barreto mentions that “the abstract thinking necessary to create a mental representation of the described subject poses a significant barrier to learning.” Nevertheless, disparities in instructional depth and focus across different course sections can lead to varying levels of student proficiency and learning outcomes.

In recent decades, standardization has been increasingly employed to address these inconsistencies as an educational strategy to ensure uniform and structured learning experiences across different cohorts (de Vries and Egyedi, 2010). Standardization in curricula involves defining common learning objectives, instructional methodologies, and assessment criteria to provide all students with a comparable educational foundation, regardless of the instructor or study group. Research suggests that curriculum standardization can improve educational consistency, equitable assessment practices, and alignment with industry expectations (Timmermans and Epstein, 2010).

While the benefits of standardization are well documented, its implementation requires balancing flexibility with uniformity. Standardized curricula ensure that all students develop essential competencies, but they may also limit instructors' ability to adapt content to specific student needs. According to Skarpenes and Walmann Hidle (2024), rigid standardization can hinder innovation in teaching methodologies and reduce opportunities for personalized learning. Thus, successful standardization models should not be viewed as an absolute constraint but rather as a structured framework that ensures core competencies while maintaining adaptability for diverse learning contexts.

This study examines the implementation and effectiveness of curriculum standardization in undergraduate data analysis education. The research highlights how standardization influences and improves students' academic performance and professional certification outcomes. The findings suggest how structured curricula can strengthen students' technological proficiency while ensuring alignment with industry demands. The study aims to inform educators and institutions on best practices for adopting standardized models to enhance student preparedness for a technology-driven workforce.



2 Related work

University students face several difficulties when processing data. Nonetheless, some programs, such as Microsoft Excel, may prove beneficial. This reliable software allows professionals to address calculations and administrative issues (Simaremare et al., 2024). As stated by Barreto (2015), Microsoft Excel is the appropriate software for obtaining practical and valuable computer-based skills, as it enables pupils to become proficient in precious problem-solving software. Additionally, Microsoft Excel is a versatile and effective tool for deploying various statistical functions (Brooks and Taylor, 2016; Damjanovic and Katanic, 2023). It simplifies the comprehension of business mathematics, quantitative business analysis, and graphic presentation of data.

Spreadsheets transformed the business landscape in the 1980s. Microsoft Excel was introduced in the 1990s and has maintained a preeminent role in data processing and analysis (Barreto, 2015). SPSS is a commonly used statistical program; nonetheless, Microsoft Excel has advantages for educational integration (Damjanovic and Katanic, 2023). Compared to SAS or SPSS, Microsoft Excel is readily accessible in the market and is offered at economical pricing (Rubin and Abrams, 2015). Even after the introduction of Google Sheets in the mid-2020s, Excel has remained the spreadsheet software most demanded by employers (Rebman et al., 2023). Consequently, teaching Microsoft Excel is advantageous because of its widespread availability on most devices, user-friendliness, and utility as a standard tool in business and scientific contexts (Iji et al., 2022).

Students need to show a better understanding of spreadsheets, which is required by many employers (Rubin and Abrams, 2015). Microsoft Excel is an excellent tool for educating students on data analysis, and it is also beneficial for data analysis presentations and charts (Kumar, 2023). For Gasigwa et al. (2024), “Learners will perform poorly in statistics due to a lack of proper training provided to teachers to improve their use of Excel software as a pedagogical tool.” Therefore, professors should train and prepare students in computer and Excel learning.

Educators aim to disseminate material through many methods to optimize sensory engagement. Teaching Excel through theory and practice is possible, and students often display an increased proficiency when mastering some Excel functions (Rubin and Abrams, 2015; Damjanovic and Katanic, 2023). A study in Nigeria examined the impact of Microsoft Excel instruction on senior secondary students' academic achievement and retention (Iji et al., 2022). The results indicated enhancements in both attainment and retention, and the authors advocated for raising awareness among academics to adapt and execute teaching methods with this software.

The rise of digital data analytics has led to more objective educational assessments and the implementation of standards into tangible measurement technologies (Williamson and Piattoeva, 2019). Every class should be conducted according to a protocol tailored to the course, accompanied by a delineated set of materials or exercises (Barzegar et al., 2020). On the other hand, effective study requires meticulous and proficient data analysis and collection (Kumar, 2023). Consequently, educational institutions should intensify training for students to reach performance standards required by businesses and institutions (Skarpenes and Walmann Hidle, 2024).

Barzegar et al. (2020) mentions that classifying students based on their topic mastery, irrespective of their majors, resulted in enhanced competency due to material homogenization. However, a Belgian study found that dividing children into distinct groups may yield minimal overall advantages in academic achievement (Lavrijsen et al., 2022). The primary factor influencing achievement was the behavior of the teachers. Consequently, a potential approach to achieve better results following the criteria set by businesses and organizations could involve standardization of course contents and materials.

Educational standardization has been widely explored in various disciplines to promote consistency in student learning outcomes (Helda and Syahrani, 2022; Nahar, 2023). Timmermans and Epstein (2010) define standardization as “a process of constructing uniformities across time and space through the generation of agreed-upon rules.” A well-structured curriculum ensures alignment between learning objectives, instruction, and assessments. Consequently, it has been implemented to reduce disparities in instructional quality. Atuhurra and Kaffenberger (2022) revealed that misalignment between curriculum standards, teacher instruction, and national assessments can create incoherence in learning outcomes. The authors found that standardization can be linked to better student performance and retention of key concepts when adequately implemented.

Allensworth et al. (2021) provides further evidence on how structured professional learning (PL) around standardized curricula influences student performance. Their study in Chicago Public School examined how professional development for teachers contributed to better instructional practices and student achievement in math following the implementation of the Common Core State Standards in Mathematics (CCSS-M). Results revealed that schools with more extensive professional learning initiatives around the standards saw more significant improvements in student outcomes, particularly in grades, test scores, and pass rates. Lastly, a key insight from their study is that standards alone do not automatically improve student learning. Thus, their success depends on how teachers and institutions implement them. Schools with more extensive participation in professional learning around the CCSS-M reported higher student engagement with standards-aligned instructional practices.

Crompton and Sykora (2021) performed a study highlighting the importance of developing instructional technology standards for educators to ensure consistency in implementing technology across different educational settings. Their research demonstrated that clear technology guidelines can enhance curriculum standardization by providing structured yet adaptable frameworks for digital learning. The study emphasized that technology integration must be aligned with instructional goals rather than being treated as an add-on, ensuring that digital tools support student learning rather than distract from it. Lastly, the study found that educator involvement in the standardization process is crucial for ensuring the practical applicability of instructional technology standards.



3 Methods

This study employed a quasi-experimental design to evaluate the impact of curriculum standardization on students' academic performance and certification outcomes in an undergraduate data analysis course. The analysis compared two cohorts:

	• Pre-standardization cohort: students who completed the course before implementing standardized content.
	• Post-standardization cohort: students who completed the course after introducing the standardized curriculum.

The study aimed to determine whether standardization initiatives led to statistically significant improvements in student learning outcomes by analyzing final course grades and certification exam scores. To ensure rigorous statistical evaluation, parametric (Student's t-test) and non-parametric (Mann-Whitney U test) methods were applied to assess differences in performance across the two cohorts.

To uphold research integrity and participant privacy, all student data were anonymized before analysis, ensuring no personally identifiable information was accessible. Data handling procedures followed institutional research guidelines, maintaining compliance with ethical research standards.


3.1 Case study

Students in the Faculty of Business must complete the Technological Tools for Information Management course during their first semester. This course aims to establish a foundational understanding of Microsoft Excel, enabling students to attain an above-average proficiency in the application, which will benefit their future academic pursuits and early professional endeavors.

Furthermore, students must pass the Microsoft Excel 2019 Specialist certification as a prerequisite for obtaining the academic degree (Certiport, a Pearson VUE Business, 2025). This examination not only facilitates assessment against a uniform criterion that all students recognize but also allows them to incorporate this accomplishment into their resumes when they commence their job search. The certification provides external validation of their proficiency in spreadsheet management, data analysis, and automation technologies, confirming adherence to industry standards. The required minimum score for certification is 700 points out of 1,000.

The professors teaching this subject are familiar with the certification exam and have structured the syllabus based on the topics covered in the certification. To address inconsistencies in instruction, a curriculum standardization process has been applied since 2021 to all groups involved. This initiative ensures that all students receive the same level of instruction and preparation, independent of their instructor. The standardization strategy includes the following key elements:

	1. Syllabus Revision and Expansion—The curriculum was restructured and expanded to cover all topics tested in the certification exam, along with advanced Excel tools commonly used in corporate environments that extend beyond the scope of the Microsoft Specialist certification. This ensures that students meet certification requirements and acquire real-world competencies relevant to business analytics and data-driven decision-making.
	2. Faculty Collaboration for Instructional Design—A team-based approach to curriculum development was implemented, fostering collaboration among instructors. Professors shared their experiences and best practices to create comprehensive and engaging learning materials, including case studies, interactive assignments, and real-world business applications.
	3. Development of a Unified Work Plan—A structured course sequence was established, outlining a clear progression through Excel topics. This sequence ensures a logical instruction flow, beginning with fundamental spreadsheet operations and advancing toward complex data analysis techniques. Standardized lesson plans and teaching methodologies were introduced to maintain consistency across all course sections.
	4. Standardized Midterm and Final Examinations—To ensure fairness and consistency in assessment, midterms and final exams were standardized across all course sections. Exam difficulty levels were calibrated to align with the learning objectives and certification requirements, guaranteeing that students were evaluated under uniform conditions.
	5. Designation of a Course Coordinator—A dedicated course coordinator was appointed to oversee the implementation of the standardization process. This role includes monitoring instructional quality, resolving discrepancies in teaching approaches, and ensuring that all course sections adhere to the established guidelines.

Standardization aimed to eliminate discrepancies in the depth and difficulty of the topics taught in class. The goal was to ensure that all students, regardless of their teacher, could use and comprehend a specific set of Microsoft Excel functions and that all exercises and tests maintained the same difficulty level.

The standardized course covers a comprehensive range of Excel functionalities, ensuring students gain proficiency in essential spreadsheet operations, data management techniques, and business analytics tools. The following topics are included:

	• Basic spreadsheet management: creating, deleting, renaming, and formatting worksheets; adding and managing rows, columns, and cell ranges.
	• Data formatting and visualization: conditional formatting, sparklines, cell styles, and themes to enhance data presentation.
	• Data organization and validation: sorting and filtering data, removing duplicates, applying data validation rules, and using named ranges.
	• Fundamental functions: SUM, AVERAGE, MAX, MIN, COUNTBLANK, COUNTA, and mathematical operators.
	• Logical and conditional functions: IF statements (single and nested), IFS, AND, OR, COUNTIF, SUMIF, AVERAGEIF.
	• Text manipulation functions: CONCATENATE, LEFT, RIGHT, MID, TRIM, and PROPER for string operations.
	• Lookup and reference functions: VLOOKUP, HLOOKUP, XLOOKUP for dynamic data retrieval.
	• Data summarization and analysis: subtotals, pivot tables, and advanced filters.
	• What-if analysis tools: Goal Seek, Data Tables, and Scenario Manager for decision support.

While the Microsoft Excel 2019 Specialist Certification assesses foundational skills, the course also integrates more advanced tools commonly used in corporate settings. The certification exam does not cover functions such as COUNTIF, SUMIF, AVERAGEIF, VLOOKUP, HLOOKUP, XLOOKUP, pivot tables, advanced filters, or What-If analysis tools. However, the curriculum emphasizes these topics to equip students with industry-relevant knowledge. This expansion has made the course more rigorous and intellectually challenging, requiring students to develop enhanced analytical and problem-solving skills. The proposed standardized curriculum aims to ensure that students meet certification standards and align with employer expectations for data-driven decision-making roles.




4 Methodology

This study is based on a quasi-experimental model, which analyzes 1,597 students enrolled in the “Technological Tools for Information Management” course at a private university in Mexico City. This cohort includes 649 students from the pre-standardization group and 948 from the post-standardization group. The standardization process began in 2022, and student records for five semesters, from 2022 to the first semester of 2024, were considered the periods during which standardization was applied. Four six-month periods between 2020 and 2021 were analyzed as pre-standardization periods.

Two variables were analyzed for both groups: the final grade obtained in the course and the score achieved in the certification exam. Students have two opportunities to take the certification exam if they do not reach the minimum passing score on the first attempt. In this study, the values of the second chance were used for those students who required this second chance. The time between the first and second attempts must not exceed 30 natural days, and no additional class sessions are destined to prepare students for their second try. The second attempt was used for both groups (pre- and post-standardization), which allowed for comparing the results of the changes in the course curriculum.

The grades obtained in the course were gathered from the course records, and the determination of the grades is as follows:

[image: Calculation for a final grade consisting of several components: 21% from the first midterm, 21% from the second midterm, 13.5% from homework, 9.5% from certification preparation exercises, 10% from the final project, and 25% from the final exam.]

The certification test score is determined and informed by the company that provides the exam service on a 1,000-point basis.

The null hypotheses are:

[image: Null hypotheses stating the means of Grade G1 and Grade G2 are equal, and the means of Score G1 and Score G2 are equal, both equating the differences to zero.]

The alternative hypotheses are defined as:

[image: Hypotheses are presented for comparison between two groups. \( H_1: \mu_{\text{Grade G1}} - \mu_{\text{Grade G2}} \neq 0 \) and \( H_1: \mu_{\text{Score G1}} - \mu_{\text{Score G2}} \neq 0 \), indicating differences in means for grades and scores between groups one and two.]

The t-test and Mann-Whitney U tests were used to determine whether the differences between the means obtained in both the subject's grade and the certification exam score are statistically different after applying the standardization process.



5 Results

Figure 1 shows the course grade distribution before and after standardization. Group 0 represents the state before standardization, while Group 1 has already implemented the necessary adjustments.


[image: Histogram comparing densities of grades for two categories labeled 0 and 1. Both sections show bar height variations from grade 4 to 10, overlaid with a normal curve. The legend differentiates density and normal grade representations.]
FIGURE 1
 Distribution of students' grades before and after the standardization of the curriculum.


The data representation shows a slight decrease in students' grades after standardization despite the absence of a normal distribution. This decrease can be attributed to a more extensive and demanding curriculum.

The distribution of the certification test scores before and after the standardization process is shown in Figure 2. In this case, even though none of the groups show a normal distribution, an increase in the scores obtained is perceived.


[image: Histogram with density plots compares scores across two panels labeled "0" and "1". The left panel shows a distribution peaking around 300-400. The right panel peaks sharply between 700-800. Both panels display density curves overlaying bar charts.]
FIGURE 2
 Distribution of certification test scores of students before and after the standardization of the curriculum.


