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Introduction: Augmented reality (AR) is a transformative technology that
enhances teaching and learning by blending virtual and real environments.
While the potential of AR to improve visualization, interaction, and student
engagement in engineering education is recognized, its application across
various engineering disciplines remains underexplored. This study
systematically investigates the use of AR in engineering fields, highlighting its
educational impact and identifying gaps for future research.

Methods: A systematic review was conducted using the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) framework, analyzing
67 peer-reviewed papers on AR in engineering education. Content analysis was
employed to assess AR’s effectiveness in enhancing visualization, interaction, and
motivation. A bibliometric analysis identified key AR tools, research trends,
geographic distribution, and interdisciplinary collaboration.

Results: AR is extensively applied in civil andmechanical engineering, where tools
such as Unity 3D significantly improve visualization and interaction. AR enhances
student engagement and comprehension, particularly in complex areas like
construction design. However, its adoption in other engineering disciplines
remains limited. The analysis also shows the positive impact of AR on
motivation and learning outcomes despite challenges such as technical
limitations and insufficient training for educators.

Conclusion: Although AR is gaining traction in engineering education, broader
adoption is hindered by technical challenges and the need for better curriculum
integration. Future research should address these barriers and explore AR’s
potential in underutilized engineering disciplines to maximize its educational
benefits.
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1 Introduction

In today’s exciting era of the metaverse, augmented reality (AR) emerges as a
transformative tool, reshaping our experiences and enhancing human–computer
interactions. AR is extensively applied in both industrial and educational contexts, with
engineering taking a forefront. This field extends beyond mere mechanization, aiming to
alleviate societal burdens and enhance human welfare (Sheppard et al., 2007). Engineering
education requires deep knowledge, problem-solving skills, and critical judgment, all geared
toward achieving societal benefit. Exploring AR in engineering education opens up
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innovative avenues for visualization and creative thinking.
Understanding virtual reality (VR) is pivotal as it relates to AR;
VR immerses users in artificial environments for controlled training,
while AR integrates computer-generated elements into real-world
settings, enriching our interaction with our environment by adding
images, videos, and sounds (Sheppard et al., 2007).

The foundational exploration of the AR technology began in
1960, pioneered by the Massachusetts Institute of Technology and
Harvard University. This early research ignited widespread debates
among academics and the broader society. It was not until 1992 that
the term “AR” was officially coined, defining it as a technology that
enhances the user’s field of vision in real-time. The first AR research
at Columbia University, noted by Silva et al. (2022), marked an
important phase in applying AR to education. Initially, the focus was
primarily on tracking extensions, but researchers like Thomas
Caudell and David Mizell recognized its broader potential early
on (Voronina et al., 2019). AR’s incorporation into science
education began in 2004, with its significance dramatically
increasing from 2017 to 2020, highlighting its expanding role in
various educational fields (Czok et al., 2023).

The COVID-19 pandemic led to significant changes in the
educational system, altering teaching and learning approaches
worldwide. The integration of various technologies has supported
the ongoing transfer of knowledge across different locations. Digital
technologies, especially VR and AR, have become increasingly
prevalent in education, enhancing system performance and
providing remote learning opportunities. Exploring these
technologies is important, particularly for understanding the
potential of AR in engineering education, starting with its initial
applications in general education sectors.

AR has demonstrated substantial potential across various
educational domains, enhancing learning through its dynamic
and interactive capabilities. As highlighted by Akçayır and
Akçayır (2017), AR is increasingly prevalent in diverse
educational settings due to its unique advantages. For example,
the VOSTARS project enhances surgical precision in the medical
field by improving surgeons’ visual accuracy (Badiali et al., 2019). In
engineering education, AR helps students overcome challenges with
technical drawings by enhancing their visualization skills, which is
crucial for interpreting complex images (Nordin et al., 2013).
Additionally, in construction, the INSITER project uses AR to
integrate virtual models with physical buildings effectively,
improving the alignment and quality of construction processes
(Sebastian et al., 2015; Spasova and Ivanova, 2020). These
applications showcase how AR merges theoretical knowledge
with practical applications, making it an essential tool in
educational advancements.

AR has sparked extensive discussions about its benefits and its
motivational impact on learning. Recognized for creating engaging
and immersive educational environments, AR has been shown to
enhance academic performance through its integration into
educational materials for formative self-assessment (Sofianidis
2022). Additionally, AR technologies have been found to
significantly boost student motivation and foster positive
attitudes toward education (Allcoat and Mühlenen, 2018).
Innovative applications such as AR-E-Helper have also improved
students’ attitudes and satisfaction with learning (Yoon and Kang,
2021). Furthermore, mobile e-learning applications utilizing AR

have developed students’ critical thinking, collaboration, and
information-sharing skills (Neffati et al., 2021). By leveraging
these benefits, AR is shaping the future of teaching and learning,
offering a dynamic and effective educational experience.

AR introduces several innovative techniques that enhance
collaboration, visualization, and interaction, broadening the range
of potential studies and applications. These include examining AR’s
benefits, challenges, user motivation, satisfaction with learning
outcomes, attitudes toward education, perceived usefulness, and
contributions to model development. Particularly in engineering
education, where technology plays a crucial role, AR is pivotal for
addressing various sector-specific challenges. These challenges include
bridging distances between training centers and operational sites,
overcoming the shortage of qualified educators, and aligning training
programs with rapid technological advancements (Nesterov et al.,
2017). Exploring AR’s applications in this context is essential for
advancing educational practices and developing solutions tailored to
the dynamic needs of the engineering field.

AR paves the way for several innovative techniques that take
advantage of its ability to create collaboration, visualization, and
interactions. Thus, it opens the scope for a wide variety of studies
considering its benefits, challenges, motivation, usability,
satisfaction of learning outcomes, attitudes, perceived usefulness,
perceptions, model development, and so on. In this expanding
scenario, it is significant to explore AR applications in
engineering education as this is more associated with technology.
Moreover, AR can offer solutions to extensive challenges
encountered in the engineering sector, such as the distance
between training centers and operational companies, inadequate
availability of highly qualified teaching staff, lack of a systematic
approach to identifying and nurturing experts in the field, and non-
adjustments between specialists’ training cycles and the evolving
technological landscape (Nesterov et al., 2017).

While previous studies have explored the use of AR in education
broadly, there is a noticeable gap in its application within specific
engineering domains. Most research studies have focused on general
educational contexts or specific fields such as civil and mechanical
engineering, often neglecting the potential of AR in more specialized
areas such as electrical engineering, aeronautics, and industrial
engineering. Additionally, few studies have thoroughly
investigated the integration of AR into the engineering
curriculum or the long-term impact of its use on student
outcomes such as learning retention, engagement, and skill
acquisition. Furthermore, there is limited analysis of the barriers
to AR adoption in engineering education, such as technical
challenges, accessibility, and teacher readiness. This review aims
to fill these gaps by providing a comprehensive analysis of AR
applications across various engineering disciplines, identifying
underexplored domains, and proposing future directions for
effective integration of AR into engineering education.

