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Abstract

The present doctoral thesis proposes a model for the acceptance of augmented reality
technology to determine variables that influence its acceptance in the context of learning

electrical circuits for engineering students.

First, a systematic review was conducted to determine the state-of-the-art use of
augmented reality technology in engineering education. The results of this study shed light
on the use of augmented reality in engineering education. They also allowed decisions to be
made in the following stages of the proposed research, considering various aspects, from its
educational use and evaluations to which it has been subjected to technical elements specific

to this technology.

An augmented reality application was also developed for students to analyze resistive
circuits. With a high level of interactivity, this application allowed students to simulate the
behavior of series and parallel circuits, obtaining complex real-time responses, such as
calculating voltages and currents flowing through each element incorporated into the circuit.

Finally, two theoretical models were conceived to explain the acceptance of augmented
reality technology, relating attitude towards using and behavioral intention to use with the
variables of subjective norm, technology optimism, and technology innovativeness in the
first model, adding the variables of perceived ease of use and perceived usefulness in the

second model.

Both models demonstrate the positive effect of technology optimism and technology
innovativeness on perceived usefulness and attitude towards using, respectively. The above
suggests that higher education institutions could raise awareness about the benefits of
technological tools in learning to create technologically friendly environments and promote
using these technologies. Additionally, they suggest that attitude towards using is
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influenced by perceived usefulness rather than directly by perceived ease of use. The above
could mean that students would be willing to use this application if they find it useful and
not just easy to use. Hence, it is important to disseminate the benefits obtained in academic

performance when using this type of application.

The results demonstrate that attitude towards using firmly explains the behavioral
intention to use, consistent with previous studies. These findings could guide how
academics and higher education institutions incorporate these technologies into the

classroom.
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Publication P.I present a systematic review of the state of the art of augmented reality
technology application in engineering education. This work seeks to understand the current
state of augmented reality use in engineering education, identify weaknesses and strengths,
pinpoint areas requiring further research, and guide researchers and developers in improving

the effectiveness of current approaches.

Publication P.II presents the development of an augmented reality application for
analyzing direct current (DC) in resistive circuits. This application allows interaction with
elements such as batteries, bulbs, and resistors in resistive electrical circuits arranged in
series and parallel. It displays real-time current intensity and voltage across each
component. This application was used to determine the intent to use and the variables

influencing the acceptance of this technology.

Publication P.II1 proposes determining the intent to use augmented reality technology
among engineering students. This part of the study involved students who used the

application autonomously and others who participated in a guided in-person session.

Publication P.IV proposes to determine whether subjective norm, technology optimism,
and technology innovativeness can explain and predict the use of augmented reality in
engineering education. This work presents a model that includes the variables mentioned

above. The experiment was conducted online with a sample of 173 students.

Publication P.V proposes to determine the technological acceptance of augmented
reality technology among engineering students. This work presents an extended TAM
model incorporating subjective norms, technology optimism, technology innovativeness,
perceived ease of use, and perceived usefulness. The experiment was conducted in person

with a sample of 190 students.

In all publications, P.I — P.V, the author of this thesis, was responsible for writing the
manuscripts, developing the models, developing the augmented reality application, and
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Chapter 1: Introduction

In recent years, emerging technologies have provided new opportunities for the educational
sector, improving, among other aspects, academic performance (Akcayir et al., 2016), as
they offer the chance to learn more efficiently and effectively through student-centered
teaching methods (Al-Maroof & Al-Emran, 2018). One such technology is Augmented
Reality (AR), which allows the integration of virtual objects, often in three dimensions (3D),
with real-world scenarios in real-time (Billinghurst & Duenser, 2012). This technology also
enables the display of additional information in a given context (Azuma, 1997) or
instructions to help carry out a process (Feiner et al., 1993). While Virtual Reality (VR)
technology completely immerses the user in a virtual environment, augmented reality

complements reality rather than completely replacing it (Azuma et al., 2001).

The use of augmented reality technology in the classroom has led to more active
participation by students (Matcha & Rambli, 2012), increasing their interest and motivation
to learn (Ayala Alvarez et al., 2017) and contributing to improving their learning experience.
This technology has also increased students' academic performance due to its ability to
enable a rapid understanding of spatial problems and complex relationships (Cheng et al.,
2018).

Consequently, augmented reality can be considered a promising technology for
engineering education, as it can aid in learning complex structures and behaviors with non-
visible properties found in this discipline (Nesterov Aleksandr et al., 2017). Additionally,
incorporating this technology in this disciplinary area may enhance the capabilities of future
engineers to join the increasingly digitalized and optimized operations integrated into
networks under the concept of Industrial Augmented Reality (IAR) (Fraga-Lamas et al.,
2018). It is important to note that IAR is one of the key technologies identified by new

industry 4.0 paradigms to improve industrial processes and maximize worker efficiency
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(Vidal-Balea et al., 2020), so incorporating this technology in engineering education could
not only affect the academic performance of students in the short term but also provide them

with long-term skills to successfully enter an increasingly digitalized labor market.

One area of engineering where augmented reality has been used for teaching is
electronics. Students find some concepts difficult to understand, such as electricity, since its
behavior is not visible in electrical circuits (Matcha & Rambli, 2012). Therefore, making
electricity visible through augmented reality applications makes this subject more
comprehensible and helps students better understand these concepts (Restivo et al., 2014).

However, despite the benefits demonstrated by these innovative technologies, more
studies need to analyze their acceptance by users (Rodrigues et al., 2019). Furthermore, the
technological acceptance of augmented reality among students remains unexplored, crucial
for its successful implementation in the educational process. Understanding these dynamics

will help clarify these users' behaviors with this technology (Esteban-Millat et al., 2018).
With all this background in view, the main research question of this thesis is as follows:

What variables influence engineering students' acceptance of augmented reality
technology in their educational process?

Therefore, the main objective of the thesis presented is to propose a model of
acceptance of augmented reality technology, which includes the variables that affect
students' acceptance of its use in the context of learning electrical circuits in engineering.
Understanding these variables should allow university academics and higher education
institutions to establish policies to encourage the educational use of this technology to

benefit students' academic performance.

Next, section 1.1 presents the motivation for conducting the research in this thesis,
section 1.2 proposes the objectives, research questions, and hypotheses, section 1.3 outlines
the main contributions that arise from this study, and section 1.4 summarizes the thesis

chapters.
1.1 Motivation

Two motivations drive the development of this doctoral thesis. The first is to develop an
application using cutting-edge technology to support engineering students' teaching and

learning processes. The focus was on electromagnetism, more specifically electrical



circuits, due to students' difficulty understanding concepts related to electricity (Matcha &
Rambli, 2012), as its behavior is invisible. In addition to improving student academic
performance, augmented reality can positively affect students' attitudes towards this subject

due to their participation in more playful classroom activities.

The second motivation for conducting this thesis is to incorporate augmented reality
technology into the activities of future engineers. It is part of the wide range of technologies
associated with Industry 4.0 and digital transformation (Vidal-Balea et al., 2020). If students
incorporate these technologies early in their university education, they will have more

outstanding competencies when they enter the workforce.

However, augmented reality can only be used effectively if students intend to use these
technologies and if universities understand the advantages of integrating them into their

learning environment (Lima et al., 2022).
1.2 Objectives, Research Questions, and Hypotheses

Considering the problem to be resolved and the motivations presented, the main research
question (RQ) addressed in the included publications (P.I — P.V) is: What variables
influence engineering students to accept the incorporation of augmented reality technology
in their training? The following objectives, research questions, and hypotheses associated

with each research chapter have been proposed to answer this question.

For the first part of the research (P.1), the following objective and research questions
were posed:

O :Understand the state of the art of using augmented reality technology in

engineering education.

RQi1  : Inwhich engineering studies has AR been applied?

RQi2 : Inwhat types of educational activities in engineering education have AR apps
been used?

RQis : How have AR apps been assessed in engineering education?

RQis : What are the main characteristics of the AR apps used in engineering
education?

RQis : What is the degree of interactivity of the AR apps used in engineering

education?
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To evaluate the models proposed later, it was necessary to meet the following two

objectives:
On . Develop an augmented reality application.
Oui . Determine the intention to use the developed application.

First, the study aimed to develop an AR application that analyzes resistive electrical
circuits (in series and parallel). This application allowed interaction with batteries, bulbs,
and resistors, displaying the current intensity and voltage in real-time in each circuit
component (P.11), to later measure the intention of use by students of this application (P.111).

Subsequently, the following stages were undertaken. Thus, the objective and

hypotheses proposed for the next part of the research (P.1V) are as follows:

Ow . Analyze the role that technological optimism and innovation play in accepting

augmented reality technology in engineering education.

Hiv-t  :  Subjective norm has a positive effect on technology optimism.

Hiv2  : Subjective norm has a positive effect on technology innovativeness.
Hivs : Technology optimism has a positive effect on technology innovativeness.
Hiva @ Technology optimism has a positive effect on attitude toward using.
Hivs : Technology innovativeness has a positive effect on attitude toward using.
Hive : Attitude toward using has a positive effect on behavioral intention to use.

The motivations and justifications for the hypotheses raised can be found extensively
in publication P.IV. This part of the research was conducted online, using the application

autonomously by the students. The proposed model is shown in Figure 1.