The descriptive statistics of the two variables are presented in Table 1.


TABLE 1 Descriptive statistics of grades and test scores for students before and after standardization.

[image: Table comparing grades and test scores with and without standardization. For grades: N values are 649 (No) and 948 (Yes), means are 8.65 and 8.04, standard deviations are 1.27 and 1.63, minimums are 5, maximums are 10, and medians are 9 and 8.4. For test scores: N values are 649 (No) and 948 (Yes), means are 465.35 and 792.60, standard deviations are 269.61 and 107.59, minimums are 0 and 166, maximums are 1,000 and 957, and medians are 442 and 785.]

The minimum and maximum values for the course grades remain constant. However, the mean and median course grade decreased in the groups where the changes were applied. The certification test score is different because the score range was reduced; no student in the period analyzed after the standardization received the highest score, but the lowest value increased.

A one-way analysis of variance (ANOVA) was performed to determine whether statistically significant differences existed in course grades and certification exam results among students before and after curriculum standardization (Table 2). The final grade in the “Technological Tools for Information Management” course served as the dependent variable, revealing a statistically significant difference between pre-standardization and post-standardization groups, F(1, 1596) = 65.01, p < 0.001.


TABLE 2 One-factor ANOVA analysis results on course grades.

[image: ANOVA table showing values for "Between groups" and "Within groups." Between groups: SS 146.287, Df 1, MS 146.28, F 65.01, p-value less than 0.001. Within groups: SS 3,589.06, Df 1,595, MS 2.25.]

In the same way, when the certification exam score was analyzed as a dependent variable, the results indicated a statistically significant impact of curriculum standardization, F(1, 1596) = 1, 133.27, p < 0.001 (Table 3). Post-hoc analysis utilizing Bonferroni's correction verified that standardized groups attained considerably superior certification scores compared to non-standardized groups (p < 0.001). Standardized groups achieved markedly inferior course grades relative to non-standardized cohorts (p < 0.001).


TABLE 3 One-factor ANOVA analysis results on certification exam score.

[image: ANOVA table showing comparison between groups and within groups. For between groups: SS is 41,257,837.6, Df is 1, MS is 41,257,837.6, F is 1,133.27, p-value is less than 0.001. For within groups: SS is 58,067,665.2, Df is 1,595, MS is 36,406.0597. F and p-value are not provided.]

Shapiro-Wilk tests were applied to confirm normality in the data, and the variation ratio test was used to verify the homogeneity of variations. The results of both tests are shown in Tables 4, 5, confirming that the data in none of the groups meet the assumption of normality or homogeneity of variance.


TABLE 4 Results of the Shapiro-Wilk test for normality assessment.

[image: Table comparing the W statistic and p-value for variables Grade and Score under two conditions: No standardization and Standardization. For No standardization, Grades have a W statistic of 0.9206 and Scores 0.95718, both with p-values less than 0.001. For Standardization, Grades have a W statistic of 0.96659 and Scores 0.94132, both with p-values less than 0.001.]


TABLE 5 Results of the variance ratio test.

[image: Comparison table showing statistical results between Group 0 and Group 1 for two variables: Grade and Score. For Grade, the F statistic is 0.6059 with a p-value less than 0.001. For Score, the F statistic is 6.2798 with a p-value less than 0.001.]

Based on the above results, it was decided to use the non-parametric test of Mann-Whitney U for two samples to verify that the difference in the students' academic performance in the course and their results in the certification test is statistically significant. The results of this test are shown in Table 6.


TABLE 6 Results of the Mann-Whitney U test.

[image: Comparison table shows group 0 versus group 1. For "Grade," the U statistic is 367,031 with a p-value less than 0.001, medians are 9 and 8.4 for groups 0 and 1, respectively. For "Score," the U statistic is 100,087 with a p-value less than 0.001, medians are 442 and 785 for groups 0 and 1, respectively.]

These tests are based on the null hypothesis that the distribution of both groups is equal. These hypotheses are rejected for both the course grade and the test score. Therefore, it can be stated that the means between the groups before and after standardization are statistically different. Even applying the t-test (assuming that the assumptions of normality were met), the result remains, rejecting the null hypotheses (Table 7).


TABLE 7 Results of t-test and variance comparison.

[image: A table comparing groups zero and one for two variables: grade and score. The grade shows a t statistic of 8.0629, degrees of freedom 1,595, p-value less than 0.001, and mean difference 0.6162. The score shows a t statistic of -33.6641, degrees of freedom 1,595, p-value less than 0.001, and mean difference -327.2496.]



6 Discussion and conclusion

Implementing a standardized curriculum in the “Technological Tools for Information Management” course had mixed impacts on student outcomes. While a slight decline was observed in students' academic performance, as reflected in their course grades, this variation is relatively modest. This can be attributed to including more advanced topics in the curriculum. These topics extend beyond the scope of the specialist-level certification exam, thereby increasing the overall difficulty of the course.

Conversely, a significant improvement was noted in the average scores achieved by students in the certification exam. Before standardization, the average score fell below the 700-point threshold required for certification. Following the standardization process, the average score exceeded 792 points, reflecting a substantial enhancement in student proficiency. This improvement highlights the effectiveness of the standardized curriculum in aligning instructional practices across groups, ensuring comprehensive content coverage, and fostering a deeper understanding of the subject matter. Similar to our results, a study presented by Bakir et al. (2019) showed that some elements that helped obtain better results on the Microsoft Excel Specialist certification for the students they evaluated were course-related: examples include custom-authored and more in-class instructions.

These findings underscore the potential benefits of curriculum standardization in promoting consistency and achieving higher educational standards. While the increased difficulty of the course may temporarily impact grades, the enhanced certification outcomes suggest that students are better prepared to meet industry expectations and apply their knowledge effectively in professional contexts. As stated by Roth (2024), training students in spreadsheets like Excel increases logical reasoning and impacts learning outcomes. The results of this study can inform future efforts in curriculum design, particularly for courses that aim to integrate practical skill development with standardized assessment frameworks. By fostering collaboration among educators and aligning teaching methodologies with certification requirements, institutions can better equip students with the competencies needed to excel in a technology-driven workforce.

While this study provides compelling evidence for the effectiveness of curriculum standardization, several areas warrant further exploration. Standardized curricula must be continuously updated to balance rigor, adaptability, and alignment with industry demands. Future research should focus on refining standardization strategies that enhance academic performance while promoting flexibility, critical thinking, and real-world application.

One key area for further investigation is the long-term impact of curriculum standardization on student performance, knowledge retention, and professional readiness. A longitudinal study tracking multiple cohorts throughout their undergraduate programs could determine whether the competencies developed through standardization persist beyond the course and into professional practice. Such a study could also examine whether standardization positively or negatively impacts student adaptability in diverse workplace environments.

Another critical aspect for future research is instructor perspectives on curriculum standardization. Investigating educators' perceptions, instructional strategies, and challenges in implementing standardized curricula could offer institutions valuable insights for faculty training and curriculum refinement. Research should explore whether standardized instructional frameworks support or constrain pedagogical innovation, and how professional learning programs could be structured to optimize instructor effectiveness in delivering standardized content.

Furthermore, given the growing role of technology in standardized education, future research should assess how digital learning platforms, automation, and data-driven instructional design might enhance curriculum uniformity and student engagement. Evaluating the influence of instructional technology standards, as discussed by Crompton and Sykora (2021), could provide insights into how educational institutions can leverage technology-enhanced standardization models to improve learning outcomes. Additionally, research should explore the role of artificial intelligence and adaptive learning systems in ensuring personalized yet standardized instruction.

By addressing these areas, future studies can further enhance curriculum standardization strategies to optimize academic performance, foster professional skill development, and ensure real-world applicability. As higher education institutions continue to evolve in response to changing workforce demands, ongoing research will ensure that standardization remains a dynamic and effective tool for educational advancement.
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The rapidly evolving and technology-driven labor market underscores the need for continuous education and lifelong learning to ensure individuals remain adaptable and professionally relevant. It demands institutions that effectively bridge the gap between education and the workforce by promptly and pertinently modifying its programs and curricula, led by educators who are highly experts in specific skills and knowledge, as well as with pedagogical knowledge. In this address, robust educational models become essential. The TEC21 Educational Model (TEC21), introduced in 2019 by Tecnologico de Monterrey, addresses these challenges by fostering disciplinary and transversal competencies critical for success in the professional and personal spheres. This study explores two key research questions: (1) How do students in international experiences perceive the implementation of TEC21’s four components—inspiring professors, flexibility, challenge-based learning (CBL), and memorable university experiences—at their home and host universities? (2) How does TEC21 align with the European Commission’s Industry 4.0 Curriculum Guidelines? Semi-structured interviews were conducted with 13 Mexican engineering undergraduates during their international study experiences using a cross-sectional qualitative design. The findings reveal that Inspiring Professors—characterized by continuous pedagogical training and deep expertise in industry, consulting, or research—stood out as pivotal in preparing students for complex, real-world contexts. Flexibility and accessibility enable students to balance diverse priorities through hybrid learning environments, a critical feature for lifelong learners. For CBL, the model’s emphasis on interdisciplinary, real-world projects fosters employability, although collaboration with socio-formative organizations was less evident at host universities. The Memorable University Experience component highlighted the transformative nature of internationalization despite limited engagement with extracurricular activities and student organizations at host institutions. This study demonstrates TEC21’s alignment with the European Commission’s Industry 4.0 Curriculum Guidelines, addressing key pillars such as collaboration, quality assurance, and curriculum content. This model can inspire continuous education institutions to bridge the gap between education and industry demands. It equips graduates with adaptability, interdisciplinary collaboration skills, and global readiness, positioning TEC21 as a cornerstone for lifelong learning and sustainable societal advancement in the Artificial Intelligence era.
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1 Introduction

Over the last decades, higher education has faced multiple challenges demanding urgent attention and innovative solutions to sustain its role in fostering individual growth and societal progress. Access and equity remain significant hurdles; with disparities in enrollment and resources, its role as a social mobility factor has diminished, particularly in developing countries (Vieira Do Nascimento et al., 2020). Simultaneously, funding constraints have forced institutions to rely mainly on tuition fees, exacerbating affordability issues and promoting elite systems (Vieira Do Nascimento et al., 2020; Pascuci and Fishlow, 2023).

Universities have frequently failed to meet the labor market requirements, missing intellectual and practical skills that make them productive and enhance their employability (Vieira Do Nascimento et al., 2020). Furthermore, in the Artificial Intelligence (AI) Era, industries demand a highly skilled workforce under continuous upskilling and reskilling (Li, 2022), especially in technological sectors facing talent shortages and skills gaps (Borisov and Tanţǎu, 2013; Muller et al., 2014).

This context enhances the United Nations’ Sustainable Development Goal 8, which promotes sustainable economic growth, productive employment, and decent work by integrating continuous education and lifelong learning into job culture (United Nations Department of Economic and Social Affairs, 2023; Mejía-Manzano et al., 2022).

The education approach has evolved from a terminal to a lifelong mindset. Continuous education enhances individual motivation, professional development, and societal progress (O'Neill et al., 2015) and is crucial for vulnerable communities such as refugees and migrants (Bagiati et al., 2022). The National Academy of Engineering emphasizes the importance of lifelong learning strategies for engineers (National Academies of Sciences, Engineering and Medicine, 2018). However, challenges include adapting teaching methods for various life stages (Bagiati et al., 2022; National Academies of Sciences, Engineering and Medicine, 2018), keeping interdisciplinary curricula up to date (Bagiati et al., 2022; Qiu, 2011; Ktoridou and Eteokleous, 2014), providing flexible learning options (Bagiati et al., 2022; National Academies of Sciences, Engineering and Medicine, 2018), developing soft skills and deep scientific knowledge (Ktoridou and Eteokleous, 2014; Viegas et al., 2021), implementing effective assessments (Viegas et al., 2021), and offering affordable programs (Bagiati et al., 2022).

Educational models guide trainers and institutions in creating environments that enhance student learning and development through aligned materials, teaching practices, and assessments (Kremneva et al., 2020; Reichenbach, 2016; Vorontsova et al., 2015). In this sense, they are highly useful in continuous education where trainers’ proficiency and expertise are so specific that they frequently lack pedagogical knowledge and teaching experience.

In 2019, Tecnologico de Monterrey implemented TEC21, an innovative educational model for higher education, to address the demands of the productive and research sectors and the changing world (Pérez and Campos, 2021). It was developed in response to technological advancements and the need to adapt to economic, social, and industrial demands (de los Dolores González-Saucedo, 2021).

Recognizing the relevance of tertiary education for the development of individuals, societies, and countries, identifying their achievements of TEC21 is imperative, firstly to determine the effectiveness of its implementation by their senior students; secondly, to evaluate whether it is on track to achieve the needs of industry 4.0; and thirdly, to assist in designing evidence-based educational models that guide institutions and trainers in addressing the needs of lifelong learners.

The following questions guided current research:

	1. How do students in international experiences perceive the implementation of the TEC21 educational model’s components (inspiring professors, flexibility, challenge-based learning, and memorable university experience) at their home and host universities?
	2. How does the TEC21 educational model, particularly its four pillars, align with the Industry 4.0 Curriculum Guidelines established by the European Commission?

We aimed to offer innovative strategies and effective practices to help educational stakeholders, institutions, and governments design educational models for continuous education.



2 Theoretical framework

The term “educational model” can be defined in various ways, including theoretical frameworks (Gardner, 2006), curriculum designs (Rao et al., 2014), didactic approaches (Levett-Jones et al., 2010), learning models (Rauth et al., 2010), and delivery methods (Lopez-Garcia et al., 2019). An educational model guides institutions and educators in organizing and strategizing to achieve desired academic outcomes (Bagiati et al., 2022). Professors and trainers in lifelong education need specific competencies for innovative teaching methods, which often do not align with having pedagogical content knowledge (Zhu et al., 2013).

Higher education institutions frequently prioritize pedagogical experience and postgraduate credentials over requiring formal pedagogical education for hiring professors (Kovshikova et al., 2019). This preference may stem from the need for specialized knowledge and the research-based belief that professors with deep content expertise enhance student learning and achievement (Filgona et al., 2020). Professors with solid pedagogical content knowledge are better equipped to address students’ needs, foresee misconceptions, and provide clear explanations (Filgona et al., 2020; Heinonen et al., 2023).

However, student engagement and outcomes can suffer without effective pedagogy, and active learning strategies may be underused (Crisol-Moya et al., 2020). Therefore, robust educational models are essential for higher and continuous education. Adhering to educational model guidelines becomes particularly important when trainers lack pedagogical skills.


