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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.
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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: Figure 1]

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.
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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: Figure 2]

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.
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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.
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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: Figure 4]

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: Figure 5]

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: Figure 6]

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.
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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: Table4]



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: Table5]

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.
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