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Abstract: The rapid advancement of digital technologies, referred to as Industry 4.0, has
profoundly transformed the manufacturing landscape, necessitating a reevaluation of
engineering education. Future engineers must possess diverse skills and competencies to
effectively navigate this new era of intelligent, interconnected, and data-driven production
systems. In response to this challenge, this research paper introduces a framework for a
virtual laboratory in mechanical and industrial engineering that creates a laboratory in
virtual reality (VR) by integrating Lean Manufacturing principles to optimize flow shop
processes, thereby preparing engineering students for the demands of Industry 4.0. This
approach prepares students to navigate the challenges of modern manufacturing, bridging
the gap between theoretical knowledge and its practical application. This paper will discuss
the concept of the virtual laboratory for mechanical and industrial engineering education
in the Moroccan context based on lean principles.

Keywords: virtual reality; virtual laboratory; engineering education; lean approach;
industry 4.0

1. Introduction

The emergence of Industry 4.0, characterized by the integration of advanced technolo-
gies such as the Internet of Things (IoT), artificial intelligence (Al), and virtual reality, has
notably reshaped the manufacturing landscape. This transformation has created a growing
demand for engineers who are not only technically proficient but also capable of applying
their knowledge in the real world [1].

However, traditional engineering education often falls short in providing students
with the hands-on experience necessary to navigate these complex systems, particularly
in countries like Morocco, where access to cutting-edge industrial infrastructure remains
limited. In this context, virtual reality (VR) has emerged as a transformative tool, offering
immersive and interactive learning environments that bridge the gap between theoretical
knowledge and its practical application [2].

This research paper introduces a VR-based virtual laboratory designed for mechanical
and industrial engineering education, incorporating Lean Manufacturing principles to
optimize the flow shop processes in the designed virtual laboratory.

By simulating real-world manufacturing scenarios, the virtual laboratory allows stu-
dents to experiment with lean techniques, such as waste reduction and process optimization,
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in a controlled, immersive setting. This innovative approach not only deepens students’
understanding of Industry 4.0 concepts but also equips them with the skills needed to excel
in modern manufacturing environments [3,4].

Focusing on the Moroccan context, this study explores how VR can revolutionize engi-
neering education by providing accessible, cost-effective, and scalable learning solutions.
The proposed framework demonstrates the potential of VR to enhance traditional peda-
gogy, preparing students to meet the challenges of an increasingly digitalized industrial
world [5].

By leveraging VR technology, this research aims to contribute to developing a more
dynamic and practical engineering education system, aligned with the demands of
Industry 4.0.

2. The Literature Review
2.1. Virtual Reality in Industry 4.0

Virtual reality (VR) has become a transformative tool in Industry 4.0. By creating an
immersive experience, VR enables realistic simulations for workforce training, allowing
operators to practice complex tasks in a safe and controlled setting [6,7].

In manufacturing, VR facilitates process optimization and product design by enabling
virtual prototyping and real-time collaboration, reducing development times and material
waste; for example, automotive companies like Ford, BMW, and Peugeot use VR to design
vehicles and simulate assembly lines, minimizing errors and accelerating the time-to-
market [8].

In healthcare, VR supports surgical training, patient rehabilitation, and medical ed-
ucation by providing immersive simulations that enhance skill acquisition and patient
outcomes [9]. The construction and architecture sector leverages VR for building design,
project visualization, and safety training, allowing stakeholders to explore virtual models
and identify potential issues before construction begins [10].

In retail and e-commerce, VR enhances the customer experience by enabling virtual
showrooms and product demonstrations, increasing engagement and sales [11]. Finally, in
energy and utilities, VR aids in equipment maintenance and safety training.

Despite its potential, challenges such as high implementation costs, technical complex-
ity, and data security concerns hinder its widespread adoption, particularly for small and
medium-sized enterprises [12].

2.2. Virtual Reality in Higher Education

Virtual reality (VR) has emerged as a powerful tool in education, transforming tra-
ditional teaching methods by providing immersive, interactive, and engaging learning
experiences. VR enables students to explore complex concepts and environments that
would otherwise be inaccessible, such as historical sites, microscopic biological structures,
or outer space, enhancing their understanding and retention of knowledge [6]. In STEM
(Science, Technology, Engineering, and Mathematics) education, VR is used to simulate
laboratory experiments, engineering designs, and mathematical models, allowing students
to practice their skills in a risk-free, hands-on environment [13].

