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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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Chapter 1: Introduction 

 

In recent years, emerging technologies have provided new opportunities for the educational 

sector, improving, among other aspects, academic performance (Akçayir 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 
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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.I), the following objective and research questions 

were posed: 

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

engineering education. 

RQI-1 : In which engineering studies has AR been applied? 

RQI-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? 

RQI-4 : What are the main characteristics of the AR apps used in engineering 

education? 

RQI-5 : 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: 

OII : Develop an augmented reality application. 

OIII : 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.II), to later measure the intention of use by students of this application (P.III). 

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

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

OIV : Analyze the role that technological optimism and innovation play in accepting 

augmented reality technology in engineering education. 

HIV-1 : Subjective norm has a positive effect on technology optimism. 

HIV-2 : Subjective norm has a positive effect on technology innovativeness. 

HIV-3 : Technology optimism has a positive effect on technology innovativeness. 

HIV-4 : Technology optimism has a positive effect on attitude toward using. 

HIV-5 : Technology innovativeness has a positive effect on attitude toward using. 

HIV-6 : 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. 

 

Figure 1: First proposed model: Online evaluation. 



5 

 

 

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

hypotheses were proposed, presented below: 

OV : Determine the variables that can explain and predict engineering students' use 

of this technology. 

HV-1 : Subjective norm has a positive effect on technology optimism. 

HV-2 : Subjective norm has a positive effect on technology innovativeness. 

HV-3 : Technology optimism has a positive effect on technology innovativeness. 

HV-4 : Technology optimism has a positive effect on perceived usefulness. 

HV-5 : Technology optimism has a positive effect on attitude toward using. 

HV-6 : Technology innovativeness has a positive effect on attitude toward using. 

HV-7 : Perceived ease of use has a positive effect on perceived usefulness. 

HV-8 : Perceived ease of use has a positive effect on attitude toward using. 

HV-9 : Perceived usefulness has a positive effect on attitude toward using. 

HV-10 : 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. 

 

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

C2 : An application developed with augmented reality technology and a high 

degree of interactivity supports engineering students' electronics learning. 

This contribution is presented in P.II. 

C3 : 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.III. 

C4 : 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.IV. 

C5 : 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. 
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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 : This chapter presents the thesis's introduction and motivation, including the 

research questions, hypotheses, and objectives proposed, as well as the 

contributions made. 

Chapter 2 : 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. 

Chapter 3 : This chapter introduces the methodologies used in the systematic review 

and in constructing and validating the proposed technological acceptance 

models. 

Chapter 4 : 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. 

Chapter 5 : 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 (Akçayır & Akçayır, 2017; Bacca et al., 2014; da Silva et al., 

2019; Ibáñez & 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 



9 

 

 

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 (Akçayır & Akçayır, 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 (Ibáñez & 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 (Ibáñez & 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 

et al., 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. 

 

Figure 3: TAM model. 

 

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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Figure 5: TAM 3 model. 

 

Figure 6: TR model. 
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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. 

 

Figure 7: UTAUT model. 

 

Figure 8: UTAUT 2 model. 

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). 
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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, Alqahtani and Kavakli in 2017 proposed the Augmented Reality Technology 

Acceptance Framework (ART) (Alqahtani & 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. 

 

Figure 10: HE-TAM model. 

 

Figure 11: ART model. 

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). 

 

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 (Ibáñez 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. 

 



 

 

 

 

Chapter 3: Methodology 

 

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.I), 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: 

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

RQI-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? 

RQI-4: What are the main characteristics of the AR apps used in engineering education? 

RQI-5: 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 (Akçayır & Akçayır, 2017; Ibáñez & Delgado-Kloos, 2018), 

as shown in Table 1. 

Table 1: Inclusion and exclusion criteria 

Inclusion criteria Exclusion criteria 

(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. 

 

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 & Kyngäs, 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-2 (educational activities), and RQI-5 (interaction 

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

For RQI-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 RQI-4 (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.II), and its intention to use was determined (P.III). 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.IV). 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 (Ibáñez 

et al., 2016; Miranda Bojórquez 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.IV 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 (Müller 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.IV), 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 

norm 

(Teo et al., 2008) People whose opinions I value encourage me to use new 

technologies. 