2 Materials and methods

The research methodology takes a systematic approach to
gathering and analyzing literature on the integration of AR in
engineering education. It consists of four critical steps, as
outlined below.
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2.1 Literature retrieval

This section entails identifying suitable terms and keywords
that will be used in the search for publications on AR in
engineering education from the Scopus database. Scopus was
selected as the primary database for this review due to its
extensive coverage of high-quality, peer-reviewed journals,
particularly in the fields of engineering and technology.
Comprehensive indexing by Scopus ensured access to a wide
range of relevant studies, making it well-suited for capturing
the latest research on AR in engineering education. Its rigorous
indexing standards and focus on reputable publications provided a
solid foundation for conducting the systematic review. The search
conducted for this review was limited to titles only, rather than
including abstracts and keywords. This approach was taken to
manage the large volume of results and to focus on the most
relevant studies related to AR in engineering education. A targeted
search was conducted by the authors using a combination of
keywords including “augmented reality,” “education,”
“engineering,” and “teaching” across titles. A two-step search
strategy was employed to ensure a comprehensive yet focused
analysis of AR in engineering education. The first query—TITLE
(augmented AND reality AND engineering AND education) AND
PUBYEAR >2016 AND PUBYEAR <2024—captured a broad
range of publications reflecting AR’s growing role in education.
The second query—TITLE (augmented AND reality AND
engineering AND teaching) AND PUBYEAR >2016 AND
PUBYEAR <2024—narrowed the search to specifically address
AR’s application in engineering teaching. This approach
prioritized relevance and specificity, allowing the review to
focus on the most pertinent studies, while minimizing the

inclusion of irrelevant publications that could dilute the
review’s objectives. The search for this study is focused
specifically on AR technology within the context of education,
particularly engineering education. The goal is to explore how AR
can be applied to enhance teaching and learning methods and its
overall effectiveness and impact. The study aims to delve into
innovative educational strategies using AR to boost learning
outcomes and student engagement. This refined focus helped
identify a total of 71 relevant papers published between
2016 and 2023.

2.2 Literature screening

This study followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) framework,
a standard for conducting systematic reviews and meta-
analyses, enabling the synthesis of existing knowledge and
the identification of gaps for future research (Page et al.,
2021). From an initial set of 71 papers, duplicates and
irrelevant studies were removed, narrowing the final list to
67 publications from 2016 to 2024 (Figure 1). This period
has seen significant advancements in AR, especially post-
COVID-19, highlighting the research gaps and increased
resource availability. The analysis (Figure 2) shows a steady
increase in AR research within engineering education, peaking
in 2023 after a slight decrease in 2021. This trend is largely
driven by the rise of mobile AR devices and software tools,
which have expanded the technology’s compatibility and
accessibility, reinforcing its potential as a transformative tool
in engineering education.

FIGURE 1
Literature screening approach.
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2.3 Content analysis

This step systematically examines literature and research articles
to uncover common patterns, themes, and trends. The content
analysis of AR in engineering is organized by categorizing papers
into themes and sub-themes, helping assess the effectiveness of AR
tools, their integration into curricula, and the challenges they pose.
This approach identifies key research areas and guides future
investigations into advancements in the AR technology within
engineering education.

2.4 Bibliometric analysis

This method systematically evaluates academic literature by
analyzing citations and references in research papers. By examining
bibliographic data—such as citations, co-authorships, and
keywords—it identifies key authors, influential works, and emerging
themes within the field. Additionally, this approach provides insights
into collaborations between researchers and institutions, offering a
comprehensive overview of the field’s evolution.

3 Results

3.1 Content Analysis

AR is transforming education by providing immersive,
interactive learning experiences across diverse fields. This section
analyzes howAR is utilized in higher education through a systematic
review of literature, identifying recurring themes in fields such as
STEM, architecture, and industrial engineering. By categorizing key
concepts and patterns, the analysis offers insights into AR’s
applications, challenges, and opportunities, highlighting its role in
interdisciplinary collaboration and knowledge-sharing within
engineering education.

3.1.1 Application of AR in STEM
This section reviews research on the integration of AR in STEM

education, focusing on its impact on teaching and learning (Table 1).

It explores how AR enhances learning outcomes through
technological advancements and innovative teaching methods,
with key themes and subthemes highlighting AR’s potential to
transform education with immersive, interactive experiences.

The studies reviewed provide valuable insights into the
application of AR in STEM education, highlighting its potential
to enhance learning outcomes through interactive and immersive
experiences. Key findings include the identification of various AR
technologies, such as marker-less and marker-based AR, and their
implementation across different STEM disciplines. The research
demonstrates AR’s positive impact on student engagement,
academic performance, and learning in fields such as engineering
physics and biomedical sciences. However, these studies also
indicate that the effectiveness of AR is contingent on its
integration into specific STEM domains and the ability to tailor
applications to the learning objectives of each course.

Despite these positive outcomes, several challenges persist. The
implementation of AR is hindered by practical limitations, such as
insufficient training for educators, reliance on specific equipment,
compatibility issues, and poor internet connectivity. Furthermore,
many studies do not address the need for clear mechanisms to
measure long-term learning outcomes or behavioral changes
attributed to AR, leaving gaps in the understanding of AR’s full
impact on STEM education.

Future studies should delve deeper into the specific contexts
where AR may be less effective or where its implementation faces
significant hurdles. Expanding research to explore the usability of
AR/VR in STEM education, with a particular focus on cloud
computing and generative artificial intelligence, could provide
more meaningful insights. Addressing these practical and
technical challenges, along with institutional support for training
and infrastructure, will be essential for the broader adoption of AR
in education.

3.1.2 Application of AR in engineering education
This section examines the use of AR in general engineering

education, focusing on its impact on learning, student motivation,
and the development of AR models. Table 2 categorizes key research
findings, offering insights into the broader role of AR in
engineering education.

FIGURE 2
Number of papers and publications in relation to AR in engineering education (2016–2023).
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This section highlights the increasing adoption of AR in
engineering education, with significant benefits in enhancing
student motivation, engagement, and learning outcomes
through interactive and immersive experiences. Various tools,
such as Unity 3D and mobile platforms, are prominently used,
making AR accessible for both educators and learners. Studies,
such as those by Vásquez-Carbonell (2022) and Guo (2018),
demonstrate AR’s effectiveness in improving comprehension,
particularly in subjects that benefit from 3D visualization,
such as technical drawing, electronics, and biomedical
engineering. However, despite these advancements, significant
challenges remain. The application of AR in engineering is still
limited to specific fields, with vast yet untapped potential across
broader disciplines, such as civil, mechanical, and chemical
engineering.

Moreover, challenges related to cognitive load have emerged,
with studies such as Guo and Kim (2020) reporting increased mental
demands in AR environments, resulting in frustration and decreased
student performance. These findings indicate that, while AR can
make learning more engaging, it may simultaneously overwhelm
students if not designed with cognitive ease in mind. Another key
issue is the lack of comprehensive teacher training programs. Many
educators struggle to fully integrate AR into their teaching methods
due to insufficient knowledge and resources. Hardware limitations,
poor internet connectivity, and compatibility issues further
exacerbate these barriers, especially in regions with limited access
to technological infrastructure.

While AR offers significant advantages, there is a pressing need
for standardized evaluation frameworks to accurately assess its long-
term impact on student learning outcomes, behavior, and
motivation. Future research should focus on developing more
accessible and user-friendly AR interfaces to reduce cognitive
load and better align the technology with pedagogical goals.

To address the challenges, investments in professional
development programs are crucial to better equip educators with
the necessary skills for AR integration. Leveraging cloud computing
and AI-driven tools could reduce resource constraints, offering
scalable AR solutions that are affordable and accessible. Future
research should also delve into long-term studies examining AR’s
role in improving knowledge retention, its influence on behavioral
changes in students, and its potential to reshape collaborative
learning environments. Cross-disciplinary collaborations between
educational institutions, tech developers, and industry professionals
could be instrumental in overcoming current limitations and
advancing AR’s implementation in engineering education.