Technology Hivs .| Attitude toward Hrve Behavioral
innovativeness using intention to use
Hrva
F
Subjective norm
! Hivs Hrva

Pk Technology

optimism

Figure 1: First proposed model: Online evaluation.



Finally, for the last part of the research (P.V), the following objective and its respective

hypotheses were proposed, presented below:

Ov

Hv-1
Hv-2
Hv-3
Hv-4
Hvs
Hv.e
o \VA
Hv-s
Hv-g

Hv-10

Determine the variables that can explain and predict engineering students' use
of this technology.

Subjective norm has a positive effect on technology optimism.
Subjective norm has a positive effect on technology innovativeness.
Technology optimism has a positive effect on technology innovativeness.
Technology optimism has a positive effect on perceived usefulness.
Technology optimism has a positive effect on attitude toward using.
Technology innovativeness has a positive effect on attitude toward using.
Perceived ease of use has a positive effect on perceived usefulness.
Perceived ease of use has a positive effect on attitude toward using.
Perceived usefulness has a positive effect on attitude toward using.

Attitude toward using has a positive effect on behavioral intention to use.

In publication P.V, the motivations and justifications for each of the hypotheses raised

are found. In this part of the research, a guided face-to-face evaluation was proposed. The

model proposed in this case is shown in Figure 2.

Technology Acceptance Model TAM

Subjective norm

|
|
Hyv. | . ) Hwv. .
Technology V-6 | Attitude toward V-10 Behavioral
innovativeness I using intention to use
Hva |
A : Iy
|
Hvs Hvs : Hv-o V-8
|
|
Hv.1 : e el
Technology ! Perceived Perceived ease of
e T *
optimism usefulness use
¥ Hya | Hv.7

Figure 2: Second proposed model: Face-to-face evaluation.

—_——————,—ee e — 4,
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1.3 Contributions

The main contributions of this compendium thesis are the following, corresponding to the

five previously mentioned publications:

C1

C

Cs

Cs

Cs

A review of the state of the art of using augmented reality technology in
engineering. It includes identifying this technology's strengths and
weaknesses, areas where more research is required, and suggestions for
researchers and application developers to improve effectiveness in its
implementation. This contribution is presented in P.I.

An application developed with augmented reality technology and a high
degree of interactivity supports engineering students' electronics learning.
This contribution is presented in P.I1.

The intention to use the developed application was evaluated through an
autonomous online evaluation by 190 students and a guided face-to-face
evaluation with 124 students. In both cases, the application shows a high
intention of use. This contribution is presented in P.111.

A validated technological acceptance model of augmented reality determines
the role of technological optimism and technological innovation in accepting
this technology, which had not been investigated in the context of augmented
reality applications. This study involved a sample of 173 students. This
contribution is presented in P.1V.

A validated, extended TAM model of technological acceptance of augmented
reality, whose results could guide academics and higher education executives
in incorporating this technology into educational processes. This part of the
study involved a sample of 190 students. This contribution is presented in P.V.

Overall, the theoretical contributions of this thesis are two models of acceptance of

augmented reality technology in two different contexts to explore the factors that could

influence the intention to use augmented reality technology by engineering students. On the

other hand, the practical implications of these results, in addition to the development of an

augmented reality application that can be used for learning electrical circuits, was to provide

input to higher education institutions so that they can encourage their students and the entire

educational ecosystem to use emerging technologies in the teaching-learning process.



1.4 Document Structure

This compendium thesis comprises five chapters and includes five publications: P.I — P.V.

The content of each chapter is summarized below:

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

This chapter presents the thesis's introduction and motivation, including the
research questions, hypotheses, and objectives proposed, as well as the
contributions made.

An overview of the state of the art of using augmented reality technology
in the education of future engineers is presented, along with studies
conducted to analyze the factors that can influence the acceptance of
augmented reality technology in its use.

This chapter introduces the methodologies used in the systematic review
and in constructing and validating the proposed technological acceptance
models.

The results of this thesis are presented. The main results published in P.I —
P.V are displayed and discussed, as are the general contributions of the
study.

The final chapter presents the general conclusions of this doctoral thesis

and proposes future studies.



Chapter 2: Literature Review

Augmented reality is an emerging technology that has demonstrated its potential in various
fields, including education. Specifically, its application in the education of future engineers
has attracted considerable interest due to its ability to enhance the understanding and

retention of knowledge in specific subject areas.

This chapter summarizes the state of the art of using augmented reality technology in
education and identifies existing technological acceptance models and their application to

this particular technology.
2.1 Augmented Reality in Education

Over the past decade, augmented reality applications have become increasingly popular.
Many user experiences and experiments have been in different areas, including education
(Dey et al., 2018).

Various systematic reviews on the use of augmented reality in education have been
conducted, both generally (Akcayir & Akgayir, 2017; Bacca et al., 2014; da Silva et al.,
2019; Ibafnez & Delgado-Kloos, 2018; Pellas et al., 2019) and in specific fields, such as for
training surgical procedures in medicine (Barsom et al., 2016; Guha et al., 2017; Meola et
al., 2017; Pelargos et al., 2017; Yoon et al., 2018). Systematic reviews have also been
conducted on the use of augmented reality in industrial maintenance operations (Palmarini

et al., 2018) and on the usability of augmented reality applications (Dey et al., 2018).

Five systematic reviews of augmented reality in educational areas are briefly discussed

below.

The first study (Bacca et al., 2014) investigates the uses, advantages, limitations,

effectiveness, challenges, and features of augmented reality in educational settings. The



main goal of these augmented reality applications has been to explain a topic of interest,
providing additional information. It has effectively improved students’ academic
performance, motivation, engagement, and positive attitudes. The study also identifies some
limitations of the technology, including difficulties in maintaining overlaid information,
paying too much attention to virtual information, and considering augmented reality as an

invasive technology.

The second study aims to analyze the use and advantages of augmented reality
technologies in educational settings (Akcayir & Akcayir, 2017). The most frequently
reported advantage of this technology is the promotion of improvements in learning
achievement. Some highlighted challenges include its usability and frequent technical

problems.

The third study in science, technology, engineering, and mathematics (STEM) seeks to
determine the characteristics of educational augmented reality applications, their associated
instructional processes, and the observed learning outcomes (Ibafiez & Delgado-Kloos,
2018). This study concludes that augmented reality applications should contain features to
acquire the necessary competencies of the STEM disciplines and provide metacognitive

scaffolding and experimental support for research-based learning activities.

The fourth study is a systematic review of the evaluation of augmented reality tools for
education (da Silva et al., 2019). Most results (including those of learning outcomes and
usability) are positive. However, most studies need the incorporation of the teacher as an

instructional designer and the use of multiple metrics to evaluate educational gains.

The fifth study addresses augmented reality through game-based learning in primary
and secondary education (Pellas et al., 2019). This study concludes that this technology can
influence students’ skill acquisition, transfer knowledge, increase their interest in subjects,
and improve their digital skills.

All five studies suggest further deepening research on the effects of augmented reality
applications on knowledge construction. They also recommend exploring the learning
processes in different educational environments and with diverse student populations. In
general, augmented reality in education comprises exploration applications (e.g., augmented

books) and games (Ibafiez & Delgado-Kloos, 2018). In this last aspect, game-based learning
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has quickly gained momentum by enabling new teaching approaches in primary and

secondary education (Pellas et al., 2019).

On the other hand, engineering deals with designing and constructing artificial artifacts.
Understanding such artifacts takes work, as they can have complex three-dimensional
structures with non-visible properties. Augmented reality technology has the potential to
help understand the structure and behavior of such artifacts. Therefore, augmented reality
can be considered a promising technology for engineering education (Nesterov Aleksandr
etal., 2017).

2.2 Technological Acceptance

Personality traits and social attitudes explain and predict human behavior (Ajzen, 1991). A
person's behavior is based on relevant information and beliefs. While a person may have
many beliefs about a given behavior, only a few may influence them (Miller, 1956). The

above also applies to people's relationships with technology.

Technological acceptance aims to specifically explain a person's behavior toward using
computer systems (Davis et al., 1989). It is related to the intention to use, defined as the
subjective probability that a person will carry out a specific behavior (Fishbein & Ajzen,
1975). When the situation gives the person complete control over their behavioral
performance, the intention to use alone should be sufficient to predict behavior (Ajzen,
1991).

Below are the most important models for predicting or explaining people's behavior in

adopting information technologies.

Davis, in 1986, proposed the Technology Acceptance Model (TAM) (Davis, 1986;
Davis et al., 1989) (Figure 3) as an adaptation of the Theory of Reasoned Action (TRA), a
model proposed to specifically explain behavior in the use of computer systems (Fishbein
& Ajzen, 1975). The theory of reasoned action explains the intention to use through attitude
towards using and subjective norm. However, the technology acceptance model proposed
that subjective norms would not directly influence attitudes toward using. The attitude
towards using, as well as use, could be explained by perceived ease of use and perceived

usefulness. Two extensions to the model have subsequently been proposed: TAM 2
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(Venkatesh & Davis, 2000) (Figure 4) and TAM 3 (Venkatesh & Bala, 2008) (Figure 5),

which incorporate other factors to explain better the intention to use.

External variables

/ usefulness il
.
Attitude toward Behavioral Actual use of the
using intention to use system
Perceived ease of

Perceived

use

Figure 3: TAM model.