2.1 The components of education according to the TEC21 model

TEC21 emerged as Tecnologico de Monterrey’s response to the educational challenges and opportunities of the 21st century. Four components or pillars sustain its values: inspiring professors, flexibility, challenge-based learning (CBL), and memorable university experience (Instituto Tecnológico y de Estudios Superiores de Monterrey, 2018; Membrillo-Hernández et al., 2021). While CBL and competency-based education pivot TEC21’s pedagogical approach, the other components are structural reforms that permit the transition toward an integral education (Olivares et al., 2021).


2.1.1 Inspiring professors

According to Tecnologico de Monterrey (Tec), the profile of a TEC21 professor, lecturer, or instructor encompasses five characteristics: inspiring, updated, connected, innovative, and digitally competent.

Faculty members should inspire and motivate students to excel both academically and personally. According to Berikkhanova et al. (2015), effective educators promote professional success and self-improvement while staying updated with current pedagogical methods and advancements in their fields.

Additionally, TEC21 educators are distinguished by their active engagement in their professional fields. Participation in programs such as research projects supports professors’ professional development and helps them connect students with networks, internships, and real-world experiences (Guerrero-Hernández and Fernández-Ugalde, 2020).

Lastly, professors must possess innovative pedagogical resources and proficiency in computational and information technologies (Instituto Tecnológico y de Estudios Superiores de Monterrey, 2018). They must also effectively use technological resources, as the integration of information technologies in education is increasingly replacing traditional methods (Khaled et al., 2022). This necessity compels professors to continually train in emerging technologies and teaching strategies, greatly enhancing their teaching performance.

Tecnologico de Monterrey has funds called Novus to carry out educational innovation projects (Portuguez-Castro et al., 2022). Sotelo et al. (2023) and Ramirez-Lopez et al. (2021) highlight several innovations that occurred in the classroom. Almanza-Arjona et al. (2019) contribute by adding a research perspective to teaching innovation.



2.1.2 Flexibility

TEC21 emphasizes flexibility, allowing students to personalize their learning experience. The model’s curricular pathway comprises the phases of exploration, focus, and specialization (Olivares et al., 2021). It draws inspiration from Stanford’s 2025 project (Munro, 2019). In the exploration stage, students are introduced to their field of study to determine their interests. The focus stage involves learning and experiencing the chosen professional environment, while the specialization stage offers options for more profound apprenticeship through research, internships, exchange programs, or specific courses.

Technology advancements support flexibility in TEC21, including various teaching formats and modalities for student participation and homework submission (Instituto Tecnológico y de Estudios Superiores de Monterrey, 2018; Membrillo-Hernández et al., 2021). This approach enables learning anytime and anywhere (Veletsianos and Houlden, 2019) and has proven beneficial during the COVID-19 lockdown (Chans et al., 2023). The model supports face-to-face, hybrid, or online lectures, with materials and assignments delivered physically or digitally via a learning management system (LMS). This format aligns with Education 4.0, which advocates for adaptable and flexible higher education programs providing personalized content (Miranda et al., 2021).



2.1.3 Challenge-based learning

The CBL component is central to TEC21, emphasizing the acquisition of knowledge, abilities, attitudes, and values through solving real-life “challenges” (Instituto Tecnológico y de Estudios Superiores de Monterrey, 2018). CBL involves analyzing unresolved real-world situations, fostering problem-solving skills, and understanding requirements for solutions rather than simply solving the problem (Membrillo-Hernández et al., 2019; van den Beemt et al., 2023).

This active-learning approach promotes multidisciplinary abilities, creativity, and leadership in a team-oriented environment, reflecting today’s collaborative work settings (Olivares et al., 2021). Challenges in TEC21 are realistic experiences where students tackle relevant, complex cases in their fields of study, enhancing competencies like collaboration and innovation (Gallagher and Savage, 2020).

CBL’s roots are in experiential learning, suggesting active participation in open-ended experiences where theory meets practice is more beneficial than closed-structured activities (Kong, 2021). This freedom allows students to explore, research, and discover unique solutions (Moore, 2013). Challenges are often designed in collaboration with social partners, including non-governmental organizations (NGOs), governmental institutions, or companies, to leverage students’ perspectives and abilities.

Challenges are implemented in special interdisciplinary courses called blocks. For example, engineering students in the exploratory stage engage in blocks requiring contributions from mathematics, computers, and physics. In contrast, like mathematics, single-discipline subjects use contextualized projects known as “problem situations.” (Olivares et al., 2021).

Regarding evidence of the student’s competencies, TEC21 includes various products or deliverables, like oral presentations, videos, project reports, prototypes, and even argumentative exams; meanwhile, this model also applies a variety of evaluation instruments like observation scales, checklists, and rubrics (Membrillo-Hernández and García-García, 2020).



2.1.4 Memorable university experience

This component refers to creating the best university experience through four dimensions:

	a. Personal Dimension: This dimension focuses on students’ engagement in personal growth within their learning environment (Gruppen et al., 2018). During “Week 18″ periods, students refine their expectations and objectives as autonomous individuals. Throughout their academic journey, students are supported by mentors and program directors who assist with educational and personal challenges (Olivares et al., 2021).
	b. Social Dimension: Seeks to enhance relationships through co-curricular activities facilitated by the LiFE program (Liderazgo y Formación Estudiantil; Leadership and Student Formation) (Olivares et al., 2021; Gruppen et al., 2018). These activities foster personal and academic growth, self-identity, self-confidence, work ethic, and academic performance (Gibbs et al., 2015) while developing emotionally, physically, and spiritually self-regulated students who uphold values such as honesty, responsibility, and respect (Olivares et al., 2021).
	c. Organizational Dimension: Provides structured support through curricular materials, accreditation guidelines, and organizational policies, offering opportunities in internationalization, entrepreneurship, research, and leadership. Student mobility, an essential aspect of internationalization, offers academic, cultural, and social opportunities, fostering personal growth, cultural sensitivity, and adaptability (de Wit and Altbach, 2021; Streitwieser and Light, 2018). Students can participate in international exchanges with over 500 host universities on five continents. It promotes professional development through networking and global industry practices, encouraging lifelong learning (Yılmaz, 2019; Jibeen and Khan, 2015; Drake et al., 2015; Cheng, 2016).
	d. Physical and Virtual Spaces: TEC21 supports learning in both physical and virtual environments, such as online and offline courses, and provides resources and facilities for exercise, meditation, and well-being. The shift to online learning during the COVID-19 pandemic highlighted the importance of virtual spaces, enhancing technological skills and knowledge for both students and professors (Olivares et al., 2021; Aristovnik et al., 2023).




2.2 Educational models for continuous education

The Fourth Industrial Revolution relies on automating production methods (Oosthuizen, 2022), exponentially increasing the use of digital tools like robots, cobots, the Internet of things, telecommunication systems, data centers, high computational power, and energy consumption (Raja Santhi and Muthuswamy, 2023). This evolution demands reshaping education from traditional methods to new mindsets and competencies. To exemplify this statement, García and de los Ríos (García and Ríos I, 2021) emphasize the need for new educational methods to help graduates adapt to the digital transformation era, addressing the lack of essential competencies for sustainable practices.

The European Commission proposed Curriculum Guidelines for Industry 4.0 (European Commission, 2020), focusing on the new industrial paradigm. This framework provides educational stakeholders a base for developing curricula to meet Industry 4.0 workforce needs. The governing body aims to guide the creation of new academic programs and the improvement of existing ones.

Once the values, purposes, and foundational documents of the educational or training institution have been defined, the guidelines established by the European Commission related to the institutional strategy framework are:

1. Collaboration. It enhances collaboration between educational institutions and other societal representatives.

	2. Recognition. It includes formal and informal acknowledgment of the skills and competencies learners acquire during training.
	3. Quality Assurance. It identifies key factors in education and training quality to align with the expectations of both students and employers.

The guidelines related to the educational model are:

4. Curriculum Content. It continuously updates educational resources to ensure they remain pertinent and reflect the competencies required for Industry 4.0.

	5. Learning Environment. It fosters a setting that supports interdisciplinary study, encourages critical analysis, and stimulates innovation.
	6. Delivery Mechanisms. It leverages diverse educational technologies and platforms to impart knowledge effectively and efficiently.
	7. Assessment. It develops various evaluation methods to effectively measure skills and competencies acquisition.

A noteworthy case that fulfills these guidelines is the Massachusetts Institute of Technology’s (MIT) framework proposal called Agile Continuous Education (ACE). Concerning institutional strategies, ACE proposes:

	• A range of modalities: online, on-site on campus, and at work.
	• The possibility to customize their learning path based on the student’s preferences, employer needs, or career goals.
	• The possibility of earning credentials along their learning path that can subsequently accredit a full-time academic program.

ACE’s educational model has three components: individual, group, and real-life mentored learning. Learners must experience all three modalities: individual courses to build a digital portfolio, group activities like hands-on, project-based sessions, and mentored real-life learning through apprenticeships or university/industry projects (Bagiati et al., 2022).

Multiple studies have evaluated the design, implementation, and outcomes of the Tecnologico de Monterrey educational model. However, this model aims to prepare students for future labor and societal demands, for which a lifelong learning mindset is fundamental (Mejía-Manzano et al., 2022). The present work contributes to this existing body of knowledge, identifying how the TEC21 proposal can inspire continuous education models.




3 Methodology


3.1 Objectives and study design

This study aims to gather evidence from students’ perspectives on the TEC21 Educational Model (TEC21) in an international study context to assess its proper implementation. For this purpose, we conducted a cross-sectional qualitative study in November 2022. Additionally, it aims to identify whether TEC21 offers a possible pathway to define educational models for continuous education through a comparison with European Commission curriculum guidelines for Industry 4.0.



3.2 Participants

Through a non-randomized convenience sampling approach, this study’s participants were 13 Mexican students enrolled in a course called “Immersion Week 18.” This course, held at the end of each semester, serves as a means of reflection and feedback on the learning outcomes of the entire semester (Caudillo, 2023).

Participants were required to meet the following criteria:

	• Be undergraduate engineering students in their seventh semester at Tecnologico de Monterrey.
	• Be enrolled in a study abroad program facilitated by Tecnologico de Monterrey at the time of the interview.
	• Be at least 18 years old at the time of the interview (the minimum age for Mexican citizenship).

Several studies have been conducted to find how many interviews are necessary to saturate the results and obtain a broad enough range of opinions. Firstly, considering Guest et al.’s framework (Guest et al., 2006), a population of at least 12 individuals is sufficient to saturate the study satisfactorily. Furthermore, Cobern and Adams (2020) argued that population size is not as crucial for qualitative studies as it may be for quantitative studies, concluding that a number between 15 and 20 interviewees is adequate to explore most answers or opinions. Finally, through a systematic review, Hennink and Kaiser (2022) determined that qualitative studies with a homogeneous population tend to achieve saturation within 9–17 interviews. Thus, the study’s sample size is sufficient to present satisfactory qualitative results.



3.3 Interview design

Semi-structured interviews with the participants were conducted in Spanish via online video conferencing since they were abroad during their semester. Each interview session lasted between 45 and 60 min and was recorded in MP4 video format. Before the interview, the students were informed about the purpose of the research, the anonymity of their responses, and their rights to pause the interview at any moment; they also provided their informed consent to record the conversation.

The interview consisted of open, unbiased questions to gather their demographic information and perspectives on the TEC21’s four components during their international experience. Concerning the current object of study, besides the demographic questions (biological sex, program, semester, host country, and host university), the key questions regarding the components were the following:

	1. How flexible is the educational offer from your host university? For instance, the format of the courses, activities, projects, and learning materials.
	2. What is the teaching and evaluation approach in your courses? For instance, lectures, theory-practice, challenges, exams/projects, etc.
	3. How do other social entities (industries, non-governmental organizations or NGOs, civil society, government, etc.) participate in your education?
	4. What are the advantages or disadvantages of having worked with challenges?
	5. How would you describe the vivency and university experience at your host university? Have you participated in student groups, extracurricular activities, or special events for international students?
	6. What has been your biggest challenge in being part of this international experience?
	7. What is your perception of the teaching strategies and lecturer’s expertise?



3.4 Data collection and analysis

We performed a content analysis using the transcripts of the interview video recordings. We categorized and summarized valuable information, including demographic details and comments on TEC21’s components. This organization facilitated the identification of the participants’ perceptions regarding each of the four pillars of TEC21 during their internationalization experience. It allowed us to systematically identify themes and patterns for implementing this educational model. To further ensure the robustness of the findings, a second author independently reviewed and validated the categorized themes.

We used a dual-review process of publicly available documents and scholarly publications to conduct a robust comparative analysis of TEC21 with Curriculum Guidelines for Industry 4.0 (European Commission, 2020). The main objective was to benchmark TEC21 initiatives against global best practices and recommendations for lifelong training and continuous education programs. The process involved an independent comparison of both frameworks by two researchers. Each researcher critically examined TEC21 components and Industry 4.0 Guidelines, interpreting their features, outcomes, and objectives. Later, the researchers engaged in a collaborative discussion to resolve discrepancies and arrive at a consensus on the definitive findings.

To strengthen the validity of the results, we performed methodological triangulation by incorporating multiple data sources. In addition to interview transcripts, public institutional documents (Instituto Tecnológico y de Estudios Superiores de Monterrey, 2018; Olivares et al., 2021) and published literature (Membrillo-Hernández et al., 2021; Miranda et al., 2021; Molina et al., 2022; Bautista, 2024; Zavala, and editor Integration of physics, mathematics and computer tools using challenge-based learning, 2020) were analyzed to corroborate the identified patterns. This combination of qualitative and quantitative data gave a more comprehensive understanding of TEC21’s implementation.




4 Results and discussion


4.1 Demographic information of the study sample

Following the guiding principles established in the Methodology section for the study sample, demographic data was collected to characterize and better understand the participants’ context (Table 1). The participants were senior engineering students visiting universities settled in the European Union and Latin America. Gender equity was neither achieved nor required for our work; there were more females than males.



TABLE 1 Demographic data of the sample gathered for the present study.
[image: Table showing data for thirteen participants, including Participant ID, age, biological sex, engineering program, host country, and type of host university. Ages are 21 or 22; fields include Industrial and Systems, and Mechatronics. Host countries vary, with most universities being public.]



4.2 The perception of senior students of the TEC21 educational model during their study abroad stay


4.2.1 Students’ perception of the inspiring professors component

Regarding the inspiring professors’ component, our findings support the claims of Filgona et al. (2020) and Kovshikova et al. (2019) regarding higher education institutions’ high standards for employing faculty members, prioritizing credentials and pedagogical experience. They also align with Guerrero-Hernández and Fernández-Ugalde (2020) statement about professors’ active engagement in their professional fields. In this matter, well-engaged professors benefit students in gaining professional connections.