3.1.3 Application of AR in industrial engineering
This section analyzes the use of AR in industrial engineering to

streamline workflows and improve efficiency. Table 3 summarizes
key studies, focusing on AR’s role in enhancing comprehension and
collaboration in areas such as manufacturing systems and
pneumatic control schemes.

The analysis of AR applications in industrial engineering
reveals several important findings and limitations. AR has been

TABLE 1 Application of AR in STEM.

Themes Authors Focus

Identifying types, technology, and parameters to
develop AR applications.

Hidayat and Wardat
(2023)

Investigates the assistance of AR learning in science, technology, engineering, and
mathematics education exploring various types of AR technology utilized, along with the
augmented parameters utilized in the STEM curriculum. The study provides
recommendations to incorporate AR into all courses in the learning of STEM as its
interactive digital content contributes to a more meaningful learning experience, besides
enhancing the performance.

Czok, et al. (2023) Introduces an evaluation matrix designed to analyze existing AR methodologies for
teaching life sciences (biology and chemistry) and engineering, considering both media
didactics and pedagogical content knowledge perspectives, which offer guidance for future
designs of AR applications in these fields.

Impact of AR in academic performance. (Hu, et al.) Examines the impact of AR on enhancing the academic performance and perception of AR
as a learning tool among undergraduate non-engineering students by developing a
dedicated application “Virtual and Augmented Reality for Structures” (VARS).

Sriadhi, et al. (2022) Discusses how the utilization of the AR-based learning media and cognitive ability
influences learning outcomes of students in engineering physics. The study demonstrated
the efficacy of AR-based learning media and cognitive ability in enhancing student learning
outcomes, presenting it as a viable solution to address challenges in teaching engineering
physics.

Kalimuthu, et al. (2023) Proposed a novel curriculum, STEM-ARNutri Edu, amalgamating AR with integrated
STEM, to enhance the outcomes in nutritional education. The study documents the
curriculum’s effectiveness in enhancing nutrition knowledge, attitude, and behavior by
combining quantification of nutrient levels with elements from the field of science and
mathematics along with engineering and technology.

Development of apps and evaluation of perspectives. Hemme, et al. (2023) Created virtual and AR applications for instructing concepts in biomedical science,
involving pharmacology, medicinal chemistry, cell culture, and nanotechnology,
eliminating the need for VR headset along with evaluating its utility.

Fuchsova and Korenova
(2019)

Emphasizes on the visualization aspects within science and engineering education,
employing AR in the realm of biology education. Explores the perceptions and engagement
of future primary teachers, who will be instructing biology in primary education with this
method.
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TABLE 2 Application of AR in engineering education.

Themes Authors Focus

Role of AR tools and applications in engineering
education.

Vásquez-Carbonell (2022) Conducts a comprehensive analysis of the latest information on AR in
engineering education, with a specific focus on the topic of the studies, origin of
studies, most utilized software for AR programming, and most employed
hardware in these studies. Furthermore, the significant role of AR tools and
applications to enhance student motivation in education was discussed.

García, et al. (2022) Delves into a comparison of Latin American literatures with international
literatures that deals with designing, utilizing, and examining AR systems.

Kearney, et al. (2020) Explores the effects of AR and animations on the learning and cognitive load of
engineering students.

Kearney, et al. (2022) Investigates the influence of augmented AR and animation on an engineering
student’s learning, cognitive load, and recall during a virtual product dissection
educational activity.

Laughlin and Laughlin (2022) Develops a study to explore how the judicious use of AR can improve our
capacity to process information and carry out meaningful tasks along with
explaining the functions and applications of these technologies.

AR in various engineering studies. Alvarez-Marin and
Velazquez-Iturbide (2021)

Emphasizes the comprehensive survey of educational approaches and
experiences centered specifically around AR in the field of engineering studies.
The work investigates engineering studies where AR has been implemented,
types of educational activities with the use of AR, its evaluation criteria, main
features of AR, and the extent to which AR apps are utilized in engineering
education interacts.

Acceptance of AR: the role of technology optimism
and technology innovativeness.

Álvarez-Marín, et al. (2023) The study delves into the development of an AR app to ascertain whether
technology optimism and technology innovativeness can describe and forecast
the utilization of AR within the realm of engineering education.

Advantages and methods. Guo (2018) Explores the potential benefits of using AR interfaces in engineering education
and training by developing an AR learning module. The study sheds light on the
influence of the AR environment on the student’s learning performance by
comparing the same with traditional classroom surroundings. Careful evaluation
of experiments and students’ learning activities using the AR module (manual
material handling (MMH) guidelines) is carried out to know whether the AR
setup has increased their engagement and comprehension.

Nesterov et al. (2017) Focuses on the potential application of AR technologies in engineering
education, highlighting the conditions necessary for the establishment and
advancement of Industry 4.0. Moreover, the article emphasizes on methods for
the application of AR technology in supporting the educational process and
evaluates the advantages and disadvantages associated with its utilization in
engineering education.

Impacts on engineering teaching and learning. Diao and Shih (2019) Emphasizes on assessing the effects of integration of VR and AR in
teaching–learning processes in engineering fields along with its impacts on learning
outcomes and student satisfaction. Introduces the conceptual research framework
that describes the beneficial impact of VR and AR technology in the
teaching–learning process, promising better learning and satisfaction to students.

Silva et al. (2022) Develops a design proposal that incorporates AR into the learning process,
which provides insights into the analysis, architecture, and development of a
prototype. The simulated demonstration of the prototype in a distance mode
illustrates that AR facilitates effective and efficient interaction between students
and teachers, capturing the students’ interest.

Guo and Kim (2020) Investigates the effect of AR on student workload in engineering education. The
study relies on the examination of the impacts of AR on student workload by
developing AR modules for manual material handling (MMH) as engineering
education learning contents. The correlation between the AR environment and
workload can be identified by comparing the variation in the workload of two
environments.

Criollo-C et al. (2021) Highlights the impact of AR mobile application (NetAR) designed to
complement the conventional education for engineers. Investigates the effects of
AR by developing a mobile application based on topics from data networks,
which facilitates the direct interaction of students with 3D elements. This user-
friendly application provides visuals with animations and audios, which helps
students retain the information gained. The app covers topics of data networks
through two steps, mainly the OSI model and the fundamental concepts of
networking.

(Continued on following page)
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shown to enhance student engagement and understanding,
particularly in areas such as pneumatic control schemes,
manufacturing systems design, and production processes. The
use of AR to visualize complex systems offers pedagogical
advantages, such as improved comprehension and hands-on
learning experiences.

However, the challenges include limited functionality in the
current AR applications, which focus primarily on visual elements
without incorporating other interactive features. The studies also
highlight a lack of comprehensive evaluation methodologies to
measure AR’s impact on learning outcomes and student
satisfaction. There are gaps in addressing long-term effects on

student learning and limited exploration of broader
implementation strategies in engineering education.

Future work should focus on expanding AR capabilities with
more interactive elements and improving user interfaces.
Additionally, further research is needed to evaluate the long-term
pedagogical impact and explore broader adoption strategies,
including barriers to implementation and teacher training.

3.1.4 Application of AR in electrical, electronics,
and computer engineering

This section explores research on AR applications in electrical,
electronics, and computer engineering, focusing on how AR

TABLE 2 (Continued) Application of AR in engineering education.

Themes Authors Focus

AR gamified crossover curriculum. Salman and Riley (2017) This paper outlines the conceptualization of a crossover AR gamified learning
experience named Green Designers to synchronize the learning of sustainable
engineering design principles and practices in both formal and informal settings.