People who are important to me help me use new 

technologies. 

Technology 

optimism 

(Chung et al., 

2015) 

The products and services that use the newest technologies 

are much more convenient to use. 

I prefer to use the most advanced technology available. 

Technology makes my work more efficient. 

Technology 

innovativeness 

(Chang et al., 

2017) 

IfIfind out that there are new technologies, I look for ways 

to test it. 

Among my classmates, I am generally the first to try new 

technologies. 

I like to experiment with new technologies. 

Attitude 

toward using 

(Pantano et al., 

2017) 

I think using the app in classes would be positive. 

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 

intention to 

use 

(Balog & 

Pribeanu, 2010) 

I would like to have this app if I had to study electrical 

circuits. 

I 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 

of use 

(Pantano et al., 

2017) 

I found the app to be very easy to use. 

The app was intuitive to use. 

Learning how to use the app was easy. 

Handling the app was easy. 

Perceived 

usefulness 

(Wojciechowski 

& Cellary, 2013) 

The use of the app improves learning in the classroom. 

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). 

RQI-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.  

RQI-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. 

RQI-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. 

RQI-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. 

RQI-5: 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 III (complex interaction, the student can 

manipulate objects to analyze their behavior) out of a total of four levels (Aqel, 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.II). The degree of interactivity of existing applications in this subject could be 

higher (level III) 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 IV) (Aqel, 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. 

 

Figure 14: Developed application architecture. 

Next, the attitude towards using and intention to use demonstrated by students towards 

the developed application (P.III) 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 of Augmented Reality Technology in 

Engineering Education 

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. 

 

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-2: Subjective norm → Technology 

innovativeness 
0.23 0.00 Yes 

HIV-3: Technology optimism → Technology 

innovativeness 
0.57 0.00 Yes 

HIV-4: Technology optimism → Attitude toward 

using 
0.33 0.00 Yes 

HIV-5: Technology innovativeness → Attitude 

toward using 
0.19 0.02 Yes 

HIV-6: Attitude toward using → Behavioral intention 

to use 
0.83 0.00 Yes 

 

Technological optimism is moderately dependent on the subjective norm (R2 = 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 (R2 = 0.50) (HIV-2 and HIV-3). 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 (R2 = 0.23) on technological optimism and innovation (HIV-4 and   

HIV-5) 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 (R2 = 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. 

 

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

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

(R2 = 0.16) (HV-1), suggesting that other factors better explain this element. 

Technological innovation moderately depends on subjective norms and technological 

optimism (R2 = 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 Sí 

HV-2: Subjective norm → Technology 

innovativeness 
0.16 0.02 Sí 

HV-3: Technology optimism → Technology 

innovativeness 
0.40 0.00 Sí 

HV-4: Technology optimism → Perceived usefulness 0.20 0.01 Sí 

HV-5: Technology optimism → Attitude toward 

using 
0.10 0.14 No 

HV-6: Technology innovativeness → Attitude 

toward using 
0.21 0.00 Sí 

HV-7: Perceived ease of use → Perceived usefulness 0.56 0.00 Sí 

HV-8: Perceived ease of use → Attitude toward 

using 
0.10 0.14 No 

HV-9: Perceived usefulness → Attitude toward using 0.48 0.00 Sí 

HV-10: Attitude toward using → Behavioral 

intention to use 
0.76 0.00 Sí 

 

Perceived usefulness depends on technological optimism and perceived ease of use (R2 

= 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 

(R2 = 0.43) (HV-6 and HV-9). 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-5 and HV-8). 
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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 (R2 = 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.I) 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 ISO 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.IV) 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.I) 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.II) 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.III). 

Regarding the proposed acceptance models (P.IV 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 



36  CHAPTER 4: RESULTS AND DISCUSSION 

 

 

 

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. 



 

 

 

 

Chapter 5: Conclusions and Future Work 

 

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.I), 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.IV) 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. 