Experience Voluntariness

Subjective norm

|

Image

usefulness

demonstrability

|
|
| |
Perceived :
Job relevance /IP ‘ :
3 . . |
| Attitude toward N Behavioral |
| using intention to use :
Output quality : |
|
: Perceived ease of |
| use :
Result | |
|
|

Figure 4: TAM 2 model.

Parasuraman proposed the Technology Readiness (TR) Model (Figure 6) to explain

technological acceptance (Parasuraman, 2000). This model consists of four dimensions:

technological optimism and technology innovativeness as drivers of technological

readiness, while discomfort and insecurity are indicated as inhibiting elements. However,

subsequent studies suggest that technological optimism and innovativeness are stable

individual dimensions for measuring technology readiness (Berger, 2009; Liljander et al.,
2006; Taylor et al., 2002).
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Venkatesh et al. proposed the Unified Theory of Acceptance and Use of Technology
(UTAUT) in 2003 (Venkatesh et al., 2003) (Figure 7) and an extension of this model,
UTAUT 2, in 2012 (Venkatesh et al., 2012) (Figure 8). These models were developed to

integrate several existing models.

Performance
expectancy

Effort expectancy

Behavioral

Social mfluence

Facilitating
conditions

L

intention to use

Gender

Age

Experience

Voluntariness

of use

Performance
expectancy
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In 2007, Lin, Shih, and Sher proposed the Technology Readiness and Acceptance
Model (TRAM) (C.-H. Lin et al., 2007) (Figure 9), which incorporated the Technology
Readiness (TR) model as a construct within the Technology Acceptance Model (TAM).




14 CHAPTER 2: LITERATURE REVIEW

R - Perceived
s ~
! Technology N usefulness
o optonism I AN
I s A \ F 3
--------- .
- T~ *\
lr’ Technology ‘) .
‘._ innovativeness - T~
[ S L - b Technology N Behavioral
e TTTTI - Py readiness intention to use
- ~ -
‘ Disconfort bl %
e s e - //
________ b4
P L4
''''''' ’
- - ’
” - 7
i " .
l Insecurity ) Perceived ease of

T-a - use

Figure 9: TRAM model.

Two models have been proposed for virtual and augmented reality technologies. Oh
and Yoon introduced the Haptic Enabling Technology Acceptance Model (HE-TAM) (Oh
& Yoon, 2014) (Figure 10), which combines the Technology Acceptance Model (TAM)
with the Innovation and Diffusion Theory (IDT) (Rogers, 1983). This new model

incorporates the construct of presence as an experience mediated by virtual reality.

Finally, Algahtani and Kavakli in 2017 proposed the Augmented Reality Technology
Acceptance Framework (ART) (Algahtani & Kavakli, 2017) (Figure 11), which integrates
the Unified Theory of Acceptance and Use of Technology (UTAUT) with the Information
Systems Success Factors and Motivation Theory (IS Success Factors and Motivation
Theory) (DeLone & McLean, 1992). This model incorporates, among other constructs, the
quality of information and the system to explain their satisfaction and usage. It focuses on
the system's characteristics, rather than on the characteristics of the people who would use

the system, to explain the intention to use it.

Previous studies have questioned the capability of the Technology Acceptance Model
(TAM) to explain new scenarios. However, these studies focus on commercial applications,
especially in the field of marketing and the perceived value of augmented reality
applications. A recent study investigating the use of an augmented reality application in
tourism (Vishwakarma et al., 2020) suggests that the applicability of TAM is limited since

it only considers adoption from the user's perspective rather than from the consumer's. The
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authors proposed the Value-based Adoption Model (VAM) (Figure 12) to address this issue

(Kim et al., 2007), considering adoption from the consumer's perspective.
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However, it has been demonstrated that extended versions of the TAM remain valid in
the educational field, where applications are used to support the educational process and
autonomous learning. The above is because, in this context, students are not considered
consumers since educational applications are not marketed. Evidence of this is that in recent
years, TAM has been applied in various studies within the educational sector, such as in
sciences (Cabero-Almenara et al., 2019), geometry (Pittalis, 2020), MOOCs (Massive
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Online Open Courses) (Al-Adwan, 2020; Virani et al., 2020), e-learning (Hanif et al., 2018;
Kuliya & Usman, 2021), mobile learning (Pratama, 2021; Qashou, 2021; Shodipe & Ohanu,
2021), digital communication (Al-Rahmi et al., 2020), and the use of open-source software
(Racero et al., 2020).
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Figure 12: VAM model.

In engineering education, only one study has addressed the acceptance of augmented
reality technology. This study used the TAM model to investigate students' perceptions
regarding problem-solving in electromagnetism (Ibafiez et al., 2016). The evaluation results
indicated that the behavioral intention to use augmented reality technology was related to
perceived enjoyment. However, the perceived usefulness variable had to be excluded due
to the lack of consistency in student responses. Personal or environmental characteristics of

students were not considered in this study.
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Two methodologies were employed in the development of this doctoral thesis. The first was
a systematic review of the state of the art, and the second was an analysis of the factors
influencing the technological acceptance of augmented reality. Below, each of these is
detailed.

3.1 Methodology for Systematic Review

In this part of the study (P.1), the methodology proposed by Kitchenham (Kitchenham,
2004) was adapted and used.

A. Research Questions

The following five research questions were formulated regarding augmented reality in

engineering education:
RQ:-1: In which engineering studies have AR been applied?

RQu-2: In what types of educational activities in engineering education have AR apps been

used?

RQi-3: How have AR apps been assessed in engineering education?

RQu-4: What are the main characteristics of the AR apps used in engineering education?
RQu-s: What is the degree of interactivity of the AR apps used in engineering education?
B. Documentation Sources

To identify relevant literature, four representative online research databases in engineering
education were used: 1) Web of Science, 2) Scopus, 3) ACM Digital Library, and 4) IEEE
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Xplore Digital Library. Their extensive coverage of published conference proceedings was
critical in selecting these databases (Meho & Rogers, 2008).

C. Search Terms

The following search strings were used: “engineering education” and "augmented reality."
The string must appear in each publication's title, abstract, or keywords.

D. Study Selection

A set of inclusion and exclusion criteria was adopted based on the criteria used in some of
the reviews mentioned earlier (Akgayir & Akgayir, 2017; Ibanez & Delgado-Kloos, 2018),
as shown in Table 1.

Table 1: Inclusion and exclusion criteria

Inclusion criteria Exclusion criteria
(a) Any year of publication. (a) Citing the term “augmented reality” but
(b) Journal article or conference paper. dealing with “virtual reality.”
(c) Reporting empirical research. (b) Used for training (e.g., professional

learning).

(c) Emphasizing app design or development as
opposed to educational use or evaluation.

(d) Used in engineering education.

(e) AR is the leading technological
component.

In the initial search, 732 publications were found. These were analyzed to discard
duplicates, resulting in 583 unique publications. After removing those not available in full
text, 523 remained. Subsequently, inclusion and exclusion criteria were applied, leaving 56
publications. Finally, studies were discarded that, despite having the same authors, had a

similar focus, so the final analysis centered on 52 publications.
E. Analysis Methodology

The analysis procedure needs to be revised to ensure the validity and integrity of the results
(DeFranco & Laplante, 2017). Therefore, the selected articles were qualitatively analyzed,
considering the relationship between content and context (Elo & Kyngas, 2008; Hsieh &
Shannon, 2005).

The analysis and classification process aimed to answer the five research questions and

involved several iterations. The process stopped when a consensus was reached among the
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authors. The primary source of disagreement among the authors was dissatisfaction with the

resulting categories.

For RQi-1 (knowledge areas), RQi-> (educational activities), and RQs (interaction

characteristics), categorization was relatively straightforward based on the analyzed studies.

For RQ\.3 (impact evaluation), two relevant issues were identified. The first issue was
identifying the educational criteria evaluated in the publications. The second issue arose
from the finding that most studies evaluated the subjective perception of students or teachers
regarding augmented reality technology. Here, the analysis continued to determine the
variables measured in these studies. Studies were analyzed without predefined categories
through several iterations (Glaser & Strauss, 2017). The identification or definition of
measured variables was based on the descriptions of the examined studies. Once the
variables were identified, their correspondence with each study was analyzed. In the case of

academic performance, a case-by-case analysis of the results was conducted.

For RQi4 (application characteristics), a search was conducted for relevant
classifications that could inspire the analysis. Two informative classifications were
identified. The first classification identified the enabling technologies used in augmented
reality (Wang et al., 2013). The second classification analyzed the functional characteristics

of the applications (Hugues et al., 2011).
3.2 Methodology for the Technological Acceptance Study

In this part of the study, an augmented reality application specially developed for this
purpose was used (P.11), and its intention to use was determined (P.I1I). Below are the

procedures and samples used and the data analysis techniques performed.
A. Procedure and Sample

Students were invited via email to participate in the online evaluation (P.1V). A three-minute
video explaining the use of the application was shown. Then, links were shared to download
the application from Google Play (for Android systems) and the APP Store (for iOS
systems). Students were able to use the application freely. Afterward, they were asked to
complete the survey. The sample for this case consisted of 173 students.
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The face-to-face evaluation (P.V) was conducted in a guided session with the students.
The survey and the experience were carried out in a tablet-equipped laboratory. Initially, a
three-minute video demonstrated how the interactive augmented reality application worked.
Then, the students spent 30 minutes interacting with the application, performing various
guided exercises like other studies on the acceptance of this technology in education (Ibafiez
et al., 2016; Miranda Bojorquez et al., 2016; Wojciechowski & Cellary, 2013) and in other
fields (Pantano et al., 2017; Voinea et al., 2020). The students analyzed different current
intensity behaviors while practicing with circuits in series or parallel and changing voltage

and resistance values.