AR perceptions. Bernsteiner et al. (2023) Highlights and compares the perceptions of educators and students about AR
education to encourage research in this field.

Bernsteiner et al. (2022) Delves into the perceptions of students in different departments and years of
vocational higher colleges regarding AR application.

Connecting to pedagogical values. Chlebusch et al. (2020) Proposes a universally applicable flowchart, enabling educators to select
appropriate content for AR experiences for efficient learning.

Integration of AR for remote laboratory applications. Racha et al. (2022) The paper sheds light on the problems faced by students in the physical
laboratories exploring the perceptions of students about digitalization of the
same utilizing AR.

Yechkalo et al. (2019) Demonstrates the integration of AR tools in the laboratory sessions to facilitate
the visualization of theoretical models of physical phenomena in the training of
prospective engineers.

Neges et al. (2019) Designs a framework for the improved integration of real-time sensor data into
practical education, providing students with a seamless experience, thus
eliminating the need for them to independently navigate and interpret digital
content.

Learning strategies of virtual and AR technologies. Martin-Gutierrez (2017) Offers a comprehensive exploration of the present and prospective applications
of virtual technology in education.

AR application in smartphones. Kassim and Md Zubir (2019) Proposes AR on engineering equipment for education (AREEE) facilitated
through smart phones, offering convenient access to learning materials in the
form of data applications in engineering education.

Shrestha (2021) Investigates the efficacy and utility of AR in engineering education practices
through a mobile device by designing, implementing, and evaluating the same.

Arulanand et al. (2020) Demonstrates a framework for employing AR in mobile phones for engineering
learning to facilitate student work on creativity and then get motivated.

Alhalabi et al. (2021) Designs an inventive method of circuit simulation to enhance engineering
education using smartphones by acquiring greater accuracy with reduced
training data through capsule networks and creating a comprehensive system
capable of capturing hand-drawn circuit diagrams.

Potential of AR in learning motivation. Schiffeler et al. (2020) Focuses on the influence of employing AR in collaborative team processes,
particularly focusing on motivation and emotional activation, which is beyond
its prevalent role in demonstration and instruction.

Kaur et al. (2020) Delves into the motivation aspects of utilizing AR applications as a tool for
interactive learning across diverse fields of engineering education.

Stechert and Yengui (2022) Sheds light on concurrent evaluation of AR experiences considering both the
subjective perceptions of learning success and motivation along with objective
monitoring of learning achievements.

Eloy et al. (2022) Highlights the utilization of virtual and AR technologies as a tool for designing
the experiments and solutions in the science and engineering projects.
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enhances learning through immersive visualization and safer, more
engaging laboratory experiences. Table 4 outlines key studies
demonstrating AR’s impact in these fields.

The application of AR in electrical, electronics, and computer
engineering highlights several key findings and challenges. AR has
proven useful for enhancing laboratory experiments by addressing
limitations related to safety, equipment accessibility, and the
complexity of physical phenomena. By integrating AR models,
these studies have demonstrated improved student engagement
and understanding, particularly in areas such as MOSFET design
and power engineering laboratories. Furthermore, AR’s ability to
visualize complex concepts, such as finite-state machines (FSMs),
adds a layer of immersive interaction that enhances comprehension
and retention.

However, the current applications are limited by a narrow focus
on specific topics, such as FSMs and MOSFET elements, without
broader integration across the curriculum. Additionally, the studies
lack a comprehensive evaluation of AR’s long-term impact on
student learning and overall performance. The current AR tools
also face challenges in terms of scalability and customization as they

are primarily designed for specific learning environments rather
than offering flexible solutions across different topics and courses.

Future work should aim to broaden AR applications beyond
niche topics, ensuring amore integrated approach to the curriculum.
Expanding the interactive features of AR tools and developing more
comprehensive evaluation methods to assess their pedagogical
impact will be critical. Additionally, efforts to make AR tools
more adaptable to diverse learning environments and improve
teacher training on AR integration will be essential for
maximizing its educational potential.

3.1.5 Application of AR in architecture
This section aims to provide an overview of research papers that

discuss the integration of AR with architectural engineering, as
shown in Table 5.

The application of AR in architecture presents several promising
insights, along with challenges and limitations. AR’s integration with
building information modeling (BIM) has demonstrated
effectiveness in enhancing student learning experiences in ACE
education. Studies highlight how AR improves students’

TABLE 3 Application of AR in industrial engineering.

Themes Authors Focus

Industrial engineering Anjos et al. (2020) Examines the integration of virtual and AR applications within the educational processes of engineering, specifically in
production engineering, while emphasizing and identifying gaps in their application. The authors delve into the comparison
between the type of technology utilized and the characteristics, considering the attributes of immersion, interaction, and
involvement offered by the virtual world and virtual objects implemented in the research.

Grodotzki et al. (2023) Explores the dissemination, use, and influence on student motivation and learning outcome of AR, along with the modeling of
a universally accessible platform intended to visually represent models in manufacturing processes.

Šulc et al. (2023) Concentrates on detailing the impact of AR applications designed for engineering students, aimed at improving collaborative
and autonomous learning, specifically in comprehending pneumatic control schemes.

Husár et al. (2022) Explains the potential application of AR based on the marker target principle in student education by displaying 3Dmodels of
machines, equipment, robots, conveyors, and accessories above markers that depict actual devices.

TABLE 4 Application of AR in electrical, electronics, and computer engineering.

Themes Authors Focus

Integration of AR for laboratory
experiments.

Enzai et al. (2020) Presents an AR model to address the limitations in facilities and safety concerns and to enhance student
engagement in the educational process by eliminating the necessity for physical interaction with laboratory
equipment.

Yüzüak and Yiğit
(2023)

Presents an AR application for designing the N-type MOSFET element—a fundamental topic in electrical
and electronic engineering extensively applied in both analog and digital circuits along with assessing its
impact on students’ comprehension of theoretical concepts.

Opriş et al. (2019) Explore the positive outcomes of the implementation of AR in power engineering laboratories by
establishing a virtual interdisciplinary connection between diverse yet interconnected domains such as
design, operation, maintenance, and management.

Opriş et al. (2018) Emphasizes on the systematic process of integrating AR into power engineering laboratories to eradicate the
impossibility of reproduction of certain phenomena associated with the field, allowing participants the
necessary time for adapting to the change.

Utilization of AR for visualization. Nadeem et al. (2022) Demonstrates an AR-based finite-state machine (FSM) visualization tool named AR4FSM to facilitate in-
depth comprehension of concepts through immersive experiences and natural interaction with FSMs,
utilizing multimedia elements. Evaluation of how it contributes to student motivation and content
comprehension.

Incorporating AR for content delivery, Jacob et al. (2020) Delves into the utilization and influence of AR as an effective tool for delivering data content, specifically in
electronics engineering. Moreover, it concentrates on emphasizing the pedagogical aspects of AR and its
influence on both students and faculty members.
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understanding of complex concepts by enabling immersive
visualization, making it particularly valuable for design,
construction, and project management. The application of AR-
BIM also fosters better decision-making by providing a
comprehensive view of 3D models, enhancing collaboration and
communication between the students and educators.

However, despite its potential, AR implementation in
architecture faces significant challenges. The difficulty of handling
large data sets, the alignment of virtual and real-world entities, and
the sophistication required for effective visualization are key
limitations. Furthermore, the studies reveal that AR tools in
architecture remain constrained by technical complexity,
particularly in CAD/CAM processes, where the transition from
2D to 3D models still poses difficulties. Another challenge
involves the limited accessibility of AR tools in academic settings,
which can hinder widespread adoption.