 

 

 



 

 

 

 

Publications 

 

 

 

 

 

 

 

 

 

 



40  PUBLICATIONS 

 

 

 

  



41 

 

 

 

 

 

 

Publication I 

 

Copyright: © 2021 IEEE. Reprinted, with permission, from Alejandro Álvarez-Marín, J. 

Ángel Velázquez-Iturbide, Augmented Reality and Engineering Education: A Systematic 

Review, IEEE Transactions on Learning Technologies, December 2021. In reference to 

IEEE copyrighted material, which is used with permission in this thesis, the IEEE does not 

endorse any of Universidad Rey Juan Carlos's products or services. Internal or personal use 

of this material is permitted. If interested in reprinting/republishing IEEE copyrighted 

material for advertising or promotional purposes or for creating new collective works for 

resale or redistribution, please go to 

http://www.ieee.org/publications_standards/publications/rights/rights_link.html to learn 

how to obtain a License from RightsLink. 

 

Álvarez-Marín, A., and Velázquez-Iturbide, J.Á. (2021). Augmented reality and 

engineering education: A systematic review. In IEEE Transactions on Learning 

Technologies, 14(6), 817-831. doi: 10.1109/TLT.2022.3144356. JCR 2021: 4,43 - 

Education & Educational Research (Q1); SJR 2021: 1,29 - Computer Science Applications 

(Q1). 



42  PUBLICATIONS 

 

 

 



Augmented Reality and Engineering Education:
A Systematic Review

Alejandro �Alvarez-Mar�ın ,Member, IEEE and J. �Angel Vel�azquez-Iturbide , 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 RQ1, 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 RQ5, 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.

I. INTRODUCTION

IN 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

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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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 RQ1 (regarding areas of knowledge),

RQ2 (regarding educational activities), and RQ5 (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

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. RQ1: 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

TABLE I
INCLUSION AND EXCLUSION CRITERIA

TABLE II
SELECTION PROCESS
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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

markers [52]. The instructor’s role is to explain and discuss the

concepts covered.

4) Manufacturing: Three apps are developed to guide stu-

dents enrolled in mechanical engineering courses in the han-

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.

TABLE IV
EDUCATIONAL ACTIVITIES

Note: N ¼ 42.

TABLE III
AREAS OF KNOWLEDGE

Note: N ¼ 42.
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Buildings and their elements are displayed in 3-D, giving

complementary information in different formats.

C. RQ3: How Have AR Apps Been Assessed in Engineering

Education?

Notably, 38 out of the 52 publications include some form of

assessment. The studies analyzed in this review address three

evaluation criteria: 1) instructors’ perception; 2) students’ per-

ception; and 3) academic performance (see Table V).

The criterion that is most frequently assessed is students’

subjective perception. The goal is to determine whether AR is

considered useful, pleasant, or easy to use by students. It also

seeks to inquire about their motivation, satisfaction with use,

acceptance, or positive opinion on AR as an effective way to

acquire knowledge.

The second most frequently evaluated criterion is the tech-

nology’s impact on students’ performance. These studies aim

to determine whether AR offers a useful tool to assist students

in achieving the intended learning outcomes of their respec-

tive courses.

Finally, instructor perception is evaluated to understand

their opinions about AR effectiveness as a complementary

tool in courses, its use, and educational opportunities.

Studies regarding student or instructor perceptions are ana-

lyzed to identify the specific variables that are measured for

this broad criterion. Eleven variables are identified and pre-

sented below in an alphabetical order.

Aesthetics represents beauty, which depends on certain

issues, such as design, fonts, color, or photographs. It has been

suggested that aesthetics and a beautiful interface design may

determine if users decide on using a specific technology [81],

in addition to obtaining enjoyment by interacting with it [82].

Facilitating conditions are external constraints that restrict

the use of technology [82]. An example is whether an app is

available offline after being downloaded to a mobile device or

the cloud [83].

Information quality is defined as the relevance and attrac-

tiveness of information, and it is a crucial issue when an AR

app delivers information [83].

Interaction is defined as the quality of the modalities sup-

ported and the degree of interaction with the objects repre-

sented [30].