Ten participants reported that professors at host universities held master’s or doctoral degrees. Additionally, eight professors were involved in activities complementary to their teaching, such as research, consultancy, entrepreneurship, or leading roles within public or private organizations.

In terms of pedagogical approaches, the host university professors employed a variety of teaching strategies. Six participants mentioned collaborative work, three mentioned case studies, four mentioned gamification, and two mentioned debates or discussion forums. Most of them alternated these methods with slide-assisted lectures. Only one participant indicated that all his courses were based exclusively on lectures. These findings align with those of Perez-Encinas and Rodriguez-Pomeda (2018), who highlight good teaching as a crucial aspect that students studying abroad value, including the requirement for qualified professors who use appropriate teaching methodologies and fair evaluations.

These results suggest that an educational model incorporating well-qualified and professionally engaged professors is valuable for fostering students’ employability and lifelong learning. The literature demonstrates that continuous education institutions emphasize faculty credentials, proficiency, and expertise; however, guidelines for effective and varied teaching techniques centered in adaptable skill-based education will enhance learners’ readiness to thrive in evolving professional landscapes.



4.2.2 Students’ perception of flexibility

The Flexibility Component of TEC21 gives students choices regarding when, how, where, and from whom they learn. Two key approaches define this component: the delivery mechanisms and educational resources (Salas Rivas et al., 2022) and the academic path for personalization (Olivares et al., 2021; Casanova et al., 2019). Our findings primarily focus on the first approach, emphasizing the lesson formats that students encountered during their international experiences.

Our study found limited evidence of flexibility concerning learning environments and delivery methods in the participants’ experiences at foreign universities. Ten students reported having only face-to-face lessons, while the remaining three participants—4, 8, and 12—experienced a combination of face-to-face sessions and remote coursework for specific courses. About the lessons’ format, interviewees 8 and 12 provided the following comments:


“Yes, they are synchronous [face-to-face], and some are hybrid. [..] It depends on the subject. [..] In the hybrid courses, for example, the professor delivers the lecture. Still, when it comes to working on the final project or explaining something that is not exactly a lecture but rather a contribution to the work, they require everyone to be [physically] present. This is done through ‘Teams’, the platform they use here [..]. The professor also conducts the course with two other professors who are not physically present in Sweden [..].” —Student 8.
“They have been.. in some subjects; for example, four in-person and one hybrid day. But there were times when the lecturers could change it, so they would say, ‘We are going to be in-person all week.’ It depended on the lecturer’s preference.” —Student 12.



Student 4 described two distinct types of courses: one was entirely face-to-face, while the other employed a variable format. In the latter, professors decided whether to incorporate online lessons alongside traditional in-person sessions each week. This flexible format was exclusively available to international students, whereas local students attended only face-to-face lessons.

Accessibility to learning materials and flexible delivery formats are vital for continuous education due to the imperatives of lifelong learners. TEC21’s flexibility was fundamental during the COVID-19 pandemic, enabling Tecnologico de Monterrey’s successful continuity despite the lockdown (Molina et al., 2022).

While learning materials accessibility was not a topic during the interviews, it is notable that only four participants were aware that their professors recorded lessons to provide learning materials accessible outside the classroom. Participants 2, 8, 9, and 12 responded positively when asked if their classes were recorded. Taking students 2 and 9 responses as evidence:


“Yes, all the classes are recorded. For example, if I’m studying for an exam and have a question about a specific session, I can access the platform where all the recordings are stored and watch the replay of the class.” —Student 2.

“Yes, they upload the recording of the presential session […]. We can watch them through Canvas.” —Student 9.
 

This practice has sparked discussions among higher education institutions, particularly during the mentioned pandemic, addressing privacy (Turnbull et al., 2021) and intellectual property (Gilmour and Barranco, 2021). However, this strategy could significantly expand the reach of education, akin to the Massachusetts Institute of Technology’s OpenCourseWare initiative (Massachusetts Institute of Technology, 2024), by adopting a flexible approach that makes education more accessible, inclusive, and equitable (Veletsianos and Houlden, 2019).

Regarding the evidence of learning outcomes, eight participants reported that their host universities accepted reports and oral presentations as valid assessment methods. For example, interviewee 3 expressed being evaluated by both techniques. When asked about the type of submissions he was asked:


“Reports. We are required to complete the project, and at the end, we prepare an individual 10-page report with only content, no images. Then the report is submitted, and we give an individual presentation.” —Student 3.
 

Additionally, 12 participants observed that individual face-to-face exams remain the most common evaluation form. Using the responses of interviewees 5 and 10 as evidence for this result:


“The exams are presented individually […]. They are held during class, and so far, they have all been on paper.”—Student 5.

“Yes, the entire exam is individual […]. We attend the and take the exam right there […]. All exams are printed.”—Student 10.
 

These findings highlight the critical role of flexibility in educational delivery mechanisms and resources as a key component for continuous education. While participants’ experiences at foreign universities revealed limited evidence of adaptable learning environments and formats, the TEC21 model stands out as a forward-thinking framework that addresses the evolving needs of lifelong learners. Institutions offering continuous education must remain attentive to these changing requirements when developing new programs, curricula, or training that prioritize efficient and accessible approaches (Miranda et al., 2021). By enabling hybrid delivery, personalized learning pathways, and expanded access to educational materials, TEC21 not only fosters inclusivity and accessibility but also meets the demands of educating for an increasingly dynamic and interconnected world.



4.2.3 Students’ perception of challenge-based learning

Solbrekke and Helstad (2016) emphasize the significance of employing diverse teaching approaches in nurturing students as future professionals. Participants identified several teaching approaches in their courses when discussing how students learn at the host international universities. Two participants (Students 5 and 12) strongly emphasized hands-on learning and laboratory practices, while four others focused on theoretical instruction. Three participants experienced a balanced integration of theoretical and practical teaching methods. The differentiation between teaching approaches becomes evident in the following responses from Students 5, 6, and 11:


“For a class, I have weekly readings and practices related to the week’s topic. We get questions that require research and must also answer the practice. For example, in programming, before and after each class, we create small programs related to the topic […].” —Student 5.

“Most of them are theoretical tasks that involve researching information […]. And the majority are done in teams” —Student 6.

“Sometimes they involve presentations, essays on a topic, or research to submit on the platform. We also have quizzes, but it depends on the subject. For instance, last Friday, I had three quizzes and a presentation. There are also individual tasks, like summarizing a reading, topic, or lecture […]. Quizzes are theoretical, but I have also had a completely practical exam.”—Student 11.
 

However, nine participants (students 1, 2, 4, 6, 7, 9, 10, 11, and 13) explicitly stated that their host universities did not incorporate challenge-based or problem-based scenarios. Although these students frequently engaged in team projects, they pointed out the absence of assignments that resembled challenges when reflecting on their experiences abroad. In contrast, only participants 3, 5, 8, and 12 reported working on projects with a similar format to that of TEC21. Examples that evidence the disparity of project formats are the responses from participants 3 and 7 when they were asked if they had worked with problem situations or challenges as they did commonly at TEC:


“Yes, we work with challenges.”—Student 3.

“No, for what I know, there is nothing similar to that [challenges or problem situations].”—Student 7.
 

Teamwork, or collaborative work, is crucial for CBL. While all 13 respondents participated in team projects or collaborative learning, few specifically mentioned engaging in a CBL approach, and none reported taking interdisciplinary courses similar to the TEC21 blocks (Zavala, 2020). Although teamwork within project-based learning is beneficial for student learning (Parrado-Martínez and Sánchez-Andújar, 2020), one of the critical advantages of CBL is its emphasis on multidisciplinary collaboration (Gallagher and Savage, 2020; Mesutoglu et al., 2022), an essential skill in the modern workplace.

The presence of partnerships with external organizations is a critical element that fosters continuous education through CBL, as highlighted by TEC21 (Membrillo-Hernández et al., 2021; Bautista, 2024). Interestingly, only Student 12 confirmed the existence of projects that involved collaboration with a socio-formative organization in their host university:


“[…] We have not interacted yet. I think it’s because of the type of program we are in. However, outside my building are the automotive and aerospace areas. They sometimes have car prototypes there, and they work with Red Bull.”
 

In contrast, the other participants acknowledged that their host universities maintained active relationships with NGOs, government organizations, and industries, but none reported collaborating with these entities on their projects. The absence of such partnerships during challenges likely led students to perceive their projects as routine schoolwork rather than meaningful endeavors recognized by external entities. According to Kong (Kong, 2021), engaging students in experiential learning, where they apply knowledge to real-world situations relevant to their professions, is highly beneficial. This approach encourages active learning, deepening students’ understanding and retention of the material.

Student 10 provided insight into the teaching approach at their host university when talking about how they work with challenges or similar methods:


“No, we do not work [with challenges] here. The closest thing we have to that is when they give us already-made case studies. But as far as challenges or problem-solving situations, we do not focus on them [..]. It’s mostly theory and the projects they assign us.”
 

Regarding the advantages or disadvantages of working with challenges, he affirmed:


“I believe that the advantages of working on challenges at Tec have given me a better understanding of how things work in the real world compared to my peers here who have only studied theory [..]. The only downside is that the pace can be quite fast.”
 

Similarly, other participants described their work at host universities as homework, case studies, or simple group projects confined to a single discipline. Most participants noted the absence of an interdisciplinary approach in these assignments, contrasting with the CBL they experienced in TEC21, as described by Zavala (2020). Student 13 provided a meaningful answer about her perception of the coursework she had to do during her stay at the foreign university:


“In class, we do activities, but they are basically homework assignments you can complete during class or take home. However, they are very few compared to those at Tec […]. They are mostly theoretical, based on what we learn in class.”
 

In summary, implementing CBL in TEC21 enabled participants to recognize several advantages of this teaching-learning methodology. Their observations highlighted the benefits of hands-on learning, collaborative work, and interdisciplinary and societal involvement in education. Developing these disciplinary and transversal skills is highly valued by future employers (Membrillo-Hernández et al., 2021; Membrillo-Hernández et al., 2019) and lifelong learners, positioning CBL as a valuable component of an educational model for continuous learning (Mejía-Manzano et al., 2022; Membrillo-Hernández et al., 2024).



4.2.4 Students’ perception of memorable university experience

As the theoretical framework outlines, this component aims to provide an exceptional experience for Tec students, primarily through student communities, extracurricular activities, and exclusive events organized by the institution (Olivares et al., 2021; Gruppen et al., 2018). However, three participants reported their absence when talking about student communities within their host universities, and two were uncertain. Even though eight students acknowledged the existence of such groups, they were unclear about the specific activities available, and most expressed little interest in participating or cited other reasons for not doing so. An interesting example of this last case was Student 1. He described a specific student community and its activities, but he did not take part in any of the events:


“Yes, there’s an Economics Club. I did not join, but they organized various activities. A big dinner was one of the main ones; each table had an economist with some political relevance in Argentina. They would talk with students. I did not participate, so I cannot say much more.”
 

This trend was also observed in their perception of extracurricular activities at their host universities. While nine students knew about these events, only two had ever participated. The following responses to question 6 about extracurricular activities illustrate this finding:


“Yes, there’s the basketball team, the soccer team, the choir group, the singing group [..] I have not [participated]in those, no.”—Student 8.

“Yes, there are many sports; there are many options—[..] Artistic.. yes. I saw an invitation to participate in something musical in the mail, but honestly, I wasn’t interested. [..] But as for participating, honestly, no.”—Student 11.
 

The participants’ responses cannot fully explain their lack of interest in extracurricular activities or student communities. However, it is possible that this phenomenon arose mainly from the inherent challenges of being an exchange student —foreigners navigating an unfamiliar cultural landscape. While most participants acknowledged the overall value of their international experience, they all reported difficulties adapting to the new academic and social environment. Specifically, linguistic barriers related to comprehension and expression emerged as the primary challenge for four participants, while five noted struggles with living independently. Six participants faced complications adjusting to a distinct educational system or field of study. Additionally, several reported difficulties with cultural and social integration, and one individual mentioned experiencing loneliness.

Studying abroad—or participating in other forms of international experiences— plays a crucial role in developing transverse competencies, a core objective of the TEC21 model (Chans et al., 2023). These experiences foster outcomes ranging from multilingual and professional aptitudes to cross-cultural competencies, encompassing cognitive, behavioral, attitudinal, and global awareness outcomes (Iskhakova and Bradly, 2021). Such competencies are increasingly essential as “Skills for the Future” in modern professional and academic contexts (Ehlers, 2020).

Given these circumstances, participants may have prioritized academic performance and the unique learning opportunities provided by immersing themselves in a foreign culture over engaging in extracurricular activities or joining organizations offered by host universities. In this context, studying abroad reflects TEC21’s commitment to creating diverse learning environments and experiences that promote students’ personal and academic growth.

TEC21 prepares its learners to navigate complexity, embrace innovation, and adapt to evolving professional landscapes by integrating structured academic activities with cross-cultural encounters and international learning opportunities. Although the degree of student engagement in international experiences may vary, these opportunities collectively nurture a global mindset, enhance linguistic proficiency, and foster intercultural adaptability—attributes vital for both professional success and personal development.

In summary, despite the differences between higher education and continuous education, providing diverse environments, activities, and communities positively impacts learning outcomes. Regarding economic constraints (Iskhakova and Bradly, 2021), particularly in developing countries, one viable solution is implementing online alternatives, such as Collaborative Online International Learning (COIL) (Montaño-Salinas and Páez-Borrallo, 2023).




4.3 TEC21 educational model alignment to the industry 4.0 curriculum guidelines

To identify strategies for optimizing the implementation and outcomes of continuous education, we analyzed TEC21 compared with the European Commission’s Industry 4.0 Curriculum Guidelines. Figure 1 highlights how TEC21’s components align with these standards and shows which components were recognized by senior students during their international study experience.
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FIGURE 1
 Comparative analysis of how the four components of the TEC21 Educational Model address every Industry 4.0 Curriculum Guideline (European Commission, 2020), preparing students in higher and continuous education for the demands of Industry 4.0.


TEC21 aligns seamlessly with every Industry 4.0 Curriculum Guideline established by the European Commission (European Commission, 2020). Figure 1 outlines how each component of this educational model addresses the various Industry 4.0 Curriculum Guidelines, as supported by institutional documentation and validated through student experiences during internationalization. This alignment is promising, demonstrating that once a continuous education institution is firmly rooted in foundational values, principles, and policies, TEC21 can be an inspiring and effective educational model.