Moving forward, future research should address these
limitations by developing more user-friendly AR interfaces and
improving the integration of AR with existing pedagogical tools.
A critical focus on refining AR tools to manage complex data and
ensuring that virtual models accurately align with real-world
applications is necessary. Additionally, exploring cross-domain
applications of AR in innovative fields, such as urban planning
and interior design, can offer new perspectives. Lastly, expanding
collaboration across departments and external stakeholders will help
bridge the gap between academic theory and practical application,
enhancing the learning process.

3.1.6 Application of AR in civil engineering
This section explores various applications of AR and their

implications in the field of civil engineering. Table 6 provides a
classification of the relevant studies and their focus.

The integration of AR in civil engineering education, as shown in
these studies, demonstrates its potential to bridge the gap between
theoretical knowledge and practical application. AR tools such as
sandboxes andARBridge have been particularly effective in enhancing
students’ understanding of complex concepts such as terrain
interaction, watershed management, and construction processes.
These applications offer immersive learning experiences, making
abstract concepts more tangible. Moreover, the studies suggest that
AR, when combined with game-based learning environments, can
significantly enhance student motivation and engagement. For

example, the use of interactive 3D environments facilitates
visualization and exploration of construction projects before they
are built, providing students with a more comprehensive
understanding of the design and construction process.

However, there are challenges and limitations associated with
AR in civil engineering education. The current applications tend to
focus onmore basic concepts such as statics and simple construction
tasks, leaving more complex civil engineering operations
underexplored. Additionally, the potential for distractions in
game-based learning environments has been highlighted,
necessitating careful design considerations to avoid negative
impacts on student focus and learning outcomes.

Future research should focus on expanding the use of AR to
more complex civil engineering tasks, such as large-scale
construction operations and project management. This could
involve developing more advanced, game-based solutions that
simulate real-world scenarios, offering students practical, hands-
on experience in a controlled, virtual environment. Moreover,
addressing the potential distractions associated with game-based
learning and enhancing the flexibility of AR tools to cater to diverse
educational needs would further improve the effectiveness of AR in
civil engineering education. A critical perspective emphasizes the
need for comprehensive studies to assess the long-term benefits of
AR, including its impact on skill development, knowledge retention,
and problem-solving abilities in real-world construction projects.

3.1.7 Application of AR in other engineering fields
This section aims to offer insights into the contributions of AR

in specialized engineering fields—aeronautical, chemical, software,
and mining—by exploring its advantages, learning experiences, and
methods for integrating it into the engineering curriculum, as
outlined in Table 7.

In the context of domains such as aeronautical, chemical,
software, and mining engineering, AR demonstrates significant
promise in enhancing skill retention, improving visualization,
and fostering interactive learning experiences. These studies
explore AR’s efficacy as an instructional tool, particularly in skill
transfer, and compare it with that of traditional methods. For
example, AR-based tools in aviation education have shown faster
task completion and higher engagement than conventional paper-
based instruction. However, the drawbacks, such as time
consumption due to game-like features and the lack of tactile

TABLE 5 Application of AR in architecture.

Themes Authors Focus

Architecture Arashpour and Aranda-Mena
(2017)

Investigates the effectiveness of utilizing AR-powered BIM as a robust platform in architectural, construction, and
engineering (ACE) education aiming to enhance the student experience and learning.

Voronina et al. (2019) Explores to determine the current state of knowledge and implementation in descriptive geometry, engineering, and
computer graphics (DGECG) that incorporates the AR concept. Moreover, it investigates the influence of AR technology
on students, instructors, and the overall quality of students’ design work and project presentations.

Spasova and Ivanova (2020) Delves into the potential influence of AR technologies in different stages of the CAD/CAM (computer-aided design/
computer-aided manufacturing) process by which a meta-model describing its practical application for enhancing
engineering education is developed.

Diao and Shih (2019) Conducts a systematic review to shed light on the trends and research in AR studies within architectural, construction,
and engineering (ACE) education. The review highlights fundamental information, application domains, AR
development tools, system types, teaching devices, teaching methods, learning strategies along with benefits, and
challenges of the combined system.
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feedback, present challenges that need further exploration to
optimize learning experiences.

In software and mining education, AR and VR applications have
been used effectively to improve operational efficiency and
knowledge transfer. The ability of AR to provide better
visualization and allow for interaction with complex systems
(e.g., UML modeling and mining processes) shows its potential
as a learning tool. Nevertheless, the studies point out the need for
improvements in interface complexity and a broader inclusion of
perspectives, particularly from educators, to fully assess the
educational impact of these tools.

AR’s role in visualizing complex concepts in chemical
engineering, such as biomolecular structures, demonstrates its
potential to bridge the gap between theoretical understanding
and practical application. However, these applications require

further validation through user feedback and integration into
more varied educational settings to ensure their effectiveness.

While AR shows considerable benefits across these domains of
engineering, challenges such as interface complexity, time
constraints, and the lack of tactile feedback need to be addressed.
Future work should focus on more comprehensive evaluations,
particularly in terms of long-term skill retention, task complexity,
and physical activity levels during AR interactions. Moreover,
integrating AR with more engaging laboratory techniques and
expanding its use in classroom settings would contribute to more
robust and practical applications across these disciplines.

3.1.8 Application of AR in mechanical engineering
This section reviews several research papers on the applications

of AR in mechanical engineering education, highlighting its role in

TABLE 6 Application of AR in civil engineering.

Themes Authors Focus

AR for bridging the gap between theoretical and
practical concepts.

Louis and Lather (2020) Proposes a framework for employing AR sandboxes for teaching CCE design and analysis
concepts. The paper extends the existing capabilities of the AR sandbox interface to establish
a more versatile platform, allowing various modes of interactivity with the underlying terrain
and the physical infrastructure being examined.

Luo and Mojica Cabico
(2018)

Designs the ARBridge app, a valuable tool for construction technology concepts, enabling the
students to gain more comprehensive understanding of the subject matter by bridging the
gap between conventional and evolving ICT learning approaches.

Theodossiou et al. (2018) Introduces an enhanced application of the AR Sandbox for teaching hydrology to civil
engineering students for the comprehensive understanding of watershed concepts, surface
flow, flooding, and the influence of constructions on rainwater flow patterns.

Tan et al. (2022) Develops ICARE to improve immersive and cooperative AR in 2D drawing learning
experiences.

Boga et al. (2018) Investigates the utilization of interactive 3D game environments for design visualization
within BIM, facilitating the immersion and exploration into the structure before actual
construction.

Impact of AR and VR game-based learning. Dini et al. (2017) Explores abundant VR and AR interfaces regarding the utility of the game atmosphere to
evaluate learning outcomes and motivation in civil engineering education.

AR impact in development of learning media. Sugandi and Wena
(2022)

Proposes research and development of AR 3D-based teaching materials for students to
achieve understanding concepts and skills in a real form that is visualized in the 3D images.
Discusses statics, building construction, water structure construction, road and bridge
construction, construction design, and project management as the essential technical
competencies that must be acquired by teachers.

TABLE 7 Application of AR in other engineering fields.

Themes Authors Focus

AR effectiveness in skill retention. Borgen et al. (2021) Demonstrates the efficacy of interactive AR technology as an instructional learning tool in comparison
with conventional paper-based instruction for learning and skill transfer among university aviation
students.