Additionally, the students were able to interact freely with the application. At the end

of the experience, a survey was conducted. This time, the sample consisted of 190 students.

For both studies, the convenience sampling method was used, a non-probabilistic
sampling technique that involves selecting the sample from a population that is easy to reach
or contact. This type of sampling is useful for pilot tests. Student participation was voluntary
and not associated with assessment, and no extra points were offered for participating in the
study. Furthermore, anonymity and strict confidentiality of data were guaranteed. Pilot tests
such as those conducted in the development of this thesis have previously been used to
determine the behavioral intention in augmented reality applications (Cabero-Almenara et
al., 2019; Ibili et al., 2019; Jung et al., 2018; Lee et al., 2017; Pantano et al., 2017; Rese et
al., 2017; Voinea et al., 2020).

B. Data Analysis

Simultaneous tests were conducted on the models and hypotheses proposed (P.1V and P.V)
using structural equation modeling through the Partial Least Squares (PLS) method,
utilizing the software Smart PLS 3.2.9 © (Ringle et al., 2015).

The PLS technique was chosen because it combines unobserved variables representing
theoretical concepts and measurement data, which provide evidence of the relationships
between latent variables (Williams et al., 2009). This method is suitable because the

approach includes complex models and composite variables (Sarstedt et al., 2016).

The application of the PLS technique consists of different steps, the first of which is

adjusting the model (Barclay et al., 1995). The fit test is conducted for the estimated model
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using a resampling process of 5,000 subsamples (Henseler et al., 2016). The measurement
model is evaluated, and the model fit is analyzed (Miiller et al., 2018). Type B composite

variables were considered for this model (Cepeda-Carrion et al., 2019).

A literature review was conducted to determine the surveys for both studies.
Questionnaires from previous studies were used, as these questions had been previously

validated.

For the research related to the determination of technological acceptance through an
online evaluation (P.1V), a survey consisting of 15 questions was used for data collection.
Table 2 presents the studies used to adapt the constructs (or latent variable, concepts not
directly observable or measurable) and indicators (or observed variable, variables measured
in study subjects through statements or questions rated on a Likert scale).

Table 2: Studies and indicators used in online evaluation.

Construct Study Indicator
Subjective (Teo etal., 2008) | People whose opinions | value encourage me to use new
norm technologies.

People who are important to me help me use new
technologies.

Technology (Chung et al., The products and services that use the newest technologies
optimism 2015) are much more convenient to use.

| prefer to use the most advanced technology available.
Technology makes my work more efficient.

Technology (Chang et al., IfIfind out that there are new technologies, | look for ways

innovativeness | 2017) to test it.
Among my classmates, | am generally the first to try new
technologies.

I like to experiment with new technologies.

Attitude (Pantano et al., I think using the app in classes would be positive.

toward using | 2017) The app is so interesting that you want to learn more about
it.

It makes sense to use the app for the study of electrical
circuits.

The app is a good idea.

Behavioral (Balog & I would like to have this app if | had to study electrical

intention to Pribeanu, 2010) circuits.

use | would intend to use this app to learn about electrical
circuits.

I would recommend other students to use this app to study
electrical circuits.
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For the research related to determining technological acceptance through a face-to-face
evaluation (P.V), the constructs and indicators from the previous study were used, and seven
indicators corresponding to the constructs of Perceived ease of use and Perceived

Usefulness were added (see Table 3).

Table 3: Studies and indicators incorporated for face-to-face evaluation.

Construct Study Indicator
Perceived ease | (Pantano et al., I found the app to be very easy to use.
of use 2017) The app was intuitive to use.

Learning how to use the app was easy.
Handling the app was easy.

Perceived (Wojciechowski | The use of the app improves learning in the classroom.

usefulness & Cellary, 2013) | Using the app during lessons would facilitate the
understanding of certain concepts.

I believe that the app is helpful when learning.




Chapter 4: Results and Discussion

This chapter provides a summary of the results obtained in publications P.I — P.V to achieve
the objectives set out in section 1.2. For more details, it is suggested that the publications

made by this compendium thesis be extensively reviewed.

4.1 Systematic Review of Augmented Reality in Engineering

Education

Here, we address the responses to each research question presented in the first study (P.I).
RQ:-1: In which engineering studies have AR been applied?

Augmented reality technology has been most frequently applied in technical drawing and
electronics. In technical drawing, as well as in construction and surveying, 3D visualizations
of elements are shown to improve understanding. In electronics, greater diversity has been
found in modeling electronic components with some level of interaction. The use of this
technology has yet to extend to other areas of engineering education. The use of this
technology is heterogeneous across the different areas of this field. An open question is
whether this situation is due to the different suitability of augmented reality to the
educational needs of different areas or simply a lack of interest in these. The absence of this
technology in engineering areas such as computing or telecommunications could be an
argument for the first hypothesis. Indeed, disciplines whose nature is virtual do not need to
use augmented reality because they already utilize many virtual resources and materials on
digital devices—for example, software visualization for programming or algorithms (Naps
et al., 2003; Stasko et al., 1988).
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In the reviewed literature, augmented reality technology explains basic concepts and
skills. Although this technology could support the development of advanced skills that will
be in demand in Industry 4.0, this is different. Therefore, there is a niche for more
augmented reality applications in the future. Sectors that could benefit include automotive,

mechanical, automation, and aerospace.

RQ.2: In what types of educational activities in engineering education have

AR apps been used?

The educational activities used by augmented reality applications vary depending on the
subject. They have primarily been used in electronics labs to interact with electrical circuits
and in technical drawing classes to solve problems with interactive 3D visualization. In
construction classes, they are used to provide supplementary information, such as notes,
images, and videos. However, their use remains minor even in these areas, and more

applications designed, implemented, and evaluated to suit each area are needed.

Augmented reality applications must be integrated with active learning methods to
improve educational use, especially in lab activities. These methods foster collaborative
learning and allow for the personalization of exercises. Additionally, these applications
should be integrated with centralized learning management systems to provide real-time

feedback on student performance and track their activities and difficulties.

The virtualization of large-scale activities, such as virtual labs, can be helpful in
education but requires careful planning of faculty involvement and adopting student-
centered pedagogical models. In summary, more research is needed to improve the

integration of augmented reality in education and adapt it to each area's needs.
RQ..3: How have AR apps been assessed in engineering education?

The perception of students and teachers, as well as the academic performance of students,
has been evaluated using the following methodologies: conducting comparisons between
experimental and control groups; using tests before and after the experiment; a single
evaluation at the end of it; comparing grades obtained in the current academic year with
those obtained in previous years; and evaluating performance in different educational

environments, such as physical labs, virtual reality, and augmented reality.
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In general, it has been observed that augmented reality technology increases student
interest and motivation and promotes active participation in learning situations. Students
find the applications helpful in enhancing their academic performance and for independent
work. However, they consider it necessary to explain the theory before using the
applications autonomously. Teachers believe it would be helpful for students to use it from

the start of the course to learn new concepts.

Students have reported technical problems in the applications, such as instability,
flickering, and delays, which could be due to the novelty of the technology or insufficiently

developed prototypes.

More sophisticated evaluation instruments, not just subjective surveys, are needed to
evaluate variables such as ease of use, motivation, and technology acceptance. Students
have evaluated their perceptions of different aspects more frequently than teachers. More
studies on teachers are recommended as they are key agents in adopting educational

technologies.

Spatial ability is the most commonly measured variable regarding the impact on
academic performance, and augmented reality has shown a positive impact. However, more
controlled evaluations are needed for more representative and generalizable results. It is also
necessary to evaluate augmented reality technology in more subjects and educational

approaches.

RQ:.4: What are the main characteristics of the AR apps used in engineering

education?

The characteristics of the applications were analyzed using two classifications. The first
classification identifies five enabling technologies (Wang et al., 2013): visual
representation; computational device; input media; display service; and tracking system.
The most common visual representation is 3D figures. Most applications run on desktop or
laptop computers, although their use on mobile devices is growing. Most augmented reality
applications simultaneously use monitor-based displays, marker-based tracking, and device

movement as input media.

The second classification identifies five functional characteristics (Hugues et al., 2011):

augmented visibility, perceptual association with the embedding of virtual objects,
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documented reality, documented virtuality, and enhanced understanding. The most used
functional characteristic is augmented visibility, using 3D elements to support the training
of spatial skills. In the future, augmented reality applications could be improved by
incorporating functional features of perceptual association and integrating virtual objects to
obtain virtual elements that interact more naturally with the environment. Markerless
tracking systems should also be explored more to achieve smoother interaction with the

environment without the need for these.

RQ..s: What is the degree of interactivity of the AR apps used in engineering

education?