“Collaboration” with other institutions and societal representatives is a core feature of TEC21, exemplified by the engagement of socio-formative partners across various formation units and academic semesters. These partnerships—from government agencies and non-governmental organizations (NGOs) to industry leaders and enterprises—provide real-world contexts for students, facilitating hands-on, experiential learning and engaging students in addressing local and global challenges. By integrating these collaborations into the curriculum design and implementation, TEC21 aligns seamlessly with the Industry 4.0 guideline on relevant and updated competencies for the labor market; it ensures learners are equipped to navigate complex, collaborative environments, bridging disciplines and industries. Moreover, TEC21’s partnerships extend beyond traditional coursework to create pathways for continuous education, such as offering industry-aligned learning objectives, internships, and mentorship opportunities.

Regarding “Recognition,” TEC21 incorporates digital badges and credentials to acknowledge various achievements and certifications. For instance, participation in Collaborative Online International Learning (COIL), particular entrepreneurship challenges, and specific Massive Open Online Courses are recognized through digital credentials (Farías-Gaytán et al., 2023). These credentials not only serve to validate learners’ accomplishments but also provide a tangible measure of their competencies. However, this strategy should be extended to other courses and workshops since it is particularly significant in continuous education and lifelong learning, where micro-credentials and skill-based recognitions often supplement formal degrees.

Continuous education must implement “Quality Assurance” daily and transversely across all institution levels. In this address, CBL, in collaboration with socio-formative partners, ensures that the curriculum remains current and aligned with labor market demands. The hands-on learning, interdisciplinary teamwork, and real-world environments that characterize CBL create memorable learning experiences, promoting significant learning and strengthening disciplinary and transversal skills in the students. These skills are highly valued by employers (Membrillo-Hernández et al., 2021; Membrillo-Hernández et al., 2019) and, therefore, by lifelong learners, positioning CBL as a valuable component of an educational model for continuous learning (Mejía-Manzano et al., 2022; Membrillo-Hernández et al., 2024).

Senior employees or experts often become trainers in continuous education despite lacking formal pedagogical training (Sarkar et al., 2024). Therefore, the credentials, content knowledge, and pedagogical expertise of professors and instructors are especially relevant to the Industry 4.0 guideline on quality assurance. The “inspiring professors” component ensures that educators possess a basic competency in diverse teaching and assessment methods, essential for providing a quality education that meets the needs of a diverse range of lifelong learners (Berikkhanova et al., 2015).

The Industry 4.0 Guidelines stress the importance of relevant “Curriculum Content” aligned with the workforce’s and society’s evolving needs. As indicated in Figure 1, each TEC21 component plays a vital role in addressing this guideline. Flexibility ensures an accessible curriculum that can adapt to emerging technologies and individual learning needs. CBL grounds the curriculum in real-world challenges and interdisciplinary knowledge, reflecting the latest industry trends. The emphasis on creating a Memorable Learning Experience ensures students are engaged, motivated, and prepared for lifelong learning. Lastly, inspiring professors ensure an expert-driven curriculum design, providing the curriculum is academically rigorous and practically relevant.

TEC21 components collectively create a “Learning Environment” well-aligned with the Industry 4.0 Guidelines. Flexibility allows the environment to adapt to lifelong learners’ diverse learning needs, schedules, and budgets. CBL transforms the learning environment into one that mirrors real-world industry settings, fostering collaboration and innovation. The emphasis on a memorable learning experience ensures an empathetic, engaging, and motivating environment that extends into professional applications. Finally, inspiring professors fosters an intellectually stimulating and supportive learning environment, equipping students with the skills and mindset needed to thrive in the Industry 4.0 era.

Enhanced by technology, TEC21 creates a robust and dynamic “Delivery Mechanism” for continuous learning and professional development. Integrating flexibility, memorable learning experiences, and inspiring professors meets the needs of modern learners. Flexibility supports adaptive and blended learning models that allow students to personalize their education. These technologies enable access to learning material anytime and anywhere, allowing lifelong learners to balance their professional and personal commitments. Meanwhile, memorable learning experiences trigger engaging, immersive, and community-oriented educational environments enhanced by digital tools that bring interactivity and global connectivity to the classroom. Complementing this, inspiring professors leverage technology to deliver innovation and personalized instruction, ensuring that learners are well-prepared to meet the demands of Industry 4.0.

Regarding “Assessment,” TEC21 redefines traditional evaluation approaches by integrating flexibility and CBL components. Flexibility offers students several options for where and when evaluation occurs, suiting their busy schedules and responsibilities. On the other hand, CBL goes beyond traditional examination methods by encouraging learners to tackle complex, real-world problems that require alternative evaluation methods, often from an argumentation-driven perspective (López-Guajardo et al., 2023). These methods, including self- and peer assessments (Badea and Popescu, 2019) and process-focused, content-based, and portfolio assessments (Tai and Yuen, 2007), are particularly effective in evaluating the interdisciplinary knowledge, collaborative efforts, and entrepreneurial mindset required in Industry 4.0 (Lazendic-Galloway et al., 2021). Through this technological integration, TEC21 positions itself as a forward-thinking educational model that prepares learners for continuous growth in an interconnected, innovation-driven world.




5 Limitations

TEC21 was initially designed for higher education, but our study explores its potential as an educational model for continuous education. However, the study’s methodology is based on the perceptions of participants and authors, which may have introduced certain limitations. The semi-structured format of the interviews and the open-ended nature of the responses sometimes led to students not providing the intended valuable information, either by not directly addressing the questions or by offering less informative responses due to the conversational style of the interviews.

Specifically, the impact of the flexibility component on a student’s personalized academic path requires further exploration, as the interviews primarily focused on their perceptions during the final year of studies (third stage). Participants did not comment on the programs’ initial “Exploration” stage, where they could personalize their curriculum.

The sample size and nature limit the study’s scope to a narrow perspective on students’ views of their educational model and its application for continuous education. With only 13 participants from the school of engineering within a similar context, our findings must be taken cautiously, mainly considering the economic imperatives and the lack of internationalization policies, as Fakunle stated (Fakunle, 2020). Furthermore, the purpose of our work, which focuses explicitly on the educational model currently being implemented at Tecnologico de Monterrey, restricts the inclusion of other higher education institutions. Instead, future research should involve a more extensive and diverse sample through a quantitative research approach and analysis of different educational models.

Moreover, while this study assesses the relevance of TEC21 for continuous education, we recognize that the disparity between the pace of adjustments in educational programs and training curricula and the rapid evolution of technologies remains a critical issue. Collaboration with other societal organizations and innovative delivery methods are two guidelines that could help address this challenge. However, we need a deeper understanding of the issue to develop strategies and policies that effectively bridge this gap.



6 Conclusion

Beyond terminal education, sustainable societies today and tomorrow require continuous education and lifelong learning to equip citizens with the skills to thrive in dynamic, technology-driven professional environments. The European Union’s Curriculum Guidelines for Industry 4.0 recognize these needs and outline institutional strategies and educational frameworks to address evolving workforce and societal challenges. These guidelines emphasize the necessity of adaptable educational models that respond to labor market demands while fostering innovation and resilience.

Trainers in continuous education are often selected for their specialized knowledge and industry expertise but may lack pedagogical experience. At the same time, institutions must rapidly update programs, curricula, and syllabi to align with changing workforce requirements. A well-structured educational model is essential, providing trainers and institutions with a clear framework to achieve impactful learning outcomes.

This research is among the first to provide empirical evidence of the effectiveness of the TEC21 Educational Model (TEC21) in preparing students for the demands of Industry 4.0. Drawing on qualitative insights from study-abroad experiences, institutional documentation, and scholarly literature, the study reveals that TEC21’s core components—Inspiring Professors, Flexibility, Challenge-Based Learning, and Memorable University Experiences—offer a comprehensive framework for lifelong learning and continuous education, addressing both professional and societal needs.

Participants perceived TEC21’s components as forward-thinking and holistic. The Inspiring Professors component highlights diverse pedagogical approaches and real-world expertise, equipping students to navigate complex, dynamic environments. While TEC21 professors are highly skilled in industry, consulting, or research, they stay at the forefront of educational innovation through continuous pedagogical training. The model’s Flexibility accommodates diverse delivery formats, allowing lifelong learners to balance personal and professional priorities while pursuing academic goals. Its Challenge-Based Learning approach enhances employability by engaging students in interdisciplinary, hands-on projects involving societal stakeholders. Lastly, the Memorable University Experience fosters holistic development through extracurricular activities, organizational participation, and internationalization opportunities. Collaborative Online International Learning (COIL) offers a cost-effective alternative to study-abroad programs for learners facing economic constraints.

TEC21 aligns seamlessly with the European Commission’s Industry 4.0 Curriculum Guidelines, addressing key areas such as collaboration, recognition, quality assurance, curriculum content, learning environments, and assessment. These elements position TEC21 as a robust lifelong learning and professional development framework.

Despite its limitations, this study provides a foundation for future research into TEC21’s scalability across disciplines and regions. The model exemplifies how continuous education institutions can address labor market demands, fostering innovation and resilience in an ever-changing world.

In conclusion, the TEC21 Educational Model is a cornerstone for continuous education and lifelong learning. It prepares individuals to integrate effectively into the labor market and drive meaningful societal progress. It inspires institutions worldwide to bridge the gap between education and the demands of a dynamic global landscape. By fostering employability, supporting professional growth, and promoting sustainability, TEC21 is a catalyst for building inclusive, future-ready societies.
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Integration of ChatGPT

Positive aspects

- Establishment of an acceptable similarity

Negative aspects

- Depends on the tool’s efficiency.

References
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platforms/tools percentage value.
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and its diverse should be established and included.

Generation of texts that can be - Utilization of AI for the generation of ideas. - It should be applied during the class and Eke, 2023

perfected in class.

- Application of AI as an academic assistant.

with the supervision of educators.

Controlled utilization of ChatGPT
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when developing mathematical-related
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- The students should possess critical
analysis, regarding the utilization of AL
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Draft editing and language editor
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Lingard, 2023
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Activity 16.2 Individual Opinion
The importance of effective communication applied in a

collaborative work.

CHAT GPT Opinion
(Time 15 min)

No cover, name, and student

number.

Original Opinion
(Time 1 h)

No cover, name, and student

number.

Plagiarism Check
(Unicheck, Turnitin,
GPTZero)

Alternative Actions for
Assessing Critical and
Creative Thinking
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oup erage grade andard e eo
Control 11 6.96 0073 -0.66 T-value p-value
Experimental 1 6 7.63 028 -0.66 085 0411
Experimental 2 15 8.90 0.46 -133 249 0.025
Control-Experimental 2 -2.01 -201 0.033
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Minimum Maximum

Continuing education

Semiannual 1889 1992 0 121

traning hours

Perceived 283 096 1 5
training

intensity

Mental health

Burnout 079 050 0 333
Tllusion 354 057 0 4
Emotional 189 106 0 4
exhaustion

Indolence 037 047 0 250
Perceived 103 075 0 4
stress

Anxiety 055 057 0 3
Depression 119 072 0 4

X, mean; s, standard deviation.
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Variables Mid-low Mid- high
(n = 69) (n =70

Burnout 073 051 0.69 043 087 054 089 051 306 0029 - 0.16
Tlusion 351 059 361 052 345 061 359 053 124 0294 - -

Exhaustion 166 100 170 103 207 104 224 110 566 0001 1L2<4 023
Indolence 033 046 030 038 038 0.46 049 054 229 0079 - 015
Perceived stress 0.88 075 089 070 073 069 129 0.0 565 0001 1,2<4 023
Anxiety 049 056 045 052 059 053 070 062 305 0029 - 0.16
Depression 117 071 098 070 122 066 138 078 377 0011 2¢4 019

Groups: 1 = Low, 2=

low,3 = Mid-high, 4 = High
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Proposed action

Application of individual assignments

with interesting topics.

Alternatives to ChatGPT

Positive aspects

- Production of personalized data sets.

- Increased interest and investment.

Negative aspects

- There is still risk of plagiarism.

References

Kangas-Olson, 2023

Application of assignments in first

person

- Gives a voice to the students in
- They need to give structure and revise their
texts

— There is still risk of plagiarism.

Kangas-Olson, 2023

Application of paper-based

assignments.

- Diminishes the possibility of using AL
- Compels the students to sharpen their writing
skills.

- The students could still copy an AT text.
- Requires the supervision from educators.

— It is a less sustainable option.

Shidiq, 2023

Debate regarding a topic

- Formulation and presentation of ideas in real
time.

- Real-time evaluation of competencies.

- Requires implementation times.
- The facilitator should generate the space
and moments for the participation of

every student.

Implemented in class

Oral presentation/ oral exam

- Showcasing competencies and arguments in
real time.

- Direct and immediate feedback and
evaluation.

- The student could memorize an AI
generated text.

- This implementation requires designated
times within the class programming.

Implemented in class

Video

- The students demonstrated different skills by
designing, preparing and recording a video on
a specific topic.

- The video can be produced as a task for home.

- Different platforms (e.g., Flipgrid, YouTube)
can used for sharing the video.

- The video script can be AI generated.