Effectiveness of AR interfaces as a
learning tool.

Reuter et al. (2019) Demonstrates a software solution designed to incorporate AR through Microsoft HoloLens into the
realm of UML (unified modeling language) education to address the challenges observed in current
software solutions.

Daling et al. (2020) Describes the effectiveness of integrating AR and VR technologies into mining education by designing
interactive mining manuals for addressing existing challenges in this domain.

Effectiveness of AR in visualization. Corsyn and Debacq
(2018)

Explores the pedagogical value of tools using VR, AR, and subjective reality by integrating them into
education.

Kum-Biocca et al.
(2020)

Proposes a collaborative and immersive tool for visualizing biomolecular structures by fostering
interaction through hands.
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enhancing learning and visualization. Table 8 provides a
classification of these studies and their focus.

The application of AR in mechanical engineering education
focuses on enhancing the learning experience by integrating 3D
models with traditional learning materials. These studies emphasize
the role of AR in visualizing complex mechanical concepts,
providing an immersive and interactive experience for students.
For example, AR-enhanced textbooks include 3D models of
machines and instruments, such as milling machines, HVAC
systems, and petroleum engineering components, allowing
students to engage with virtual representations without the
limitations of physical interaction. The ability to visualize
intricate tools and systems fosters a deeper understanding and
promotes active learning, as seen in applications designed for
CNC machine training and offshore drilling rig simulations.

The key findings indicate that AR applications can significantly
improve the visualization of complex engineering concepts,
enhancing both theoretical knowledge and practical experience.
However, challenges remain, particularly in terms of platform
compatibility, as many applications are limited to the Android
operating system. Expanding support to iOS and other platforms
would enable broader accessibility. Additionally, future
developments should focus on incorporating more interactive
features, such as touch screen manipulation of 3D models, to
further enhance user engagement. Addressing issues such as
motion sickness, which some users may experience when
interacting with AR environments, is another area for
improvement. Future research should explore these challenges to
ensure a more seamless integration of AR technologies into
mechanical engineering education.

To conclude, AR shows strong potential for improving the
learning and teaching of mechanical engineering concepts.
However, expanding platform accessibility, enhancing
interactivity, and addressing user comfort will be crucial for
wider adoption and effectiveness in educational settings.

Figure 3 presents a comprehensive spider graph visualizing AR
applications across various domains in higher education,
particularly in engineering disciplines. The figure is divided into
two main categories: major fields such as STEM and general
engineering and specialized areas such as civil, mechanical, and

industrial engineering. Within these categories, specific subthemes
are highlighted, with the size of each circle representing the relative
number of research papers in that domain. The graph underscores
the extensive research on AR in general engineering, focusing on
areas such as AR tools, teaching and learning impacts, motivation,
and smartphone applications. STEM and civil engineering follow
closely, emphasizing AR’s influence on academic performance,
technology integration, and bridging traditional and modern
educational approaches. For fields such as electrical and
electronics engineering, the graph highlights AR’s role in
visualization, laboratory experiments, and tool utilization.
Mechanical engineering and other specialized domains
demonstrate AR’s potential for enhancing motivation and
visualizing complex systems. Similarly, architecture and industrial
engineering show AR’s use in design and production visualization.
The visualization also identifies several challenges, such as resistance
to adopting new technologies, issues with compatibility and
accessibility, alignment between virtual and real-world elements,
and the need for enhanced educator training in AR tools. Despite
these obstacles, the graph clearly outlines AR’s wide-ranging
applications and potential in higher education, providing a clear
overview of current research and future opportunities.

3.2 Bibliometric analysis

This section provides a detailed bibliometric analysis of AR
applications in engineering education using a collection of papers
from the Scopus database. The systematic analysis helps understand
AR’s applications, techniques, and its impact on education and
motivation. The VOSviewer software was employed to visualize the
current state of AR research, creating maps that display correlations
between keywords, authors, and other factors. These maps illustrate
the relevance of different terms and their associations, offering
insights into the use of AR across various educational fields (Van
Eck and Waltman, 2020).

3.2.1 Co-occurrence map based on text data
The text data analysis is used to determine the occurrence of

relevant and frequently occurring terms from the titles and abstracts

TABLE 8 Application of AR in mechanical engineering.

Themes Authors Focus

AR integrated with conventional learning
materials.

Aliev et al. (2017) Passes the information regarding the 3D AR application designed for the education and training
of mechanical engineers by integrating 3D models with traditional learning approaches.

Samala and Amanda
(2023)

Designs a mobile application named “MM: CTU 3-Axis” or Machine Milling CNC Training
Unit 3-Axis, incorporating 3D virtual objects to impart both theoretical knowledge and practical
experience to students by visualizing milling machines using AR.

Integration of AR and VR with 3D objects to
support learning.

Alyafei et al. (2021) Demonstrates the utilization of AR and 3D visualization to improve the learning experience of
petroleum engineering concepts by employing an educational magazine featuring diverse
components of an offshore drilling rig, incorporating embedded 3D models.

Ivanova et al. (2023) Highlights the key benefits of 3D VR and 3D AR learning environments in the contexts of
mechanical engineering education by introducing an interactive mobile application for the same.

AR application to assist teaching. Zoghi et al. (2018) Explores the potential advantages of virtual technologies, along with utilization of wearable AR
technology, in the creation of an interactive application dedicated to instructing on heating,
ventilation, and air conditioning (HVAC) systems.
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of the selected publications, thereby constructing a network
visualization map (Van Eck and Waltman, 2020). Out of
67 publications, 1,749 terms were created, of which 100 meet the
minimum occurrence limit of 5. The thesaurus file generated helped
reduce duplicate terms from the file (Januszewski and Żółtowski,
2023). In addition to this, VOSviewer calculated a relevant score for
each of these 100 terms and picked the 60% most relevant terms.
This yields 60 terms, as illustrated in Figure 4. Thus, the terms with a
high relevant score indicate a more precise topic covered by the text

data, whereas those with a low relevant value are more general (Van
Eck and Waltman, 2020).

Figure 4, therefore, displays a network of connections between
different terms and how it is utilized for research and development
in this field. Several terms, including engineering student,
performance, perception, and ability, resemble connections,
indicating their diversity in the field of study.

Figure 5 illustrates the direct connections between “AR
technology” and related terms such as engineering student,

FIGURE 3
Summary of application of AR in higher education.
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ability, knowledge, performance, and perceptions. This highlights
the strong link between AR and its application models in
engineering education, showing its potential to improve learning
outcomes through interactive engagement. User perceptions of ease
and usefulness of AR are also crucial for successful curriculum
integration. Many studies focus on AR’s educational impact, while
terms such as “structure,” “visualization,” and “platform” emphasize
the role of AR in visualizing complex concepts across various
applications.

3.2.2 Co-occurrence map based on keywords
To identify frequently recurring keywords, bibliographic data

from 67 papers were analyzed. Out of a total of 434 keywords,
42 were selected, using a minimum occurrence threshold of 2, as
shown in Figure 6. Thesaurus files were created and uploaded to
VOSviewer to eliminate duplicates.

Notable frequently identified keywords include “augmented
reality,” “students,” “e-learning,” and “virtual reality.” Table 9
lists the top ten most common terms, along with their
occurrences and total link strength.