Only about a quarter of the applications used in the studies have some degree of
interactivity, achieving only in some cases Level 11l (complex interaction, the student can
manipulate objects to analyze their behavior) out of a total of four levels (Agel, 2013), and
the personalization of the learning experience is minimal. Therefore, more efforts are
needed to develop applications that allow higher levels of interactivity. The above would
enable more enriching educational activities and allow students to participate more actively

in learning.
4.2 Design of an Augmented Reality Application

An augmented reality application was developed to analyze direct current (DC) in resistive
circuits (P.I1). The degree of interactivity of existing applications in this subject could be
higher (level 111) because they only allow the manipulation of graphic objects to analyze
their behavior (Matcha & Rambli, 2012; Restivo et al., 2014). Therefore, we aimed to create
an application with a higher level of interactivity, featuring real-time interaction that

generates a simulation in which stimuli produce complex responses (level 1V) (Agel, 2013).

The developed application offers five types of circuits—both series and parallel—to
choose from. Batteries, bulbs, and resistors can be incorporated into the circuit. The circuits
in the application allow for any configuration and simulate the flow of current each time
batteries, bulbs, and resistors are incorporated. Users can change the voltage values of
batteries and the resistance in bulbs and resistors. The application calculates and displays
the resulting voltage and amperage in real time (Figure 13).
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Figure 13: Interactive application developed.

The application assigns a color according to the amperage value in each circuit branch.
A red branch indicates high amperage, orange indicates medium, yellow indicates low
amperage, and gray indicates no amperage. The bulb's brightness depends on the amperage

of the branch in which it is located.

The application calculates the current intensity and voltage values using the loop
method and Kirchhoff's Voltage Law (Floyd, 2007). It utilizes an optical tracker in its
operation. The circuit, batteries, bulbs, and resistors use a QR code as a target to position
each figure in augmented reality in space. The application was developed in Unity 3D using

the Vuforia SDK. The three-dimensional objects were created with Blender (Figure 14).

Thus, the developed application allows students to practice with a wide range of
electrical circuit configurations due to its high level of interactivity. In addition to having

various types of series and parallel circuits to practice with, students can freely configure
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them to understand the behavior of the current through the branches. Students can better
understand how electricity works by interacting freely with the application. Additionally, it
provides students with a tool that delivers the resulting values if they wish to develop

numerical exercises.

c vuforiar

Image targets

AR targets + 3D models

¥

Triggers and behaviors

\ 4

Scene management and use interface

Figure 14: Developed application architecture.

Next, the attitude towards using and intention to use demonstrated by students towards
the developed application (P.111) was evaluated since these variables should be sufficient to
predict user behavior (Ajzen, 1991). A survey was administered to 314 students from
various engineering specialties. The results showed that students exhibited a high level in
both variables: attitude towards using scored 4.41, and intention to use scored 4.36 on a

scale where values can range from a minimum of 1 to a maximum of 5.
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4.3 The Role of Technological Optimism and Innovativeness in

the Acceptance

Engineering Education

of Augmented Reality Technology in

Figure 15 and Table 4 show the results for the online-evaluated model (P.IV). This table

also displays the path coefficients (which denote the influence that one construct has on

another) obtained for each hypothesis. All of the model's hypotheses were accepted.

Technology 0.19 Attitude toward 0.83 Behavioral
R innovativeness > using intention to use
0.23 R2=0.50 R2=023 R2=0.68
F

Subjective norm 0.57 0.33

0.45 Technology

optimism
R2=0.20
Figure 15: Research model resulting from the online evaluation.
Table 4: Results of the structural model of the online evaluation.
Hypothesis Path p-value Supported

Hiv-1: Subjective norm — Technology optimism 0.45 0.00 Yes
Hiv-: S}ijectwe norm — Technology 0.23 0.00 Yes
innovativeness
!‘||v-3: T_echnology optimism — Technology 057 0.00 Yes
Innovativeness
H.y.4: Technology optimism — Attitude toward 033 0.00 Yes
using
Hivs: Technology innovativeness — Attitude 019 0.02 Yes
toward using
gl\(jg; Attitude toward using — Behavioral intention 083 0.00 Yes

Technological optimism is moderately dependent on the subjective norm (R? = 0.20)

(Hiv-1), possibly due to the absence of other factors. However, this value is not insignificant,

considering a single variable explains it. Moreover, subjective norms significantly affect

technological optimism (0.45). The above suggests that if students live in an environment
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with a positive opinion about the use of technology, they will perceive new technologies as

tools that facilitate their education.

Therefore, if higher education institutions highlight the virtues of using technology in
the educational process, they could create a favorable opinion among students about the

benefits of incorporating these technologies.

Subjective norms and technological optimism significantly impact technological
innovation (R? = 0.50) (Hiv-2 and Hys). The direct effect of subjective norms on
technological innovation is 0.23, while the direct influence of technological optimism is
0.57. Additionally, technological optimism plays a statistically significant complementary

mediating role between subjective norms and technological innovation.

The indirect impact of subjective norms on technological innovation through
technological optimism is 0.26 (0.45*0.57). The above indicates that much of the effects of
subjective norms on technological innovation are explained by technological optimism.
That means a student's pioneer status in using technology is associated with a positive
perception of the technology's utility. Furthermore, the perception within the academic
circles of students influences their willingness to use it. The attitude toward use is
moderately dependent (R? = 0.23) on technological optimism and innovation (Hiv-4 and
Hiv-s) due to the absence of variables not included in the analysis, such as perceived ease of
use and perceived usefulness. Nevertheless, these personal characteristics (technological

optimism and innovation) would moderately explain the students' attitude toward use.

The direct effect of technological optimism on attitude toward use is 0.33, while the
direct impact of technological innovation is 0.19. The above is consistent with previous
studies in other areas, which indicate that attitude toward use is influenced by technological
optimism (Kros et al., 2011; Theotokis et al., 2008) and technological innovation (Al-Ajam
& Md Nor, 2015; Kros et al., 2011; J. C. Lin & Chang, 2011).

Moreover, there is a statistically significant complementary mediation of technological
innovation between technological optimism and attitude toward use. The indirect effect is
0.11 (0.57*0.19), indicating that only part of the impact of technological optimism on
attitude toward use can be explained by mediation with technological innovation. Students
need to be pioneers in the use of technologies to have a positive attitude toward adopting
technologies; they must perceive these technologies as applicable. Additionally, their
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perceptions of these technologies in their academic circles can influence their attitude

toward using them.

Finally, the model shows that behavioral intention to use strongly depends on attitude
toward use (R? = 0.68) (Hiv-6), indicating that a student with a positive attitude toward the
use of technology would intend to use it, which ultimately indicates the effective use of
technology in the classroom. The above is consistent with previous augmented reality
studies in other areas, showing that the intention to use is powerfully explained by the
attitude toward use (Arvanitis et al., 2011; Chung et al., 2015; Mao et al., 2017; Pantano et
al., 2017; Wang et al., 2016; Wojciechowski & Cellary, 2013).

4.4 Technological Acceptance of an Interactive Augmented
Reality Application on Resistive Circuits for Engineering
Students

The results obtained for the model evaluated in a face-to-face format (P.V) are shown in
Table 5 and Figure 16 (dashed arrows indicate non-significant paths). Eight out of the ten

hypotheses of the model were accepted.

Technology 0.21 Attitude toward 0.76 Behavioral
mnovativeness > using intention to use
0.16 R?*=0.24 R?*=0.43 R*=0.57
F 3 N F 3 ‘\
Subjective norm 0.40 0-10/'1 0.48 s Lo.1o
0.40 :
Tech.no.logy R Perceived M Perceived ease of
optimism > usefulness < se
R>=0.16 0.20 R2=0.40 0.56

Figure 16: Research model resulting from the face-to-face evaluation.

Students' technological optimism depends on a small range of subjective norms

(R? = 0.16) (Hv-1), suggesting that other factors better explain this element.

Technological innovation moderately depends on subjective norms and technological
optimism (R? = 0.24) (Hv-2 and Hv-3). Technological optimism has a statistically significant
complementary mediation between subjective norms and technological innovation. The

direct effect of subjective norm on technological innovation is 0.16, while the indirect effect
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due to technological optimism is 0.16 (0.40*0.40). The above implies that technological
optimism explains half of the subjective norms' impact on technological innovation. These

findings are consistent with those obtained in the online evaluation.

Table 5: Results of the structural model of the face-to-face evaluation.

Hypothesis Path p-value Supported
Hv.1: Subjective norm — Technology optimism 0.40 0.00 Si
!‘lv-zi Sl}bjectlve norm — Technology 0.16 0.02 Si
Innovativeness
Hy.s: T(?Chnology optimism — Technology 0.40 0.00 Si
Innovativeness
Hyv.s: Technology optimism — Perceived usefulness 0.20 0.01 Si
HY.5: Technology optimism — Attitude toward 010 014 No
using
Hv.s: Tecl}nology innovativeness — Attitude 0.21 0.00 Si
toward using
Hv.7: Perceived ease of use — Perceived usefulness 0.56 0.00 Si
H\{.gi Perceived ease of use — Attitude toward 010 014 No
using
Hyv.o: Perceived usefulness — Attitude toward using 0.48 0.00 Si
Hv.lo:_Attltude toward using — Behavioral 076 0.00 Si
intention to use

Perceived usefulness depends on technological optimism and perceived ease of use (R?
=0.40) (Hv-4 and Hv.7). However, perceived ease of use (0.56) has a more significant impact
than technological optimism (0.20), indicating that students associate an application's

perceived ease of use as a strength for achieving more meaningful learning.