Implemented in class
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Type of Frequency  Percentage  Cumulative

contract percentage
Full-time ] 25 853
teaching

Teaching and 19 62 95
administrative

role

Teaching and 26 85 1000
research

Administrative 33 107 629
role

Part-time 160 521 521
teaching

Total 307 1000
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Drivers and
opportunities

Organisational
arrangements

Types of CEE
offering

Accessibility
of CEE

e

Nature of government naming
conventions

Addressing key/scarce skill
Goverment priority aligned

Industry aligned
Goal ——————— Up-skili
p-skilling
Re-skilling
Training in latest version of
Market alignment of w"r: _—
A s Market-driven/specifie
CEE offerings
ne University driven/specified
Co-created
Provider ~— — — University provided
VET provided
Partnership Internal organisation
model Externally provided
Commercial models No charge
Participant pay
Employer pays.
Shared (employer and employee)
Goverment pays
Naming —————————— Course
Credit bearing Microcredential
Credit-bearing — — 4 Non-credit bearing Diploma
Certificate
Degree of Degree Qualification

customisation
Teaching method

Open course
-
Customised course

in-person
On-line
Assessment _— it
modes Examination Blended
Assignment On-the -job.
Workplace assessment Workplace learning
Entry Prior knowledge required
requirements Admission tests
Open entry
cll! Existing qualifications
Assistive technology — — -@———  Text-to-speech
Affordability ——— Publically funded initiatives
measures Workplace support
Geographical
iz
s Local leaming center

E Virtual labs
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1st level 2nd level
1. Drivers and La. Nature of government naming conventions
Opportunities L. Purpose

I.c. Market alignment of CEE offerings

2. Organizational 2a. Provider

arrangements

2b. Partnership models

2.c. Commercial models

3. Types of CEE. 3. Naming
offering

3b. Credit-bearing

3.c. Degree of customization

3.4 Main delivery mode

3.e. Assessment modes

4. Accessibiity of 4a. Entry requirements
CEE

b, Assistive technology

4.c. Economic support

4d. Geographical support

3rd level

1bi. Addressing critical/scarce skill
1bii. Government priority aligned
LbiiiIndustry aligned

1biv. Up-skilling and re-skilling

1b.v. Training in the latest version of software

1.c.i. Market-driven/specified

. University-driven/specified

Lciii. Co-created

2a.. University provided
VET provided

i. Internal organization

2a.iv. Externally provided

i Free

. Participant pays

i, Employer pays

iv. Shared (employer and employee)
2.c.v. Government pays
3.a.i. Course

3.a.i. Micro-credentials

Diploma

: Certificate

3.a.v. Masters

3bi. Credit-bearing
3.bii. Non-credit bearing
3.ci. Open course

3.cii. Closed course
3.ciii. Bespoke course

3.4 On-site

3.d.ii. Online

3d.iv. Blended
3.d.v. On-the-job

3.dvi. Workplace learning
3.e.. Portfolio

3.e.ii. Examination

3.iiil. Coursework

X

- Workplace assessment
4a.. Prior knowledge required
4l Admission tests

4aii. Open entry

4av. Existing qualifications

4bi. Text-to-speech

Government-provided learner allowance

. Employer support
4.4, Local learning center
4. Co-working center
4.dii. Virtual labs

The framework's version 2.0, shown in Table 1, expands beyond the meso-level focus of version 1.0 (Gome Puente et al 2023), offering a more encompassing set of terms and concepts

important in the practical implementation of CEE.
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Identifier/term

Most frequent
alternative [frequency]

Identifier/chosen
term

Rationale [decision criteria number from
methodology; new or adapted]

1b. Purpose
1b.iv Up-skilling
2.a. Provider

2,13 Training to support

educators

243 Associate Lecturer/

adjunct Faculty
2 Free
3. Naming

3ai. Course

. Diploma

3.b. Credit-bearing

3.1 University full awards

3b.iLa. Masters (EQF7) award

3b.i.1b Bachelors (EQF6) award

3b.i3. Stackable

3.c.i. Open course

3.c.ii. Closed course

3.ciii. Bespoke (tailor-made) course
3.d. Delivery mode

34, Onsite

3., Hybrid

3.d.iv. Blended

3.div. Workplace learning

3eii. Exam

3.e.ii. Coursework

4. Prior knowledge required
4aiii. Open

4.c. Economical support
4.ci. Governmentall regional
funding

4.c.i Employer support

4.1, Time Flexibility

2. Fee payment support

4. Geographic support

4.dii. Virtual labs

Goal [12]
Professional Development [13]
Provider [2]

Educator development program
(2

Part-time Faculty [3]

No charge [1]
Identification [1]

Class [10]

Degree [23]

Accredited (7]

Academic degree [1];
Academic achievement [1];

postgraduate degree [1]
Masters [9]

Undergraduate degree (2]

Modular (4]

Massive Open Online Courses [7]

Certification programs [3]

Customized course [2]
‘Teaching Method [7]
In-person [5]

Flexible [12]

Flexible [12]

‘Work Based Learning (3]

Evaluation (3]

Activities (2]
Background (4]
Accessible [3]

Affordability measures [5]

Publicly-funded initiatives [3]

Company sponsorship (2]

Self-paced study options [3]
Scholarships [2]

Remote access [2];

online accessibility [2]

Digital workplaces [2]

Lb. Goal

Lbiv. Up-skilling
Lb. Re-skilling
2.a. Provider

3. Educator development
program

3. Part-time Faculty

2.ci. No change

3. Naming

3a.. Course

Diploma

3a.v. Degree Qualification

3. Credit-bearing

. Academic degree

3bi.L.a Masters (EQF7)
3.b..1b Bachelors (EQF6)
award

3
allowed

i3, Credit Accumulation
3bii3. Stackable

3.c. Massive Open Online
Courses

3.cii. Closed course

3.cii. Customized course

3.c. Teaching Method

3.d.iv. Blended

3.d.v. Workplace learning
3.e.ii. Exam

3.e.ii. Assignment

4. Prior knowledge required

4.

aiii. Open

4.c. Affordability measures

4.c.. Publicly-funded initiatives

4.cii. Workplace support

4ciil.

me Flexibility
4.cii2. Fee payment support

rs

Expenses support
4.c4. Mentoring
4.c.5. Equipment support

4. Geographic support

Virtual labs

suffciently general term [2]

Up-skilling is currently used term [3]

anew term introduced (as also used) [new]
Kept as current and supported by the literature [1]

‘The updated term is suitably precise and more general (2]

ternationally general term [2]

No charge indicates financial. [adapted]

Naming (of types of CEE offering is broader) (2]

Class implies a physical space, but this term implies a
structured piece of learning [2]

‘The diploma is a particular course/award that is nota full

degree [6]

Discussions around Term 3.a.iii. Meant that this term had

been omitted [new]

Accredited has particular connotations in some countries,
whereas credit-bearing indicates related to credits (and

potentially accumulation thereof) [6]

‘The most general term [1, 5]

‘The award at the end of the term was redundant [4]

‘The award at the end of the term was redundant [4]

“This term was felt to reflect how credit can be accumulated
[adapted]

Stackable is a term most used with non-credit bearing (so
added in) [new]

‘The most general term [2]

Certification programmes are broader than the intended
focus (6]

‘The most general and encompassing term (2]

‘The most general and encompassing term (2, 5]

‘The term most accurately captures the essence [1]
Hybrid learning now has a clear definition (3]

Blended learning has a clear definition [3]

Reflecting on learning taking place in the workplace [2]

‘The exam reflects a more precise and more understood

‘mode of assessment (6]
‘The most general & encompassing term [adapted, 5]
‘The most general & encompassing term [2]

Open (in terms of entry requirements i clearer) [2]

“The term captures the essence of making education more
affordable (1]

Most general term [1]

Support from the workplace could be more than sponsorship
(financial) [adapted]

flexibility in time to study is clearer [2, 6]

‘The term is most general [2, 6]

New term to reflect other support [new]

New term to reflect other support [new]

New term to reflect other support [new]

‘The term is intended to indicate that having spaces to
support learning [2, 6]

Current term and reflects intent (2, 6]
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Students’ statements

I really enjoyed using the platform for my labs, as it was very user-friendly.

The digital resource could be a great addition to the course. Overall, I am very
satisfied with the platform.

This platform makes the lab activities more engaging. I wanted to finish the
laboratories to obtain my badge.

The progress tracking feature is very helpful. I liked how I could see which labs I
had completed.

The dashboard helped me check the progress of my assignments. The team did a
great job with this platform.

When will this platform be available for all courses? Is there a plan to link the
badge to my LinkedIn profile?

Please consider this for other engineering labs.






OPS/images/feduc-09-1413974/crossmark.jpg
©

2

i

|





OPS/images/feduc-09-1413974/feduc-09-1413974-t001.jpg
Question February—June 2022 February—June 2022 February—June 2023

Theory Laboratory Group 1 Group 2 Group 1 Group 2
Q 977 9.86 989 985 100 940
@ 969 9.86 9.89 992 100 9.40
3 954 9.86 100 100 100 920
Q4 975 9.86 983 977 100 9.40
Qs 962 9.86 978 969 100 860
Average 967 9.86 9.87 9.84 100 92

Source: University survey system. The Likert scale ranged from 1 (worst) o 10 (best). Q. The teacher shows mastery and experience in the subject matter. Q2. The teacher challenged me to do
my best (develop new skills, new concepts, and ideas, thinking differently,etc.). Q3. The teacher promoted an environment of trust and respect. Q4. The accompaniment I received from my
teacher was adequate (answers to doubts, advice, feedback, etc.) Q5. Overall, my learning experience with the teacher was.
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Term Group type

Aug-Dec 2022 Control 11
Jan-May 2023 Experimental 1 6
Aug-Dec 2023 Experimental 2 15
Total 32
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Alternative credentials

Credit

Credit-rating (of Learning)

(SCQF) Credit-rating body (CRBs)

Learning providers

SCQE

SCQF partnership

Learning programs (with assessment) in tertiary education that are different to tradition qualifications, such as undergraduate and
postgraduate degrees. These include micro-credentials and certificates that lie between traditional degrees and informal skills
recognition. They provide focused learning that addresses specific skills and competencies. Within Scotland, credit-rated learning

can be one form of alternative credentials.

In the Scottish (and UK context) 1 credit equates to10 notional learning hours with appropriate assessment of learning

A process by which a non-educational institution (Learning provider) submits its structured learning program (including
assessment) to be assessed against the SCQF criteria by a SCQF credit-rating body; and, on successful assessment, to be given a
designated number of credits and level of those credits against the SCQE. This allows learners and employers to validate the quality
and rigor of their learning programs.

A body approved by the SCQF Partnership o assess learning programs from providers and determine number of credits and level
against the SCQE

All universities and colleges are CRBs, along with some other national bodies,

Non-educational institutions that offer learning.

Scottish credit and qualifications framework - Scotlands national lifelong learning framework that integrates various learning
pathways (academic, vocational, formal, and informal) into one structure. This is crucial for “credit-rating as it allows learning
outside traditional educational institutions to gain recognition within formal education systems. SCQF offers learners the
opportunity to accumulate credits through various programs, making the learning portable, valid, and transferable both within
Scotland and internationally.

Non-governmental organization responsible to maintain framework, register of qualifications, and promote its use and adoption

across education, employers and society more broadly
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The learners
(internal to
organization; or
external)

scottish credit and

The Learning
qualifications framework

Provider

1. Learning Provider identifies clear market for learning and value of having
benchmarked (credit-rated) to SCQF; receives guidance from SCQF Partnership

2. Learning Provider and CRB agree to work together

J ®
scottish credit and
qualifications framework

3. Successful credit-rating leads to register of course (credentials) on SCQF register
\ and ongoing quality monitoring

/

The Learning
Provider

The Learning
Provider
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Competency

Along previous undergraduate studies

ng international expe

Reasoning for complexity Challenge-based education as a beneficial method to implement theoretical Not perceived
concepts in real-life problems
Effective collaborative work

Social intelligence Not perceived

Easy interactions with classmates

Communication

Confidence during class presentations

Effective communication of ideas

Not perceived

Self-knowledge and management

Ability to work in short periods

Identification of stressful academic situations

Independent living

Innovative entrepreneurship

Further research required

Ethical and civic engagement

Further research required

Digital transformation

Further research required
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Engineering degree

Coun

Courses taken at their foreign university

1 Male Industrial and systems Argentina Business administration and economics

2 Male Industrial and systems Germany Business

3 Male Mechatronics Netherlands Information technology

4 Female Industrial and systems Germany No information provided

5 Female Mechatronics Spain Information technology and subjects related to smart city management
6 Female Industrial and systems Spain Organizational industrial engineering and one course in business administration
7 Male Industrial and systems Germany Business and industrial engineering

8 Female Industrial and systems Sweden Product development, finance, and industrial engineering

9 Female Industrial and systems England Event organization

10 Male Industrial and systems Germany Industrial engineering

11 Female Industrial and systems Spain Production and logistics

12 Female Mechatronics Austria Business Administration

13 Female Industrial and systems Chile Industrial Design
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Dimension

Acceptance of the Al Tool

Instructional Design of the
Learning Activity

Critical Thinking

Itei
‘The use of ChatGPT allowed me to complete the activity more quickly.
ChatGPT was usefl.
‘The interaction with ChatGPT was clear and understandable.
Learning o use ChatGPT was easy for me.
ChatGPT was user-friendly for carrying out the activity
Lunderstood the professor’ instructions clearly.
“The activity kept me focused.

‘The activi

involving ChatGPT facilitated the analysis of information.
“The activity involving ChatGPT helped me reflect on the acquired learning.
“The activity involving ChatGPT helped me create a self-interpretation of the concepts.

The activi

involving ChatGPT challenged me to use my own judgement.
“The activity involving ChatGPT challenged me to look for information on other sources.

‘The activity involving ChatGPT made me question the credibility of the information given by
ChatGPT.

Item ID
Q
)
5
Q4
Qs
Qs
Q7
Qs
@
Q1o
Qi
Q12
Qi3
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Ubiquitous

connectivity, IoT

Technical:
Technology use and

programming

Analytical thinking,

innovation

AL Blockchain,
Enhanced [oT

Advanced Robotics,
Simulation, Cobots

Digital Twins, Edge
Computing

AL Machine Learning

5G, IoT

Advanced Programming,

Cyberphysical Systems

Advanced Data
Analytics, Al for
Problem Solving

3D Printing, AR/VR for
Prototyping

Advanced Gamification,
Interactive Learning

Platforms

SDGY

SDG 4

SDG4,5DG 3

SDG 4,SDG

1

SDG 10

SDGY

SDG4

SDG 4

SDG 4

Integration of Alin

manufacturing processes

Utilizing simulations and
robotics for hands-on
learning; mastering cobots,
HMI systems, and PLC

programming

Cre:

g immersive
environments using Digital
Twins for real-time
problem-solving

Learning experiences with
Al for efficiency in

manufacturing designs

Ensuring accessibility to
smart manufacturing tools

forall learners.

Emphasizing the

application of IT, coding,
and process optimization
‘within smart
manufacturing contexts
Encouraging innovative
solutions and creative
approaches to
manufacturing challenges
Engaging in project-based
learning activities to
design, implement, and
refine manufacturing
systems

Applying gamification
techniques for an engaging
learning experience in

manufacturing education
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Aspect

1. Focus

2. Skills Emphasis

3. Teaching Methods

4. Industry Collaboration

5. Technology Integration

6. Student Role

7. Curriculum Goals

8. Ethical Integration

Education (Enginee

g)

« Technology-driven learning

Emphasis on digital ransformation

Technical skills
Codingand data analysis

Blended learning with online platforms

Partnerships with tech companies

Tech-focused internships

Use of AL IoT, automation, and big data

Self-directed learners

Focus on technical mastery

Prepare for Industry 4.0 job market

Automation and digitization

Ethics as a separate module

Limited integration

Human-centered approach

Emphasis on ethical and sustainable solutions

Soft skills

Emotional intelligence and social responsibility
Experiential learning with community impact projects

Collaborations with diverse sectors

Including NGOS and social enterprises
Technology integrated with ethics and sustainability considerations

Co-creators of knowledge

Focus on societal impact

Prepare for a balanced future

Tech advancement with human wellbeing
Ethics embedded throughout

Core to the curriculum
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ar

Internet of Things (o)

Big Data and Analytics

Automation and Robotics

Cybersecurity

Simulation and Modeling

System Integration

3D Printing

Augmented Reality (AR)

Descriptiol

Connectivity between devices

and machines.

of large volumes of

Use of robots and automated
systems.