The ranking and frequency of keywords in Table 9 highlight the
crucial role of AR in education. “Augmented reality,” the most
frequently occurring term, underscores its significance in
transforming education. The keyword “students,” in the second
place, emphasizes AR’s student-centered approach in engineering
education, fostering interactive and immersive learning
environments. “E-learning” and “virtual reality” reflect the
increasing use of AR to enhance learning experiences, addressing
practical challenges and promoting engagement. Other terms such

as “education,” “educational technology,” and “learning process”
showcase AR’s role in pedagogical innovation and outcome
evaluation. Keywords such as “surveys” and “3D modeling”
indicate AR’s influence in research methods and its ability to
improve visualization skills, further boosting student interest and
learning outcomes.

The comprehensive analysis of keywords demonstrates the
potential applications of AR in education, especially related to
student outcomes and learning processes, offering space for
interactive, immersive, and collaborative learning experiences.
The crucial role of immersive experiences in the field of
engineering education provides the scope of integrating AR into
this context.

3.2.3 Co-occurrence map based on the country of
co-authorship

The co-authorship analysis conducted on 67 documents
identifies countries that collaborated on AR research in
engineering education. Out of 32 countries, 16 met the threshold
of at least two publications. Figure 7 shows the geographic
distribution of these collaborations, revealing that most countries
are disconnected from one another. The United States forms the
most prominent node, indicating its central role in international AR
research. However, the figure also highlights the lack of strong
collaboration networks between many countries as most are isolated
or only loosely connected. This suggests that while there is interest in
AR research globally, cross-national collaborations remain limited,
emphasizing an opportunity for increased international cooperation
to further enrich the field of AR in engineering education.

FIGURE 4
Co-occurrence map of text data.

Frontiers in Virtual Reality frontiersin.org13

Suhail et al. 10.3389/frvir.2024.1461145

https://www.frontiersin.org/journals/virtual-reality
https://www.frontiersin.org
https://doi.org/10.3389/frvir.2024.1461145


3.2.4 Data analysis of document types, fields, AR
tools used, and research types

An analysis of 67 papers categorized by document type, field of
study, tools used, and research methods was conducted to determine
the priorities in each area. Figure 8 shows that most documents are
“conference papers” (29), followed by “articles” (28), indicating a
strong focus on AR-based studies in these formats. “Book chapters”
and “reviews” account for five and four papers, respectively, while
editorial publications are minimal.

The 67 papers analyzed span eight educational fields, as shown
in Figure 9. The majority do not focus on a specific field of
engineering, with 29 papers addressing AR’s broad application
across multiple engineering disciplines. Civil engineering has
eight publications, reflecting AR’s strong visualization capabilities
in this domain. Other disciplines, including aeronautical, mining,
chemical, and software engineering, have fewer publications,
indicating that AR adoption is still in its early stages in these
specialized areas. This distribution highlights the broad
applicability of AR across various engineering fields, while also
pointing to the need for further research in more specialized areas.

Figure 10 illustrates the analysis of AR tools based on the data
collected from the reviewed papers. Unity 3D stands out as the most
widely used platform for AR model development, followed by
Vuforia and Blender, which are popular for 3D modeling and
image analysis. ARCore and HoloLens are also prominent, with
the former providing platform kits and the latter used for image
display. Other tools such as Assemblr Edu, 3Ds Max, Aurasma
Studio, VR glasses, and Paint 3D are used less frequently, as
indicated by their lower occurrences in the data.

The frequency of using different technology tools in various
domains of study is displayed in Table 10.

Table 10 highlights the prevalence and distribution of various
AR tools across different engineering disciplines. Unity 3D
emerges as the most widely used platform, demonstrating its
versatility and applicability in fields ranging from general
engineering to industrial and exceptional domains of
engineering. The frequent use of Unity 3D across these fields
indicates its robustness and adaptability in facilitating complex
visualizations and interactive learning environments. Other tools
such as Vuforia and Blender also show significant application,
suggesting their effectiveness in specific contexts within
engineering education. Notably, some tools have more niche
applications, such as HoloLens and Assemblr Edu, which are
used predominantly in mechanical engineering and STEM,
respectively.

The spider diagram in Figure 11 reveals the varying degrees of
adoption of different AR tools across several engineering disciplines.
Unity 3D and Vuforia stand out as the most frequently used tools
across all fields, with significant application in general engineering,
civil engineering, and mechanical engineering. This is likely due to
their versatility in creating immersive, interactive 3D environments.
Blender and ARCore are also relatively widely adopted but are
predominantly used in mechanical and STEM-related fields. This
may reflect the higher reliance of these fields on complex
visualization and modeling tools for simulations and prototype
development. On the other hand, tools such as HoloLens, HTC
Vive, and Aurasma are less frequently utilized, mostly limited to
specific areas such as mechanical and industrial engineering. These

FIGURE 5
Direct connection terms with “AR technology.”
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FIGURE 6
Co-occurrence map of all keywords.

TABLE 9 Top 10 occurrence of keywords.

Rank Keyword Occurrences Total link strength

1 Augmented reality 59 186

2 Students 24 121

3 E-learning 11 56

4 Virtual reality 10 48

5 Education 10 38

6 Educational technology 7 34

7 Learning process 6 33

8 surveys 5 32

9 Virtual reality and augmented reality 4 30

10 3D modeling 4 25
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tools are likely used for more specialized tasks, such as hands-on
interactive learning or industrial equipment simulations, where
precise spatial visualization is critical.

Figure 12 illustrates the distribution of AR tools across three
major engineering disciplines: civil; electrical, electronics, and
computer; and mechanical and industrial engineering. It
highlights how tools such as Unity 3D and Vuforia are widely
used across all disciplines, showcasing their versatility in supporting

complex visualizations and simulations. Discipline-specific tools
such as HTC VIVE for civil engineering; Assemblr Edu and 3Ds
Max for electrical, electronics, and computer Engineering; and
ARCore and HoloLens for mechanical and industrial engineering
reflect the specialized needs of each field, from immersive
construction simulations to 3D modeling and prototyping. The
shared usage of Blender between electrical and mechanical
engineering further demonstrates the cross-disciplinary

FIGURE 7
Country of co-authorships.

FIGURE 8
Occurrence of document types.
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applications of these tools in modeling and rendering
complex systems.

Figure 13 illustrates a detailed breakdown of research types in
AR applications. The “general” category is predominant, focusing on
various methods, advantages, and perspectives of AR, followed by
the “assistance” category, with 14 papers highlighting AR’s role in
education. Another key research area is “learning,” which explores
AR’s effects on enhancing the educational experience. “Analysis”
represents studies on model building and evaluations, while
“interaction” focuses on AR’s ability to foster engagement.
“Threats,” “teaching,” and “research” categories receive less
attention, revealing gaps in studies about challenges, teacher-
related effects, and broader literature-based research on AR’s
implementation. This suggests potential areas for further
investigation, particularly in addressing AR challenges and its
influence on teaching.

4 Discussion, conclusion, and
future research

AR has emerged as a leading technological innovation with a
wide range of applications, particularly in engineering education.
Extensive research has been devoted to exploring AR’s role in this
field, focusing on its benefits, impacts, and ability to enhance
motivation and learning. AR’s immersive capabilities allow
students to visualize complex systems and data in real-time,
enriching the learning experience. This review synthesizes key
insights from 67 studies, highlighting the current state of AR in
engineering education and identifying research gaps and
opportunities for future exploration.

The content analysis of the literature on AR in engineering
education revealed significant advancements and broad applications
across various engineering domains. AR has been extensively

FIGURE 9
Occurrence of different fields of education.