Attitude towards using depends on perceived usefulness and technological innovation
(R? = 0.43) (Hv-6 and Hv-g). Perceived usefulness (0.48) has a more significant impact than
technological innovation (0.21), implying that students must clearly understand the
application's utility for their studies and be willing to use it. However, technological
optimism and perceived ease of use do not significantly impact attitudes towards using
(Hv-s and Hy.sg).
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Technological optimism indirectly affects attitude towards using, caused by the
moderation of technological innovation (0.400.21 = 0.08) and perceived usefulness
(0.200.48 = 0.10), though both effects are insignificant.

Although perceived ease of use does not have a statistically significant effect on attitude
towards using, perceived usefulness completely mediates the effect (0.56*0.48 = 0.27),
meaning the application must be easy to use and useful for students in enhancing their

academic performance.

Finally, the results show that the intention to use strongly depends on the attitude
towards using (R? = 0.57) (Hv-10). The above demonstrates the critical role of a positive
attitude towards the application in predicting students' intention to use it, ultimately
indicating effective use of the technology in the educational setting.

4.5 Theoretical Implications

This study holds significant theoretical implications across several dimensions. Initially, the
systematic review (P.1) identifies strengths and weaknesses of augmented reality technology
in engineering education, pinpointing areas requiring further research and providing
suggestions to researchers and application developers to enhance the effectiveness of
existing methodologies.

This research underscores the need for more augmented reality applications to support
the advanced skills demanded by Industry 4.0. These applications allow for the
customization of exercises and their integration into centralized learning management

systems to provide real-time information on student performance.

Additionally, the findings indicate that the large-scale virtualization of educational
activities, such as virtual labs, holds great potential but poses educational challenges that
require suitable pedagogical models. Thus, education and new technologies must be

coordinated, necessitating reviewing and updating existing pedagogical models.

Another significant finding is the need for studies evaluating usability in augmented
reality applications using standard approaches like SUS or 1ISO 9241-11. That highlights the
need for research to establish standards for usability evaluation in augmented reality
applications, which could have significant implications for theories of usability and user
interface design.
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Furthermore, the results of this study suggest that designers should consider
incorporating functional features of perceptual association with the embedding of virtual
objects to achieve virtual elements that interact more naturally with the environment. This
finding could have important implications for theories of perception and cognition,
highlighting the importance of the natural integration of virtual elements into the

environment for an optimal user experience.

Regarding the empirical part of the research, two models have been proposed and
validated to determine the role of optimism and technological innovation in accepting
augmented reality technology and the influence of their direct environment on subjective

norms.

The first empirical study (P.1V) analyzes the direct influence of these factors on attitude
towards using and intention to use by engineering students. Due to the nature of the
constructs analyzed and the need to compare them with the next phase, the data collection

for this study was conducted online.

The second empirical study (P.V) proposed an extended TAM model to explore factors
that may influence the intention to use an augmented reality application, incorporating
perceived ease of use and perceived usefulness this time. Due to the nature of these last two
constructs, data collection was conducted face-to-face.

Many studies have investigated the technological adoption of augmented reality.
However, only some have considered the educational field, specifically engineering.
Moreover, few studies have emphasized student characteristics such as technological
optimism and innovation, which is particularly important because students are now digital
natives. Subjective norms also become relevant to determine if they influence the evaluated
characteristics of students and, eventually, the adoption of this technology. Since these
factors are independent of the evaluated technology, the results can have significant

implications for adopting other technologies.

Thus, the two models presented incorporate factors not studied in this context. The
results of this thesis provide additional insight into the acceptance of augmented reality
technology, identifying external factors specific to users and the technology. In this case,

elements of the student's academic environment (teachers, classmates, family, educational
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institution directors, and media) can affect their disposition or beliefs about technologies,

impacting their acceptance of a particular technology.

Therefore, these findings help us understand university engineering students'
motivations and foundations for adopting augmented reality technology in the academic
environment. Finally, in the case of the second empirical study (P.V), the results show that
the TAM remains valid and predictive when evaluated in an educational context. However,
a study using an application with poor design (e.g., less interactivity, aesthetics) might reach

different conclusions.
4.6 Practical Implications

Firstly, the systematic review study (P.1) can benefit educators, developers, and researchers
by improving augmented reality applications and their educational use in various ways.
Educators interested in augmented reality can learn about different aspects of the
applications, which can be helpful in decision-making, from their educational uses to

technical issues, such as evaluating their impact on students.

Secondly, an augmented reality application for analyzing resistive circuits (P.Il) was
developed. This application can be used in theoretical classes for academics to teach
concepts and behaviors of electrical circuits. It can also be used in laboratories, where
students can practice learned concepts. This application resulted in a high attitude toward

use and intention to use by students (P.I11).

Regarding the proposed acceptance models (P.1V and P.V), the findings demonstrate
that personal aspects (the belief that technologies, in general, are facilitators of various tasks
and being inclined to be a pioneer in using new technologies) and environmental aspects
(the importance that students give to the opinions of their academic environment, as
previously explained) influence the willingness to use the application. That implies that
higher education institutions can influence their students to adopt new technologies and
convince them that their use will help improve their academic performance. The above
could be achieved by disseminating encouraging results due to the inclusion of this
technology in education.

Concerning the extended TAM model (P.V), the perceived ease of use of the application

influences students’ perceptions of its usefulness. Therefore, this aspect should be
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considered when developing applications in this area. However, students’ willingness to use
this technology depends on how many believe they can improve their academic performance
through its use, not how easy they think the application is. That is consistent with other
findings that used an application in science education (Arvanitis et al., 2011) or chemistry
education (Wojciechowski & Cellary, 2013). However, these findings differ from those of
other areas, such as tourism (Chung et al., 2015; Lee et al., 2017), where the attitude towards
using is influenced by perceived ease of use rather than perceived usefulness. The above
makes sense because when a person uses an application for studying, they expect it to impact
academic outcomes positively. Conversely, when that person uses an application in a more

leisurely setting, other factors motivate them, such as how easy the application is to use.
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Augmented reality technology has not been intensively used in most engineering areas;
therefore, its full potential has yet to be fully exploited. Educators interested in this
technology, armed with the results provided in the systematic review (P.l), can make
informed decisions when considering various aspects of the applications, from their
educational uses to technical issues. There is a need for more augmented reality applications
with more advanced features to encourage adoption by instructors. Developers and
researchers must build applications with more sophisticated features to exploit this
technology's potential fully.

The first proposed acceptance model (P.1V) helps explain the role of technological
optimism and innovation in accepting augmented reality technology among engineering
students. The results suggest that subjective norms positively affect optimism and
technological innovation. Higher education institutions should raise awareness about the
benefits of technological tools in learning to create technologically friendly environments
and promote a technologically optimistic attitude. Attitude towards using can be influenced
by optimism and technological innovation, and the success of implementing this technology
in engineering education should consider previously unaddressed areas, such as members'

attitudes towards new technologies and institutional influence on these attitudes.

A proposed extended version of TAM aims to identify the factors that explain the
acceptance of augmented reality technology in engineering education (P.V). The findings
suggest that the academic environment can influence students' beliefs about using this

technology, increasing their willingness to use it.

Moreover, studies demonstrating how augmented reality enhances academic

performance should be disseminated among educational communities. Research into
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variables that explain academics' intention to use it is recommended, addressing its impact
on academic performance in the future. Also, this technology's relevant features, such as
interactivity levels and the application's stability, should be considered to analyze their

influence on acceptance.

Successful implementation of augmented reality technology in engineering education
should consider areas that have yet to be addressed, such as members' attitudes towards new
technologies and institutional influence on these attitudes. Using a beneficial technology
may increase students' optimism towards this technology in an educational context. It should
also consider how the involvement of technologically innovative students influences their

peers.

Educational institutions are training digital natives, and augmented reality applications
allow institutions to be more efficient in the educational process. Future engineers are
expected to be familiar with this and other technologies to meet the challenges of Industry
4.0.

Future research might explore the factors influencing technology adoption among
academics and consider the relevant characteristics of the technology (e.g., levels of

interactivity or stability of the application) to analyze their influence on acceptance.

As a limitation, this research was conducted in the context of a developing country. In
the future, the results of this study could be compared with those of other countries in
broader contexts.

In summary, the adoption of augmented reality technology in engineering education is

still in process, and more research and development are needed to leverage its potential.
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Augmented Reality and Engineering Education:
A Systematic Review

Alejandro Alvarez-Marin , Member, IEEE and J. Angel Velazquez-Tturbide ™, Senior Member, IEEE

Abstract—Augmented reality (AR) for learning is a relevant
topic that has recently received considerable attention. However,
the current literature lacks a survey of AR-based educational
approaches and experiences in the specific field of engineering
studies. Five research questions were addressed: RQ1) engineering
studies where AR is used; RQ2) types of educational activities
where AR is used; RQ3) evaluation of its impact on students and
instructors; RQ4) relevant characteristics of AR apps; and RQ5)
their degree of interactivity. Regarding RQl, it is concluded that
AR has been mainly used in technical drawing, electronics,
and construction. Concerning RQ2, AR apps have assisted in
lectures, exercise classes, and laboratories. However, the preferred
educational activity varies for each discipline. Regarding RQ3, it
has been found that AR apps have been evaluated with respect
to students’ or instructors’ perceptions and students’ academic
performance. In general, the perceptions are positive, but students
criticize some technical elements. Moreover, academic performance
is increased in most studies. Finally, regarding RQ4 and RQS5, AR
apps do not achieve the highest levels of functional characteristics
and have low degrees of interactivity. The systematic review
indicates that there is plenty of room for the future use of AR in
engineering studies, but each engineering area must identify
adequate educational purposes. It is also recommended to assess
apps through objective measures, more structured constructs, and
validated scales. Finally, higher functional characteristics and
interactivity should be encouraged to exploit the full potential of AR.