Protection against digital
threats.

Digital models for process
simulation.

‘Connection and coordination
between systems.

Additive manufacturing of
components.

Visual interfaces for real-time

assistance.

Benefits

Improved monitoring and

remote control.

Decision-making and process

optimization.

Increased effciency and

production.

Data and operation security.

Testing and optimization

before implementation.

Efficient management and

operation.

Produ

ion flexibility and
customization.

Improved training and

‘maintenance.

Key technologies

Sensors, loT networks.

Data analytics software.

Robots, automated systems.

Firewalls, security software.

Simulation software.

Integration platforms.

3D printers, advanced materials.

AR glasses, AR software.

Applications

Predictive maintenance, process

control.

Performance analysis,

production customization.

Assembly, packaging,

spection.

Critical infrastructure protection.

Plant design, workflow
optimization.

ERP systems, supply chain
‘management.

Prototypes, customized
components.

Assembly assistance, operator

training.
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Participant ID Biological Current undergraduate  Host country Type of host

engineering program university
1 21 Male Industrial and systems Argentina Private
2 21 Male Industrial and systems Germany Private
3 2 Male Mechatronics Netherlands Public
4 21 Female Industrial and systems Germany Public
5 2 Female Mechatronics Spain Public
6 2 Female Industrial and systems Spain Public
7 21 Male Industrial and systems Germany Public
8 21 Female Industrial and systems Sweden Public
9 21 Female Industrial and systems England Public
10 2 Male Industrial and systems Germany Public
n 21 Female Industrial and systems Spain Public
12 2 Female Mechatronics Austria Public

13 21 Female Industrial and systems Chile Public





OPS/images/feduc-10-1485034/feduc-10-1485034-g001.jpg
INDUSTRY 4.0 CURRICULUM GUIDELINES

oy | cotmboration | recogncan | Qenlr | oo | g | oo | et
oy | QR | @ Q o O @
R Q| O | o o
e O ©o| o o o
o | QR QO QR OR | @

Present in TEC21's pillars according
to Olivares et al. (2021)

Witnessed at least by one student
during the international experience





OPS/images/feduc-10-1485034/crossmark.jpg
©

2

i

|





OPS/images/feduc-10-1537174/math_3.gif





OPS/images/feduc-10-1537174/math_2.gif
10 MGrade Gt — MGrade G2 = U
Ho : fScore GI — MScore G2 = 0





OPS/images/feduc-10-1537174/math_1.gif
Final Grade = (0.21 x Ist Midterm) + (0.21 x 2nd Midterm)
+(0.135 x Homework)
+(0.095 x Certification Preparation Exercises)
4 (0.10 x Final Project) + (0.25 x Final Exam)





OPS/images/feduc-09-1438882/crossmark.jpg
©

|





OPS/images/feduc-09-1438882/feduc-09-1438882-g001.gif





OPS/images/feduc-09-1438882/feduc-09-1438882-g002.gif





OPS/images/feduc-09-1438882/feduc-09-1438882-g003.gif





OPS/images/feduc-09-1415800/feduc-09-1415800-t001.jpg
Question number  Research questions

RQI Betyween 2013 and 2023, how many studies on assessing digital competenci ed, and what type of access

in higher education were publ

characterizes these studies?

RQ2 In which countries have the studies on this topic been conducted?

RQ3 Which universities have conducted studies related to the topic?

RQ4 ‘What populations have been studied in digital competency research?

RQ5 Which instruments were used in the studies? What are the instrument’s dimensions and item count? Was it designed for the study’s context,

adapted, or validated?
RQ6 ‘What types of reliability have been reported in studies on assessing digital competencies in higher education from 2013 to 20237
RQ7 ‘What types of validity have been reported in studies on assessing digital competencies in higher education from 2013 to 20237

RQ8 Do higher education digital competency instruments include Industry 5.0 core competencies?
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Search strategies Description

Databases ERIC, Google Scholar, ProQuest, Scopus, and Web of Science

“Digital literacy” AND (“Validation” OR “Validated instrument”) AND (“Measurement” OR “Assessment” OR “Instrument” OR “Scale” OR
“Tool” OR “Questionnaire” OR “Survey”)

“Digital skills” AND (“Validation” OR “Validated instrument”) AND (“Measurement” OR “Assessment” OR “Instrument” OR “Scale” OR
“Tool” OR “Questionnaire” OR “Survey”)

“Digital competency” OR “Digital competencies” AND (“Validation” OR “Validated instrument’) AND (“Measurement” OR “Assessment”
OR “Instrument” OR “Scale” OR “Tool” OR “Questionnaire” OR “Survey”)

“Alfabetizacion digital” AND (“Validacién” OR “Instrumento validado®) AND (“Medicién” OR “Evaluacién” OR “Instrumento” OR “Escala”
OR “Herramienta” OR “Cuestionaria” OR “Encuesta”)

“Habilidades digitales” AND (*“Validacién” OR “Instrumento validado") AND (“Medicién” OR “Evaluacién” OR “Instrumento” OR “Escala”
OR “Herramienta” OR “Cuestionaria” OR “Encuesta’)

Search strings or keywords

“Competencias digitales” AND (“Validacion” OR “Instrumento validado’) AND (“Medicion” OR “Evaluacién” OR “Instrumento” OR “Escala”
OR “Herramienta” OR “Cuestionaria” OR “Encuesta”)

Period 2013-2023

Document type Research articles and methodological articles
Language English and Spanish

Field of study Education AND Engineering

Access type to the document | Unspecified

Studies focused on the design and validation of tools for assessing digital competencies, specifically

the context of higher education, found
in the databases ERIC, Google Scholar, ProQuest, Scopus, and Web of Science.
Research or methodological articles that address the design and validation of tools for assessing digital competencies in higher education,
Inclusion criteria published between 2013 and 2023.
Research that, regardless of the fild of study, examines digital competencies in higher education environments and is published in English
and Spanish.

Studies in open access or limited access that provide relevant data on assessing digital competencies in higher education.

Research not focused on assessing digital competencies within higher education.

Scientific dissemination works, databases, systematic reviews, meta-analyses, books, book chapters, conferences, and regulatory documents
Exclusion criteria that do not specifically address the period from 2013 to 2023 or the context of higher education.

Publications in other languages than English or Spanish.

Duplicate publications of the same research that do not provide latest information on the study topic.

Studies published between 2013 and 2023 that clearly contribute to the design and validation of instruments for assessing digital
competencies, with a specific focus on higher education.
Research that demonstrates consistency and coherence between the stated objectives, the methods used, and the results obtained, ensuring

- ‘methodological igor in the study of digital competencies in higher education,
uality criteria

Works that present evidence of the practical application of assessment tools in higher education

nments, including validating their

efficacy and relevance for measuring digital competencies in preparing students.

Studics that include the items or instruments used for assessing digital competencies, allowing an evaluation of their relevance and suitability

in higher cducation.
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Position  Universities Numbers of studies and

position in the list

1 Andalusian universities 48,10,20,28]
2 Western Galilee College 2(27,32)
3 University of Macedonia 2043,45]

4 University of Seville 2(7.9)
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Alagozlii et al. (2019)

Alarcon etal. (2020)

Arroba-Freire et al.
(2022)

Arslantas and Gul
(2022) and Bernate
etal. (2021)

Bernate et al. (2021)

Betancur-Chicué et al.
(2023)

Cabero-Almenara et al.
(2020a)

Gabero-Almenara et al.
(2022)

Cabero-Almenara and
Pala
(2019)

Rodriguez,

Cabero-Almenara
etal. (2020b)

[
(2023)

lo-Bedon etal.

Gonzilez et al.
(2022)

Chavez-Melo et al.
(2022)

. Contreras-Espinoza
etal. (2022)

Durén Cuartero et al.
(2016b)

Gallardo-Echenique
(2013)

Gonzdlez-Calatayud

etal. (2022)

Gonizdlez-Quinones
etal. (2019)

Guillén-Gémez and
Mayorga-Ferndndes
(2021)

Gutiérrez-Castillo
etal. (2017)

Gutiérrez-Santiuste
etal. (2023)

Hidayat etal, (2023)

Jorge-Vizquez et al.
(2021)

Khlaisang and
Koraneekij (2019)

von Kotzebue et al.
(2021)

Kryukova etal. (2022)

Kurtzand Peled
(2016)

Ulorente-Cejudo et al.
(2023)

. Martin Pérraga et al.
(2022)

Mateus and
Herndndez-Breia
(2019)
Organista-Sandoval
etal. (2017)

Peled etal. (2021)

Ramirez-Armenta
etal. (2021)

Restrepo-Palacio and

Cifuentes (2020)

Revuelta-Domingue
etal. (2023)

Riquelme-Plaza et al.
(2022)

Romero Esquinas

etal. (2023)

Sarango-Lapo etal.

(2020)

. Silva Monsalve et al.
(2021)

“Tang et al. (2022)

Tomezyk (2021)

“Tourén et al. (2018)

Trafilkou etal. (2022)

Ustiindag et al. (2017)

.. van Deursen et al,
(2016)

. Zhao et al. (2021)

Instrument

News media literacy

questionnaire

DIGIGLO

Digital Competencies
Questionnaire developed by
Garcia-Tartera and
Francisco (2019)

Digital Literacy Scale (DLS)
developed by Ng (2012) and
adapted t0 the Turkish
context by Hamutoglu ct l.
(2017).

Digital Competence of
Higher Education Students
(CDAES) questionnaire,
designed by Gutiérrez-
Castillo et al. (2017).

New instrument adapted
from DigCompEdu
framework for assessing

teachers'digital competence

DigCompEdu Check-In

DigCompEdu Check-in

DigCompEdu Check-In

DigCompEdu Check-In

1 Competencies

Dig
Questionnaire, adapted from
the questionnaire designed
by Orosco Fabian et al.
(2020)

Scale of Purposes of Use and
Digital Competences
(EPUCD, Escala de
Propésitos de Uso y
Competencias Digitales in

Spanish)

New instrument based on
the INTEE (2017)
framework

Self-Perception
Questionnaire of Digital
Competence for Teachers
(CACDD) developed by
Mon and Marc (2015)

New evaluation tool
designed to certify
university teachers’

competency in ICT:

DigCompEdu Check-In

New instrument based on

EmDigital model.

New instrument developed

to measure digital

UTIC

New instrument for the
Study of Digital Competence
of Higher Education
Students (CDAES

New instrument developed
to assess Digital
Communicative
Competence in Higher

Education.

Digital Competency Scale
(ocs)

New instrument based on
the ICT competences
framework for teachers
proposed by UNESCO.
(2018).

Open Online Assessment
Management System
(OOAMS).

DIKoLAN-Grid based on
the DIKoLAN framework
for Digital Competencies for
Teaching in Science

Education.

Digital skills survey, adapted

for Russian universities.

New instrument of digital
literacy skills required for
learning, comprising seven
Digital Learning Domains
(DLDs) and sixty-five
performance statements
(PSs).

DigCompEdu Check-In

DigCompEdu Check-In

Questionnaire on Media
Education Knowledge,
Atitudes and Reasoning
New instrument to estimate

the digital skills of students.

Self-Report Digital Literacies
(SRDL) survey.

New instrument is a scale to
measure digital competence

in research

Campus Digital

Digital Competency
Questionnaire in Higher
Education (CDES)

Cuestionario de
Competencia Digital
Docente (CDD)

New questionnaire on habits
and uses of social networks
among future education

professionals

CD-REA Scale (Digital
Competence and Use of
Open Educational Resources
Scale)

New instrument for the
digital competence of
university students based on
Gutiérrez-Castillo et al.
(@017).

New instrument based on
the Teachers’ Digital

Competence

European Computer Skills
Certificate (ECDL)

“Teachers' Digital
Competencies
Questionnaire (TDC)

Students’ Digital
Competence Scale (SDiCoS)

Digital Literacy Scale (DLS),
originally developed by N
(2012) and adapted into
“Turkish for this study.

Internet Skills Scale (1SS)

Cuestionario TIC.
Valoracin de las
competencias TIC developed
by Gonzilez Martinez et al.
(2010)

Dimensions or areas of each instrument

. Awareness

Analysis

Judgment

Professional Engagement

Digital Resources

Teachingand Learning
Assessment, Empowering Learners

Facilitating Learners’ Digital

Digital Environment

Extrinsic Digital Engagement.
1. User Profile

2. Cell Phones and Video Games

3. Web20

4. Composition of a Digital Competence.
1. Technical
2. Cognitive
3. Social

4. Attitude

1. Technological Literacy

2. Information Search and Processing

3. Critical Thinking, Problem Solving, and Decision Making
4. Communication and Collaboration

5. Digital Competence

6

. Creativity and Innovation

1. Digital Content

2. Teaching and Learning Assessment
3. Feedback

1. Technological Literacy
2. Communication and Collaboration
3. Search and Information Processing
4. Digital Citizenship

5. Creativity and Innovation

1. Professional Engagement

. Digital Resources

. Teaching and Learning

2
3

4. Assessment
5. Empowering Learners
6. Facilitating Students’ Digital Competence

1. Professional Engagement
2. Digital Resources
1. Teachi

gand Learning

Assessment

Empowering Learners

1. Facilitating Learners' Digital Competence
Professional Engagement

. Digital Resources

. Teaching and Learning

2
3
4
5. Assessment
6. Empowering Learners
7

. Facilitating Learners' Digital Competence

. Information and literacy informational

. Communication and collaboration

bt
2
3. Creation of digital content
4. Security
%

. Problem-solving

1. Browsing, searching and filtering data, information and digital

content

Managing data, information and digital content
Interacting through digital technologies
Sharing through digital

Technologies

Developing digital content.

(RSMI)
Development of basic digital literacy competencies and

information management (Adgl)

Creation of digital content (CCd)

Digital resources in the context of digital citizenship (Cd)

Strategies and tools for communication and collaboration (ERCC)

. Facilitate and inspire learning and creativity

Design and develop digital era learning experiences and

assessments

Model work and learning in the digital era

Promote and model digital responsibility and citizenship.

Participate in professional development and leadership.

Bases of Knowledge that support action with ICT.

Design, Implementation, and Evaluation of action with ICT.
Individual and/or Collective Critical Reflection on action with 1CT.

. Educators’ Professional Competencies

. Educators Pedagogical Competencies

Student Competencies

. Identifying Opportunities
Action Planning

Initiative and Collaboration

Management and Security

Using ICT effectively.