For example, medical students can perform virtual surgeries, while engineering
students can interact with 3D models of machinery, bridging the gap between theory
and practice [14]. Despite its potential, challenges such as high costs, technical require-
ments, and the need for teacher training limit its widespread adoption in educational
institutions [12].
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However, as VR technology becomes more affordable and accessible, its role in educa-
tion is expected to grow, offering innovative solutions to enhance learning outcomes and
prepare students for the demands of the digital age.

2.3. Virtual Reality in Industry and Education: Highlights from Morocco

As a developing country, Morocco is gradually adopting virtual reality (VR) to mod-
ernize its industrial and educational sectors.

In industry, VR is being used in automotive manufacturing, aerospace, and renewable
energy for training, process simulation, and maintenance optimization. For example,
Moroccan automotive plants, serving global companies like Renault, Peugeot, Yazaki, OCP,
Lydec, etc., use VR to enhance their workforces’ skills and production efficiency [15].

In education, Morocco’s “Digital Morocco 2030” and “pact ESRI 2030” strategies
promote VR to improve access to quality training, particularly in engineering and vocational
fields. Universities and technical schools are piloting VR programs to provide immersive,
hands-on learning experiences, such as OFPPT, UM6P, UIR, etc. [16,17].

However, challenges such as high costs, limited infrastructure, and uneven access
between urban and rural areas hinder widespread adoption.

To address these issues, Morocco is fostering public—private partnerships and seeking
international support to build its VR capabilities. These efforts highlight Morocco’s com-
mitment to leveraging VR for industrial growth and educational advancement, positioning
it as a regional leader in digital innovation [18].

2.4. llustrative Applications of Virtual Reality in the Educational Landscape of Morocco

Virtual reality presents a transformative opportunity for Moroccan higher education,
offering immersive learning solutions that could democratize the access to quality practical
training across geographical and socioeconomic divides. Meanwhile, leading institutions
such as UM6P, EMSI, IAV Hassan I, and especially OFPPT have adopted VR applications
to teach various practical skills, as illustrated here.

* Welding Simulator e Health & safety e Automotive
Environment Painting
Simulations

OFPPT VR APPLICATIONS
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3. Methodology

3.1. Defining the Problem: Assessing the Need for the Integration of VR into Moroccan
Engineering Education Through Participant Observation

To identify the challenges faced by students in practical engineering sessions and to
explore how virtual reality (VR) could address these issues, we employed **participant
observation** [19] as a key qualitative research method.

By immersing ourselves in practical sessions within Moroccan engineering schools
and TVET institutions, we actively engaged with students and educators, observing their
interactions, workflows, and learning processes. During these sessions, we participated in
hands-on activities, such as lab experiments, technical workshops, and project-based tasks,
while carefully documenting the difficulties that students encountered.

For instance, we observed challenges such as limited access to advanced equip-
ment, overcrowded labs, and the inability to visualize complex engineering concepts in a
tangible way.

These observations were complemented by informal conversations with students and
educators, who expressed frustration over the lack of immersive learning tools that could
bridge the gap between theory and practice.

Through this immersive approach, we identified specific problems that VR could
resolve. For example, VR could provide students with access to virtual labs, enabling them
to conduct experiments and practice skills in a risk-free, scalable environment. It could also
help them visualize abstract concepts, such as 3D modeling or structural dynamics, in an
interactive and engaging manner.

By participating in these sessions, we gained firsthand insights into how VR could
address these pain points, offering a transformative solution to enhance practical education.

This method not only allowed us to define the problems clearly but also provided
a platform for educators and students to share their perspectives on how VR could be
integrated effectively into the curriculum.

The combination of direct observations and active participation ensured that our
findings were grounded in real-world experiences, making a compelling case for the
adoption of VR in Moroccan engineering education.

3.2. Prioritizing the Need for VR in Engineering Education: A Pareto Analysis of Participant
Observation Data

This strategic approach has the potential to significantly enhance the employability
of graduates and contribute to the development of a more skilled and robust engineering
workforce in Morocco. Based on the study conducted with the educators, the following
results were compiled:

The findings underscore a clear demand for virtual laboratories as a viable solution to
address the existing limitations in engineering education.