Index Terms—Augmented reality (AR), engineering education,
learning technologies, systematic review.

1. INTRODUCTION

N the recent past, emerging technologies have offered new

opportunities to enhance education. Specifically, the use
of computers in the classroom can improve students’ experi-
ences and increase their academic achievements. One of such
technologies is augmented reality (AR) [1], where virtual
and real objects are integrated in real time, often in a 3-D
format. AR systems have the following features: to combine
real and virtual objects in a real environment, run interac-
tively and in real time, and geometrically align virtual and
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real objects in the real world [2]. AR applications (apps) can
show virtual objects by using a marker that acts as a spatial
reference [3]. Typically, AR apps are offered as mobile
apps, although they may also rely on alternative wearable
devices, such as head-mounted displays (HMDs), Oculus
Rift, or HTC Vive, which provide a wider field of view and
lower latency. In addition, current HMD devices can be com-
bined with other tracker systems, such as eye-tracking sys-
tems, or motion and orientation sensors [4]. Augmentation is
not limited to the sense of sight, but it can be provided for
other senses, such as hearing or touch. Finally, some AR
apps allow for the removal of real objects from the perceived
environment [5].

AR apps have been increasingly used in the last decade.
Therefore, a growing number of experiences and user experi-
ments in different areas have been reported, including educa-
tion [6]. Until now, systematic reviews on AR use in
education have been conducted both in general [7]-[11] and
specific fields, most notably in medicine (in particular, in the
training of surgical procedures [12]-[16]). Systematic reviews
are also available on the use of AR in industrial maintenance
operations [2] and the usability of AR apps [6].

Five systematic AR reviews can be found in broader educa-
tional areas. The first study [7] investigates certain factors,
such as the uses, advantages, limitations, effectiveness, chal-
lenges, and characteristics of AR in educational environments.
The primary purpose of AR has been to explain a topic of
interest, thus providing additional information. It has been
effective in enhancing students’ academic performance, moti-
vation, commitment, and positive attitudes. The study also
identifies some limitations of the technology, including diffi-
culties in keeping overlaid information, paying too much
attention to virtual information, and the consideration of AR
as an intrusive technology.

The second study aims to analyze the use and advantages of
AR technologies in educational environments [8]. The most
frequently reported advantage of AR is the promotion of
improvements in learning achievement. Some of the chal-
lenges highlighted thereof include AR usability and frequent
technical problems.

In science, technology, engineering, and mathematics
(STEM), the third study seeks to determine the characteristics
of educational AR apps, their associated instructional pro-
cesses, and observed learning outcomes [9]. This study con-
cludes that AR apps should contain features intended to
acquire the necessary competencies of STEM disciplines and
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provide metacognitive scaffolding and experimental support
for inquiry-based learning activities.

The fourth study is a systematic review of the evaluation of
AR tools for education [10]. Most of the results are positive.
However, most studies lack instructor interaction and the use
of multiple metrics to evaluate educational gains.

The fifth study addresses AR in primary and secondary edu-
cation through game-based learning [11]. This study con-
cludes that this type of technology can influence students’
acquisition of skills, transfer knowledge, increase their interest
in subjects, and enhance their digital skills.

The five studies suggest the continued observation of the
effects of AR apps on knowledge construction. They also rec-
ommend exploring the learning processes present in different
instructional settings and with various student populations.

In general, on the one hand, AR in education comprises
exploration apps (e.g., augmented books) and games [9]. In
the latter aspect, game-based learning has rapidly gained
momentum by enabling new teaching approaches in primary
and secondary education [11].

On the other hand, engineering addresses the design and
construction of artificial artifacts. Understanding such artifacts
is not an easy task, as they may have complex 3-D structures
with nonvisible properties. AR has the potential to assist in
learning the structure and behavior of such artifacts. There-
fore, AR can be considered as a promising technology for
engineering education [17].

Furthermore, AR is an alternative to face-to-face engineer-
ing education, especially by using this technology outside the
classroom, thereby helping students learn at home or in dis-
tance education settings. In addition, AR is less expensive and
has fewer occupational risks [17]. Thus, universities could
benefit from the economies of scale effect by implementing
these apps instead of traditional laboratories, since each stu-
dent could access a virtual laboratory using a tablet or smart-
phone. Evidently, it would allow laboratory activities to be
carried out in situations of confinement or restrictions, such as
the COVID-19 pandemic, and if the university implemented
laboratories with tablets, the investment could be more profit-
able as they could be reused for different subjects and apps.

Incorporating AR technology in engineering education can
also favor future engineers’ capabilities to incorporate into
Industry 4.0. This type of industry is characterized by increas-
ingly digitized and optimized operations that are integrated into
networks under the concept of industrial AR (IAR) [18]. Nota-
bly, IAR is one of the key technologies pointed out by the Indus-
try 4.0 paradigm to improve industrial processes and maximize
worker efficiency [19]. This technology has mainly been
applied industrially in manual assembly, maintenance, opera-
tions, process monitoring, process simulation, and training. It
has mainly been implemented in the following industries: auto-
motive, mechanical, electronics/automation, aerospace, and
general industrial [20]. Therefore, incorporating this technol-
ogy into engineering education could not only affect academic
performance in the short term but also provide engineering stu-
dents with skills in the long term to successfully enter the labor
market of an increasingly digitized industry.

Hence, the purpose of this study is to conduct a system-
atic review of the use of AR technology in education engi-
neering. To the best of our knowledge, no similar studies
have been conducted. The systematic reviews cited above
provide useful information about the use of AR in general
educational settings. However, they fail in guiding the
actual use of AR in engineering studies and identifying gaps
that provide opportunities for future research. Thus, this
study seeks to contribute to understanding the state of the
art in the use of AR in engineering studies, including
strengths and weaknesses, to identify areas requiring further
research investigations and propose recommendations to
researchers and app designers to improve the effectiveness
of the current approaches.

The rest of this article is organized as follows. Section II
presents the methodology followed by a review. Section III
presents a structured presentation of the results. Finally, the
article includes a summary of the findings reported, sugges-
tions for future lines of research, and identification of implica-
tions for different stakeholders.

II. METHODOLOGY

This section describes the process followed in the sys-
tematic revision in detail. The methodology proposed by
Kitchenham is adapted and used [21].

A. Research Questions

The following five research questions are raised regarding
AR in engineering education.

RQ 1) In which engineering studies has AR been applied?

RQ 2) In what types of educational activities in engineer-
ing education have AR apps been used?

RQ 3) How have AR apps been assessed in engineering
education?

RQ 4) What are the main characteristics of the AR apps
used in engineering education?

RQ 5) What is the degree of interactivity of the AR apps
used in engineering education?

B. Documentation Sources

To ensure that the relevant literature was found, four online
research databases, representative of engineering education,
were used: 1) Web of Science; 2) Scopus; 3) ACM Digital
Library; and 4) IEEE Xplore Digital Library. A key factor for
selecting these databases was their comprehensive support for
conference proceedings [22].

C. Search Items

The following query string was searched: “engineering
education” AND “augmented reality.” The occurrence was
required in either the title, summary, or keywords of each
publication. The final search was conducted in September
2019.
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TABLEI
INCLUSION AND EXCLUSION CRITERIA

TABLE II
SELECTION PROCESS

Inclusion Criteria Exclusion Criteria

Selection Stage # of publications

(a) Any year of publication.

(b) Journal article or conference
paper.

(c) Reporting empirical research.
(d) Used in engineering education.
(e) AR is the leading technological
component.

(a) Citing the term “augmented
reality” but dealing with “virtual
reality.”

(b) Used for training (e.g.,
professional learning).

(c) Emphasizing app design or
development as opposed to
educational use or evaluation.

D. Selection of Studies

A set of inclusion and exclusion criteria was adopted by
adapting the criteria (see Table I) used in some of the above-
mentioned reviews [8], [9].

From the initial search, 732 publications were found. They
were analyzed to discard duplicates, resulting in 583 unique
publications. After removing publications that were unavail-
able in the full text, 523 remained.

Subsequently, the inclusion and exclusion criteria were
applied. Articles that either cited the term AR but only
addressed virtual reality, dealt with apps used for training
rather than higher education, or emphasized the app’s design,
as opposed to its educational use, were not considered. Conse-
quently, 56 publications remained.

Finally, four cases were found in which the authors and the
study were the same. These duplicates were discarded; there-
fore, the final analysis focused on 52 publications. The selec-
tion process is summarized in Table II.