Finding, processing, evaluating, and using information

effectively.

. Communication.

Gene

n of digital content.

. Use of ICT resources to teach.

Use of ICT resources to evaluate students.

Use of ICT resources to research and publish scientific articles.

. Technological Literacy (Functioning and concepts of ICTS)

Information Search and Processing (Research and management
of information)

Critical Thinking, Problem Sol

g, and Decision Making
Communication and Collaboration

Digital Citizenship

Creativity and Innovation

Operation and Search for Inform:

n

Creation and Editing of Digital Contents
Publication of Information
Digital Content Consumption Preferences

Digital Content Production Preferences

Collective Intelligence through Technology
1. Data and information literacy

2. Communication and collaboration
3. Digital content creation

4. Safety

5. Problem-solving

1. Knowledge Acquisition

2. Knowledge Deepening

3. Knowledge Creation

1. Information Literacy

2. Media Literacy

3. ICT Literacy

1. Documentation

Presentation
Communication/Collaboration

4. Information Search and Evaluation
5. Data Acquisition

6. Data Processing

7. Simulation and Modeling

1. Access to and management of digital content
Digital empathy

Use of digital means

Digital safety

Communication of digital content

6. Creation of digital content

Social Responsi

ity
Team-based Learning

Information Research and Retrieval
Information Management
Information Validation

Processing and Presentation of Information

Digital Integrity

Professional commitment

Digital resources

Digital pedagogy

4. Evaluation and feedback

5. Student empowerment

6. Facilitating student digital competence
1. Professional commitment

2. Digital resources

3. Digital pedagogy

4. Evaluation and feedback

5. Student empowerment

6. Facilitating student digital competence

. Knowledge of Media Education

Attitudes on Media Education in teacher education

Reasons to Integrate Media Education into Schools

Management of Information

Management of Communication

Portable Technology Management

Organization

Information Collection
Information Evaluation
Information Management
Information Processing
Teamwork

Integrity Awareness

ity

Information Competence

Social Responsi

Use of Technological Tools

Informational Dimension
Communicational Dimension

Digital Citizenship Dimension

mension

Technological

General Information
Technological Literacy

Access and Use of Information
Communication and Collaboration

Digital Citizenship

Creativity and Innovation

1. Information and information literacy.

. Communication and collaboration.

2
3. Digital content creation.
4. Safety.

5

. Problem-solving.

Personal use of social networks

Internet gaming

Impact of Social Network Use

. Competence in searching, slecting, and evaluating information

Competence in storage and retrieval of information

. Competence in communication and dissemination of

information

Competence in the use of OER (Open Educational Resources)

. Technological Literacy (Functioning and concepts of ICT)

Information Search and Processing (Research and information

management)

. Critical Thinking, Problem Solving, and Decision Making

Communication and Collaboration

Digital Citizenship

Creativity and Innovation

Technical Knowledge (TK)

Learner Knowledge (LK)

Pedagogical Knowledge (PK)

Ethical Knowledge (EK)

Learner Technical Knowledge (LTK)

Learner Pedagogical Knowledge (LPK)

Learner Ethical Knowledge (LEK)

Technical Pedagogical Knowledge (TPK)
Technical Ethical Knowledge (TEK)

10. Pedagogical Ethical Knowledge (PEK)

1. Operation of digital devices and knowledge of IT equipment

(theoretical test)

Use of word processing software

Spreadsheet maintenance

Information and communication
Communicating and collaborating
Creating digital content

Security

Troubleshooting

1. Search, Find, Access
. Develop, Apply, Modify

Communicate, Collaborate, Share

2
3
4. Store, Manage, Delete
5. Bvaluate

6

. Protect

Technical

Cognitive

Social

Attitude

Operational
. Navigation
Information
Social
Creative
Mobile

1. Availability of ICT resources and device

. Potential for digital competence development

2
3. ICT and digital related training

4. Self-perception in digital competence
5

. Attitude

. Incorporation of resources for safety and computer maintenance

Items

Design, adaptation

or validation of the
instrument

16items | Design and validation
29items | Design and validation
9items | Validation

17items | Adaptation and validation
4ditems | Validation

Ilitems | Adaptation and validation
2items | Validation

22items | Adaptation and validation
22items | Adaptation and validation
22items | Validation

42items | Adaptation and validation
74items | Design and validation
Stitems | Design and validation
40items | Adaptation and validation
Mitems | Design and validation
22items | Adaptation and validation
SOitems | Design and validation
Mitems | Design and validation
24items | Design and validation
Aditems | Design and validation
2litems | Design and validation
36items  Design and validation
18items | Design and validation

181 Design and validation
items

20items | Design and validation
25items  Adaptation and validation
65items | Design and validation
22items | Validation

22items | Validation

15items | Design and validation
30items | Design and validation
46items | Design and validation
Iitems | Design and validation
25items | Design and validation
62items | Adaptation and validation
20items | Adaptation and validation
26items | Design and validation
16items | Design and validation
43items | Design and validation
35items | Design and validation
18items | Adaptation and validation
Sditems | Design and validation
28items | Design and validation

Adaptation and validation

35 items.

Design and validation

70items  Adaptation and validation





OPS/images/feduc-09-1415800/feduc-09-1415800-g007.jpg
Type of validity reported

Content validity- expert validity

Construct validity-CFA & EFA

Construct validity-CFA

Construct validity-EFA

m I

Construct validity-Rasch model = 1
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Group comparison Variable t statistic DF Mean difference
Group 0 vs. Group 1 Grade 8.0629 1,595 0.6162
Group 0 vs. Group 1 Score -33.6641 1,595 -327.2496
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Group comparison Variable U statistic p-value

Group 0vs. 1 Grade 367,031 < 0.001 9 8.4

Group 0 vs. 1 Score 100,087 < 0.001 442 785
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Group Variable F statistic p-value

comparison

Group 0 vs. Group 1 Grade 0.6059 < 0.001

Group0vs. Group 1 | Score 6.2798 <0001
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Group Variable W statistic p-value

No standardization Grade 0.9206 < 0.001
Score 0.95718 < 0.001
Standardization Grade 0.96659 <0.001
Score 0.94132 < 0.001
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Variable dardization N Mean SD Min Max

Grade No 649 8.65 127 5 10 9
Grade Yes 948 8.04 1.63 5 10 8.4
Test score No 649 46535 269.61 0 1,000 442
Test score Yes 948 792.60 107.59 166 957 785






OPS/images/feduc-10-1537174/feduc-10-1537174-g002.gif





OPS/images/feduc-10-1537174/feduc-10-1537174-g001.gif





OPS/images/feduc-10-1537174/crossmark.jpg
©

|





OPS/images/back-cover.jpg
Frontiers in
Education

Explores education and its importance for
individuals and society

Amultidisciplinary journal that explores research-
based approaches to education for human
development. It focuses on the global challenges
and opportunities education faces, utimately
aiming to improve educational outcomes

Discover the latest
Research Topics

Education

Frontiers

Avenue do Trbunal-Fédéral 34
1005 Lausanne, Switzer
frontiersinorg

Contactus

+41(0)21 5101700
frontersin ora/about/contact






OPS/images/feduc-09-1438882/feduc-09-1438882-g011.gif





OPS/images/feduc-09-1438882/feduc-09-1438882-g012.gif





OPS/images/feduc-09-1438882/feduc-09-1438882-t001.jpg
Item code Item description

Content-1 Does the system provide the precise information you
need?

Content-2 Does the information content meet your needs?

Content-3 Does the system provide reports that seem to be just
about exactly what you need?

Content-4 Does the system provide sufficient information?

Content-5 Do you find the output relevant?

Accuracy-1 Is the system accurate?

Accuracy-2 Are you satisfied with the accuracy of the system?

Accuracy-3 Do you feel the output is reliable?

Accuracy-4 Do you find the system dependable?

Format-1 Do you think the output is presented in a useful format?

Format-2 Is the information clear?

Format-3 Are you happy with the layout of the output?

Format-4 Is the output easy to understand?

Ease-1 Is the system user-friendly?

Ease-2 Is the system easy to use?

Ease-3 Is the system efficient?

Timeliness-1 Do you get the information you need in time?

Timeliness-2 Does the system provide up-to-date information?
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ature descripti main

1 student.id String

2 term_period.id Categorical
3 student.age Numeric

4 student.nationality Categorical
5 student.isForeign Boolean

6 student_originSchool.isITESM Boolean

7 campus.region_name Categorical
8 student.status_desc Categorical
9 student.isConditioned Boolean

10 student.cohort.id Numeric

11 program.major_id Categorical
12 student.semester_desc Categorical
13 student.lastTerm_gpa Numeric
14 student.term_gpa_program Numeric
15 student.fte Numeric
16 training unitlongName Categorical
17 training unit.tec21Type_desc Categorical
18 training unit.type_desc Categorical
19 group.isVirtual Boolean

20 group.isEnglishLanguage Boolean

21 student_grades.final_numeric_afterAdjustment Numeric
2 group.modality Categorical
23 group.period Categorical
24 competence.desc Categorical
25 | competence.level_required Categorical
26 | group.hasEvaluationInst Boolean

27 student.isWoman Boolean

28 group.duration_weeks Numeric
29 competence.type Categorical
30 competence.equivalent_key Categorical
31 enrollment_period.id Categorical
32 semesters_from.enrollment Numeric
33 student.suject_semester_enrolled Numeric
34 | group.size Numeric
35 program.isAvenue Boolean

36 | competence.observed_count Numeric
37 competence.notobserved_count Numeric
38 competence.level_assigned Boolean
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Types of reliability reported in the studies

Internal consistency-Cronbach's Alpha

Internal consistency-Cronbach's Alpha &
McDonald's Omega

Internal consistency-McDonald's Omega 2

Internal consistency-Rasch model | 1

Test-retest 1
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Records excluded
(n=3720)
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criteria (n = 112)
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Paper included in the review
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Semester Students
re-evaluated as
“Not observed”

Competencies

Commitment to sustainability

Application of international
standards

Ethical and citizen commitment
Commitment to sustainability

Application of international
standards

Commitment to sustainability

Application of international
standards

Ethical and citizen commitment
Social Intelligence

Generates comprehensive energy
solutions

Application of international
standards

Ethical and citizen commitment
Commitment to sustainability

Generates comprehensive energy
solutions

Social Intelligence
Chemical process design

Evaluate the availability and
restitution of natural resources

The boldface type indicates the three sustainability competencies more repeated in all

semesters and with the highest number of students.
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Type Variable Descriptio

sociodemographic student.id Student’s masked enrollment identifier

sociodemographic term_period.id Identifier of the student’s academic period 2019-2022, August-December (AD),
February-June (FJ)

sociodemographic student.age Student’s age in the reported academic period

sociodemographic | student.gender_desc Student’s gender

sociodemographic student.nationality Student’s nationality

sociodemographic student.isForeign If their current residence is in the same city as the Campus enrolled (0), foreigners (1)

sociodemographic student_originSchool.isSITESM ‘Whether the student comes from a school that belongs to Tec de Monterrey

sociodemographic

campus.region_name

Code of the region of the enrollment Campus

sociodemographic student.cohort_id Year of admission (cohort) of the student

academic student.status_desc Description of the student’s academic status

academic student.isConditioned Whether the student is in conditional academic status

academic program.major_id Acronym of the academic program of the student

academic student.semester_desc Description of the semester of the student

academic student lastTerm_gpa Student last semester average

academic student lastTerm_gpa_program Global average of the student’s academic program at the last semester (includes failed
training units)

academic student.term_gpa_program Global average of the student’s academic program for the closing of the consulted academic
term

academic student.fte Time ratio at Tec de Monterrey

academic program.school_id Acronym of the school

academic training unit.tec21Type_desc Type of Educational Unit in the Tec21 Model

academic training unit.type_desc Description of the type of training unit

academic training unit.longName training unit’s name

academic group.id Identifier of the training unit’s group

academic group.isLIFE ‘Whether the group belongs to the Leadership and Student Education program

academic group.isVirtual Whether the classes in this group are taught virtually

academic group.isAcademicSupport Whether the group is of academic support

academic group.isEnglishLanguage Whether the classes are in English

academic student_grades.final_numeric_afterAdjustment Students final grade in the training unit

academic group.modality Group’s modality

academic group.period Educational Unit period in the semester (1,2, 3)

academic group.duration_weeks Duration in weeks of the Educational Unit

competency competence.desc Competency’s name

competency competency.type Type of competency

competency competency.level_required Level to be developed in the competency

competency competency.level_assigned Assessment of the competency per student

competency group.hasEvaluationInst ‘Whether the Educational Unit has an evaluation instrument

academic group_schedule.startDate Start date of the Educational Unit in Canvas

academic group_schedule.endDate Completion date of the Educational Unit in Canvas

academic group_activity.tool External tool name associated with the activity as entered by the user

academic group.activities_count Training activities per group of the Educational Unit

academic group.assignments_count Total Educational Unit tasks number per group

academic group_activity.desc Name of the activity of the Educational Units group

academic group_activity.status Indicates the activity’s publication status in Canvas

academic evidence.desc Name of the evidence in eLumen

academic group_activity.descStatus_count Publication frequency of the same type of activity registered in Canvas in the Educational

Unit’s group
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Program name

B.S. in Agricultural Biosystems 1AG 72 5 32
B.S. in Food Engineering IAL 145 3 35
Bioengineering and Chemical Process (Entry program) 1BQ 3,564 11 56
B.S. in Biotechnology IBT 1,112 7 51
B.S. in Civil Engineering (o} 599 % 57
Applied sciences (Entry program) ICI 1,464 4 46
Information technologies (Entry program) ICT 2,869 4 50
B.S. in Data Science and Engineering Mathematics IDM 265 4 46
B.S. in Sustainable Development Engineering DS 313 6 47
B.S. in Electronics Engineering 1E 88 3 31
B.S. in Engineering Physics IFI 255 3 40
B.S. in Innovation and Development 1D 300 5 56
B.S. in Industrial Engineering with minor in Systems Engineering | 1IS 1,697 5 54
Innovation and transformation (Entry program) T 8,307 4 52
B.S. in Mechanical Engineering ™M 513 4 49
B.S. in Biomedical Engineering IMD 512 4 49
B.S. in Mechatronics Engineering IMT 1,515 5 55
B.S. in Nanotechnology Engineering INA 299 4 47
B.S. in Chemical Engineering 1Q 547 4 50
B.S. in Robotics and Digital Systems IRS 325 4 43
B.S. in Computer Science and Information Technologies ITC 1,152 4 49
B.S. in Digital Transformation in Business ITD 166 4 43