However, this study also highlights the necessity of allocating adequate resources
and providing comprehensive faculty training to ensure the effective implementation of
such technologies.

To prioritize the key reasons for implementing VR laboratories, a Pareto analysis was
conducted [20]. The results of this analysis are presented below:

As we can see in the Figure 1 The analysis highlights that a lack of machines (30%),
technological advancement (25%), and the number of students in practical sessions (20%)
are the primary factors in VR adoption in practical work, as shown by the Pareto chart and
supported by the other visualizations. These factors contribute to most of the cumulative
impact, reinforcing the Pareto principle. Addressing these key challenges would be the
most effective strategy for accelerating VR integration; these factors outweigh others such
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as material shortages (15%) and safety concerns (10%), which appear to be relatively less
significant, as we can see in the Figure 2.

pie chart of causes

M Lack of Machines
B Technological Advancement
M Lack of Materials

Safety Concerns

B number of students in Practical
session

Figure 1. A pie chart of the Pareto analysis of implementing VR in education.

Pareto Bar Chart

NUMBER OF STUDENTS IN PRACTICAL SESSION
SAFETY CONCERNS

LACK OF MATERIALS

TECHNOLOGICAL ADVANCEMENT

LACK OF MACHINES

0% 5% 10% 15% 20% 25% 30%

Figure 2. A bar chart of the Pareto analysis of implementing VR in education.

This study supports focusing resources and efforts on improving the availability
of equipment and embracing modern technology to meet the needs of engineering
education effectively.

4. The Conception of a Virtual Laboratory: From Concept
to Implementation

4.1. The Conception of a Virtual Laboratory for Mechanical Engineering in the Moroccan Context

The conception of the virtual laboratory for Moroccan mechanical engineering educa-
tion followed a structured process aiming to align practical skills with modern industrial
demands. The key steps are as follows:

> An In-Depth Look at Moroccan Mechanical Engineering Program Curricula
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This step focuses on carefully reviewing the current curricula to understand their
structure and goals and how they include hands-on learning opportunities. By taking a
closer look, educators can acquire a clear picture of what students are expected to learn, the
topics being taught, and the skills they should develop.

This process ensures that the virtual lab is designed to fit seamlessly into Morocco’s
educational system, meeting both local standards and the needs of students. It also helps
pinpoint areas where students might benefit from more practical experiences, allowing the
virtual lab to fill these gaps with interactive experiments and simulations.

By aligning the virtual lab with the curriculum, it becomes a tool that not only supports
classroom learning but also enhances it, making education more engaging and effective.
Ultimately, this approach ensures that the virtual lab is relevant, practical, and tailored
to helping students succeed in their studies while staying true to Morocco’s educational
vision [21].

> Using the APC to Extracting Key Practical Skills

Implementing the Competency-Based Approach (APC) in designing a practical labo-
ratory involves a targeted focus on developing industry-aligned competencies. The process
begins by identifying essential practical skills—technical, cognitive, and behavioral—that
meet industry demands. Clear, measurable learning outcomes must then be defined for
each lab activity, ensuring they directly contribute to these competencies.

The laboratory should be equipped with tools and resources that enable hands-on,
real-world applications, integrating industry-specific projects and scenarios to connect
theory with practice. Active learning methods, such as project-based tasks, should be
employed to foster critical thinking and collaboration. Assessments must prioritize the
application of skills, supported by continuous feedback for improvement. Additionally,
soft skills like communication and teamwork should be embedded into activities, ensuring
the well-rounded development of practical competencies aligned with the APC framework.

Finally, it is crucial to regularly evaluate and update the laboratory based on feedback,
ensuring it remains aligned with technological advancements and industry standards [22].

> Integrating Industry 4.0-Relevant Skills into the Curriculum

To remain competitive in a rapidly changing industrial landscape, this step focuses
on identifying and incorporating cutting-edge competencies that align with the demands
of Industry 4.0. Key areas of focus include digital fabrication, which encompasses ad-
vanced manufacturing techniques like 3D printing and CNC machining; IoT (Internet of
Things) applications, which involve the integration of connected devices and data-driven
decision-making; automation, including robotics and process optimization; and smart
systems, which leverage artificial intelligence and machine learning to enhance efficiency
and innovation.