Of the 52 publications selected, 34 were published as con-
ference papers while 18 were published in journals. The con-
ferences with the highest number of selected papers are the
Frontiers in Education Conference (9) and the International
Conference on Advanced Learning Technologies (5). The
journal with the highest number of selected articles is Com-
puter Applications in Engineering Education, with three
articles. Spain has the highest number of contributing studies
(21), followed by the USA (7) and Portugal (4).

E. Methodology of Analysis

Any deficiency in the analysis procedure can reduce the
validity or integrity of the results [23]. Therefore, the selected
articles were qualitatively analyzed, considering the relation-
ship between content and context [24], [25]. The analysis and
classification process aimed at answering the five research
questions involved several iterations. The process was stopped
when a consensus was reached between the authors.

The primary source of disagreement between the authors
was dissatisfaction with the resulting categories. Therefore,
we present the final choice of categories used to answer each
research question. For RQI1 (regarding areas of knowledge),
RQ2 (regarding educational activities), and RQS5 (regarding
interaction features), categorization was relatively straightfor-
ward from the studies analyzed.

For RQ3 (regarding the evaluation of AR impact), two rele-
vant issues were identified. The first issue was the identification

1. Result of string search in the databases 732
2. Removal of duplicate articles 583
3. Removal of articles with unavailable full texts 523
4. Application of inclusion and exclusion criteria 56
5. Removal of articles with the same authors, AR 52

applications and studies

of the educational criteria assessed in the publications. The sec-
ond issue ensued from the finding that most studies evaluated
the subjective perception of students or instructors regarding
AR. Here, the analysis was continued to determine the varia-
bles measured in such a study.

We analyzed the studies without predefined categories [26]
through several iterations. The identification or definition of
the measured variables was based on their descriptions in the
studies surveyed. Once the variables were identified, their cor-
respondence to each of the studies was analyzed. In the case
of academic performance, a case-by-case analysis of the
results was conducted.

For RQ4 (regarding characteristics of AR apps), a search
was conducted for relevant classifications that could inspire
the analysis. Two informative classifications were identified.
The first classification identifies the enabling technologies
used in AR [27], proposing the following dimensions: media
representation, computing devices, interaction devices (e.g.,
user input), display, and tracking technology (e.g., tracking
system). The second classification analyzes the functional
characteristics of apps [28], proposing the following types:
documented reality, documented virtuality, augmented under-
standing, augmented visibility, perceptual association, and
behavioral association.

III. RESULTS

An analysis of the 52 publications resulted in the identification
of 42 AR apps. The 42 AR apps can be found in [29]-[70]. The
results obtained for the five research questions are as follows.

A. RQI: In Which Engineering Studies Has AR Been
Applied?

Ten engineering areas of knowledge with AR-based educa-
tional experience were identified in the papers of the study.
More than 54% of the cases corresponded to technical drawing
or electronics (see Table III). A short description of the appli-
cation of this technology in each area of knowledge is pro-
vided ahead.

1) Technical Drawing: Experiences in this field are held in
exercise classes, where geometric figures are shown in 3-D.
Students are assisted in visualizing 3-D models and drawing
orthographic or isometric views [34]. Some apps include video
playback for a better understanding of the subject [38] and
visualization of cuts in 3-D figures for a better comprehension
of their structure [32]. The instructor’s role is limited to either
giving general explanations at the beginning of the class about
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TABLE III TABLE IV
AREAS OF KNOWLEDGE EDUCATIONAL ACTIVITIES
Area # of apps References Educational Activity  # of apps References
Technical drawing 12 [29]-[40] Lab classes 20 [41]-[51], [59]-[61], [63], [65]-[69]
Electronics 11 [41]-[51] Exercise classes 14 [29]-[40], [62], [70]
Construction 7 [52]-[58] Lectures 8 [52]-[58], [64]
Manufacturing 3 [59]-[61] Note: N — 42
Electromagnetism 3 [62]-[64] ' '
QZ;ZIEElmg ? {g;} [66] markers [52]. The instructor’s role is to explain and discuss the
Production 1 [68] concepts covered.
Nuclear reactor 1 [69] 4) Manufacturing: Three apps are developed to guide stu-
Topography 1 [70] dents enrolled in mechanical engineering courses in the han-
Note: N = 42.

the development of the activity [30], [31] or acting as a tutor in
solving exercises with increasing levels of difficulty [33].

2) Electronics: There is a large variety of experience, all of
which are carried out in laboratories. Most experiences
involve interacting with augmented representations of real
electronic boards. Using markers, it is possible to physically
visualize not only the electronic components placed on the
board but also the additional components. In some cases, it is
possible to simulate the behavior of an electronic board aug-
mented with switches [41], [42], [47] or determine the under-
lying wiring of an electronic component by selecting it with a
pen pointer [43]. In other cases, repairing a board can be
guided by an analysis of its parts and subsequent guidance
through the subsequent steps [44].

There are also experiences with handcrafted electrical cir-
cuits. The most straightforward approach allows for the inter-
pretation of standard electric symbols as markers, showing
their corresponding components in 3-D and giving an explana-
tory note about each type of component [45]. A more
advanced feature consists of including switches to analyze the
behavior resulting from enabling or disabling them [49].
Finally, electric circuits can be set up, and their functioning
can be observed through markers that represent different elec-
tronic components [45], [46], [49].

Some apps support the analysis of electronic equipment, in
which the electrical and electronic components are identified.
Information is provided about the equipment, such as monitor-
ing data, display of inner structure, technical design of cir-
cuits, and instructions [48], [50].

In electronics, the instructor typically plays the role of a
guide in the laboratory, either by enabling cooperation and
peer learning or providing an infrastructure to conduct simula-
tions in the laboratory [42], [44], [47], [49].

3) Construction: All experiences in this field are held in the
classroom. AR apps allow for the projection of scaled models
of buildings while making available complementary informa-
tion, such as notes, images, and videos [56]. They also facili-
tate the identification of different parts of interest in a building
[53], recognizing real structures and projecting an AR image
on them with adjacent buildings [54] or teaching structural
analysis [58]. Another study does not show buildings but con-
struction machines in 3-D to demonstrate their characteristics
and functions. It also allows several users to interact simulta-
neously by independently placing construction machines using

dling of machinery [59]-[61].

5) Electromagnetism: There are three electromagnetism
experiences. One is held in the classroom, where the magnetic
fields generated by the elements are guided by mutually inter-
acting markers [64]. The other is intended for exercise classes,
where a representation of an electromagnetic field is displayed
in 3-D, and it assists in solving given problems [62]. The last
experience is held in a laboratory class, where the interaction
of electromagnetic signals created by anthems is explained
and practiced [63].

6) Assembling: Two cases are reported in laboratory classes,
where information and instructions are provided to assist in solv-
ing a manually operated assembly exercise. The instructor’s role
is to provide guidelines for the proposed task [65], [66].

7) Other Areas: Four additional engineering fields are
found, each with a single experience. Three experiences
involve laboratory classes: 1) robotics [67]; 2) production line
[68]; and 3) nuclear reactor [69]. Another paper reports on
exercise classes wherein students practice with level curves in
topography [70].

B. RQ2: In What Types of Educational Activities in
Engineering Education Have AR Apps Been Used?

This research question has been partially answered in the
previous section, where educational uses are identified to
understand the purpose of using AR in each engineering field.
Reported educational activities involving AR technology can
be grouped into three categories: 1) laboratory; 2) exercise
classes; and 3) lectures (see Table IV).

Most experiences are undertaken in laboratories, where
students have to practice the knowledge acquired in the
classroom under the instructor’s guidance. In electronics,
this technology is used most frequently in the laboratory,
with students interacting with electrical circuits. There are
also laboratory experiences in assembling, robotics, produc-
tion, manufacturing, nuclear reactors, and electromagnetism.

The second type of activity whereby this technology is used
is in exercise classes, though less frequently. Students rely on
3-D visual representations to better understand and address
the problems to be solved. These experiences are mainly
found in technical drawing, but there are also cases of their
application in topography and electromagnetism.

The third type of teaching activity is lectures, whereby
instructors explain concepts and methods. The main area of
knowledge where this type of activity is used is construction.
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TABLE V TABLE VI
ASSESSED CRITERIA VARIABLES MEASURED REGARDING STUDENTS’ PERCEPTION
Criterion # of studies References Variable Measured # of studies References
Students’ 34 [291, [31], [33], [35], [37], [40]-[42], Perceived usefulness 23 [291, [33], [35], [37], [40], [41],
perception [451-{47], [50], [51], [53]-[56], [58], [46], [47], [51], [53], [54], [56],
[59]. [62], [63], [65]. [66], [70]-[80] [58], [59], [63], [65], [66], [70],
Students’ 17 [307], [33], [35]-[38], [40], [41], [47], [72], [73], [75], [76], [78],
academic [55]-[58], [66], [70], [71], [77] Satisfaction 16 [291, [33], [35], [37], [45], [50],
performance [56], [58], [59], [70]-[72], [74],
Instructors’ 4 [30], [47], [74], [76] [771-[79]
perception Usability 15 [31], [33], [42], [45], [47], [54],
N — [55], [59], [66], [70], [71], [73],
Note: N = 38. [751-[77]

. . . . L Motivation 14 [29], [33], [35], [40], [42], [47],
Buildings and their elements are displayed in 3-D, giving [50], [51], [63], [72], [74]-[76],
complementary information in different formats. [80]

System quality 8 [31], [33], [42], [47], [54], [59],
[70], [78]