FIGURE 10
Occurrence of tools.
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applied to improve learning outcomes, motivation, and student
engagement. Most studies are concentrated on general
engineering, exploring topics such as AR tools, teaching impacts,
perceptions, motivation, pedagogical strategies, and remote
laboratory applications. In STEM education, AR has shown a
positive impact on academic performance and student
perceptions. Civil engineering research emphasized AR’s role in
bridging theoretical and practical concepts through game-based
learning. Electrical, electronics, and computer engineering studies
highlighted AR’s use in visualization and laboratory experiments to
enhance learning outcomes. In architecture, AR has been effective
for skill retention and visualizing BIM, while industrial engineering

research showed AR’s potential in designing production systems and
fostering collaborative learning. Lastly, AR’s role as a teaching and
learner support tool was prominent in mechanical and other
exceptional engineering fields. Overall, AR has demonstrated its
value in enhancing student motivation, visualization, and
interaction across a wide range of engineering education contexts.

The bibliometric analysis, conducted after the content analysis,
examined 67 relevant publications from the Scopus database, focusing
on AR applications in engineering education. The key findings show a
positive research trend from 2016 to 2023, driven by the rise of mobile
AR devices that enhance portability and compatibility. Unity 3D
emerged as the most widely used AR tool, with model development

TABLE 10 Distribution of AR tool usage across engineering disciplines.

Tools Engineering Civil
engineering

STEM Electrical,
electronics, and

computer
engineering

Mechanical
engineering

Exceptional
domains of
engineering

Industrial
engineering

Unity 3D 5 4 1 2 2 3 3

Vuforia 4 1 1 2 2 2

Blender 3 1 1 2 1 1

AR core 3 1 2

HoloLens 3 1 2

Assemblr
Edu

1

3Ds Max 1

Aurasma 1 2

HTC
VIVE

1 1 1

Paint 3D 1

FIGURE 11
Spider diagram of AR tools utilized across various engineering fields.
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and user perceptions being the most popular research themes. The co-
occurrence of keywords highlighted AR’s transformative role in
engineering education, particularly in designing models and
improving learning through interaction. Terms such as
“visualization,” “structure,” and “platform” underscore AR’s wide-
ranging applications in visualizing complex systems and integrating
educational frameworks. Student-centered learning approaches,
leveraging AR’s immersive and interactive features, are central to
engineering education research. Countries such as the United States,
United Arab Emirates, Spain, and Chile show the highest link
strengths, reflecting global collaboration, cross-cultural exchange,
and international interest in AR.

While exploring the unique contributions of AR in engineering
education, this review also addresses the potential challenges associated
with its adoption. The study examined key aspects such as the
possibilities for implementation, responsible use of AR applications,
user perceptions, and the benefits and obstacles to integration in
educational settings. Several challenges were identified, including
resistance to moving away from traditional learning methods,
compatibility and connectivity issues, difficulties in aligning virtual
and real-world entities, and the absence of standardized procedures for
AR development. Additionally, concerns about accessibility, usability,
time consumption, and lack of educator training and skills in AR
integration were noted as significant pedagogical hurdles.

FIGURE 12
Venn diagram of top three engineering disciplines utilizing AR tools.

FIGURE 13
Occurrence of type of research.
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Practical implementation of AR in engineering education faces
several challenges, including technical limitations related to
hardware accessibility and software compatibility. AR
applications often require high-speed internet, which is critical
for real-time functionality, and physical infrastructure that
supports collaborative mobile applications. These demands can
create significant difficulties in regions with low connectivity or
limited workspace. Additionally, the development of interactive AR
content is time-consuming and costly, making it difficult for
institutions to scale without sufficient funding and technological
resources. Institutional support, therefore, becomes essential for the
successful adoption of AR. This includes providing training for
instructors and students, regularly evaluating learning outcomes,
and ensuring the availability and maintenance of infrastructure.

The effectiveness of AR may also vary depending on the
educational context. Students who prefer traditional learning
methods may find AR distracting, while subjects who rely heavily
on symbolic representation, such as mathematics, may not benefit as
much from AR’s visualization capabilities. Furthermore, AR’s
potential for collaborative learning could be limited if the
platform does not support interactions between multiple users. In
engineering contexts, where hands-on experience with specialized
lab equipment is irreplaceable, AR may struggle to replicate the
tactile learning required in such settings.

Future technological trends offer promising solutions to these
challenges. The integration of AI and machine learning can enhance
AR by providing personalized learning content and real-time problem-
solving based on student performance. Additionally, the advent of 5G
and edge computing can address the need for high-speed internet,
making AR applications more efficient and scalable. The Internet of
Things (IoT) can further enhance AR by enabling remote, real-time
interaction with laboratory equipment. Mixed reality platforms,
gesture recognition, and more advanced evaluation techniques will
continue to improve the immersive experience, increasing the practical
utility of AR in engineering education. These developments will help
overcome current limitations and make AR a more scalable, effective
tool for the future of education.

The findings underscore the significant benefits of AR in
engineering education, particularly in terms of visualization,
collaboration, interaction, and improved learning and teaching
outcomes. AR also has motivational advantages, helping engage
students more deeply in their studies. However, alongside these
benefits, important ethical considerations must be addressed to
ensure AR’s responsible implementation in educational contexts.
Data privacy is a critical concern as AR systems often collect and
process sensitive information about students’ interactions,
performance, and personal preferences. Institutions must
implement stringent data management protocols to ensure that
sensitive information is protected and that data are used in
compliance with privacy regulations. Furthermore, students should
be fully informed about what data are being collected, how they will be
used, and their rights to consent or opt out of data collection
processes. In addition to privacy concerns, the psychological
impact of AR on students needs careful attention. While AR can
enhance engagement, it also has the potential to cause cognitive
overload, stress, anxiety, and distraction, especially when used
excessively or without appropriate support. The immersive nature
of AR might lead to fatigue or frustration if students struggle to adapt

to the technology or if the interface is not user-friendly. Therefore, it is
essential to design AR experiences that are intuitive and balanced,
offering breaks and limiting overstimulation. Cybersecurity risks must
also be mitigated as breaches could expose sensitive student data.
Regular updates, strong encryption, and secure access protocols are
crucial to protecting users from cyber threats. Addressing these ethical
concerns requires a proactive approach that combines data privacy
measures with psychological and technological support systems. In-
depth investigations into the long-term effects of AR on students’
wellbeing, as well as the development of best practices for safeguarding
their privacy and mental health, are essential for the responsible
integration of AR. Ultimately, addressing these ethical considerations
will pave the way for AR to become a powerful and ethically sound
tool in the technological and educational landscape.

Several additional future research directions can be proposed
based on the findings presented in the review paper concerning the
integration of AR in engineering education settings:

• Investigate the potential applications of AR across different
educational sectors to develop curricula that enhance
interactive and student-centered learning, thereby
improving learning outcomes.

• Conduct thorough research in specific engineering fields to
broaden the adoption of AR, developing customized solutions
tailored to their unique needs and challenges. This should also
promote active engagement, critical thinking, and inquiry-
based learning in engineering education.

• Explore the potential of “game-based learning” with AR and
assess its feasibility in educational settings. Collect insights on
the perceptions of mobile and game-based AR to inform
pedagogical practices, enable experiential learning, and
motivate students to apply theoretical knowledge in practical
scenarios, thereby enhancing understanding and retention.

• Examine enhancements in AR-based learning systems by
analyzing factors that affect student and teacher engagement.
Develop strategies to boost motivation and engagement,
improve learning outcomes and satisfaction, and create
innovative assessment methods that offer real-time feedback
to help monitor and adjust learning strategies effectively.
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