These competencies are critical for preparing students and professionals to navigate
and excel in a technology-driven industrial environment. By embedding these skills into the
curriculum, educational programs can ensure that learners are equipped with the practical
knowledge and technical expertise required to meet the challenges and opportunities of
Industry 4.0, fostering innovation and adaptability in the workforce [22,23].

4.2. The Lean Approach to the Laboratory Implementation of Machines

The lean methodology applied to laboratory design emphasizes maximizing value by
addressing the core needs of students and faculty while aligning the laboratory’s objectives
with industry standards and curriculum requirements.
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This process involves systematically mapping the value stream (VSM) to identify ineffi-
ciencies, such as redundant steps and unnecessary resources, and subsequently eliminating
waste through the optimal utilization of space and the careful procurement of equipment.

This approach advocates an incremental development strategy, establishing the labora-
tory with the essential equipment and functionalities while continuously refining its setup
based on feedback from users. Ongoing evaluation ensures that the laboratory remains
efficient and adaptable to advancements in technology and pedagogy [24].

The implementation of a lean approach offers several key advantages, including
enhanced cost-effectiveness, scalability, and resource efficiency. It also facilitates the inte-
gration of emerging technologies and teaching methods, ensuring the laboratory remains
responsive to future educational and technological challenges [25].

4.3. Lean Tools and Techniques in Virtual Laboratory Design: Optimizing Its Conception

Integrating lean tools such as SMED (Single-Minute Exchange of Die), KANBAN, 55,
and JIT into the design of the virtual workshop for engineering education can significantly
enhance its efficiency, organization, and effectiveness. SMED principles can be applied to
streamlining the setup and transition processes within the virtual environment, ensuring
that students can quickly switch between tasks or experiments without delays.

KANBAN, a visual workflow management tool, can be used to monitor progress,
manage resources, and maintain a steady flow of activities, helping students and educators
track their work in real time.

Meanwhile, the 55 methodology (Sort, Set in Order, Shine, Standardize, Sustain) can
be implemented to organize the virtual workspace, ensuring that tools, materials, and
information are easily accessible and systematically arranged. By embedding these lean
tools into the virtual workshop, we create a structured, user-friendly, and efficient learning
environment that mirrors real-world engineering practices, preparing students to apply
lean principles in their future careers.

This approach not only improves educational experience but also fosters a culture of
continuous improvement and operational excellence [26].

5. Results and Discussion

The implementation of a lean approach in the mechanical engineering laboratory has
led to a more efficient and cost-effective setup by eliminating inefficiencies and optimiz-
ing the use of space and equipment. The lab commenced with the essential equipment
and evolved based on user feedback, maintaining adaptability to technological advance-
ments. By integrating the APC, we ensured that key competencies were aligned with
industry requirements.

With clearly defined learning outcomes and hands-on activities, including real-world
projects, students’” engagement and development of practical skills in a virtual environment
have been significantly enhanced. The laboratory’s focus on Industry 4.0 competencies has
equipped students to address contemporary industrial challenges. The skills—equipment
matrix guarantees that the virtual lab is outfitted with the appropriate tools to support both
traditional and digital learning [27].

Ongoing feedback from students and industry professionals has driven continuous
improvements, ensuring that the lab remains relevant and effective in meeting both edu-
cational and industry standards. All of these elements will be leveraged to advance the
foundational concept of the virtual laboratory.
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6. Conclusions

In conclusion, the development of a virtual laboratory rooted in Lean Manufacturing
principles offers a forward-thinking solution for addressing the skill requirements of
Industry 4.0. By leveraging advanced technologies such as simulations, data analytics,
and collaborative platforms, this initiative not only improves educational outcomes but
also ensures alignment with the dynamic needs of the industrial sector. Looking ahead,
the incorporation of artificial intelligence (AI) and machine learning holds a significant
promise for enhancing the learning experience further.

These technologies can enable personalized learning pathways, optimize the accuracy
of simulations, and streamline assessment processes, ensuring that students acquire the
competencies needed to navigate the complexities of modern manufacturing and technolog-
ical innovation. Ultimately, this approach fosters a seamless connection between academic
training and industry expectations, equipping students with the tools and knowledge
necessary to thrive in the evolving workforce landscape.
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