Motivation represents a negative or positive feeling toward

the use of technology. In the positive case, users will be more

susceptible to using the technology again in the future [82].

Perceived enjoyment is the extent to which using a technol-

ogy is regarded as pleasant on its own [84], [85].

Perceived usefulness can be characterized as how a person

thinks a specific technology will contribute to improving task

performance [86], [87], such as a shorter time necessary to

perform a task or activity, or higher precision [88].

Satisfaction is defined as the user’s degree of pleasure while

using the system [59].

System quality comprises different system features, such as

support for several languages, precision, interaction opera-

tions, user interface, and app functions [83].

Technology acceptance is defined as the user’s intention for

a system, including whether the user accepts or rejects the

underlying technology and how the features of the system

influence the user’s acceptance [89].

Usability is defined as the degree to which a person believes

that a specific technology can be used effortlessly [88].

In the case of perception studies involving students, 11 vari-

ables are used in 34 studies (see Table VI). Only one study

uses an elaborated construct, namely, technology acceptance

[62] while the other studies gather simple data in perception

surveys.

The most cited studies correspond to the field of electronics.

The first study involves students of mechanical engineering

[45]. The students indicate that they feel comfortable with the

learning process and consider the app pleasant, easy to use,

and useful. They find that the app is suitable for both theoreti-

cal and practical content. In the second most cited study [76],

the students highlight the technical level, graphical interface,

usability, and interactivity of the app. They also indicate that

they disagree that theoretical concepts should be learned only

by studying, without the need for practical work. In this sense,

the app helps to assimilate theoretical and practical concepts.

In the third most-cited study, interviews are conducted to

determine students’ opinions about using the app [41]. They

TABLE V
ASSESSED CRITERIA

Note: N ¼ 38.

TABLE VI
VARIABLES MEASURED REGARDING STUDENTS’ PERCEPTION

Note: N ¼ 34.
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declare that the app allows them to perform laboratory experi-

ments in less time. However, the students place too much trust

in the benefits of using this app, resulting in less effort to thor-

oughly understand the concepts and in less time spent

studying.

In general, AR presents positive opinions and achieves good

acceptance among students [59]. The results show that this

technology creates an engaging and attractive environment,

which results in more active student participation [46]. There-

fore, there is an increase in student interest and motivation

[29], [53], [63] as well as in enjoyment [65]. Moreover, this

technology is considered useful [45], [54]. This can lead to

improved results obtained in tests [72] and is a valuable

method for self-directed learning and self-evaluation [31].

Some students think that:

“I can get more knowledge and it can help me learn

well”; “I believe it makes learning become more

interesting as I am feeling very excited to see this AR

myself,” or “The system can be used to provide assis-

tance in my study in the near future. So it could be

very helpful” [59].

Regarding usability, only three standardized means are

used: 1) system usability scale (SUS) [45]; 2) Nielsen’s attrib-

utes of usability [54]; and 3) the ISO 9241-11 standard [55].

In general, the usability aspects are duly considered. For

example, in a study conducted by Mart�ın-Guti�errez et al. [45]
using the SUS, the score obtained is approximately 80%. This

score is considered good, as usability is deemed acceptable for

values higher than 55%.

As for negative perceptions, some criticisms are made

about the educational and technical aspects. Regarding the

educational process, some students think that it is not easy

to simultaneously follow an instructor’s explanation and use

an app [72], as well as study new concepts in an app without

the instructors’ support [47], [62], [76]. Therefore, students

believe that they must have a solid theoretical base to com-

plement their learning using the app. Some students also

believe that this technology does not favor teamwork [73]

because apps are generally utilized individually. However,

these criticisms are due to the specific uses of AR apps.

Conversely, other studies adopt a collaborative approach to

AR [52], [56], thereby resulting in students’ opinions favor-

able to teamwork (e.g., “We can share and solve problems

together” [46]). Regarding the technical aspects related to

usability, students report stability problems, flickering, and

lag on the screen when manipulating virtual models [31],

[54], [70].

In the case of perception studies involving instructors, only

four studies are found. All the variables, except two, are used,

namely, perceived enjoyment and technology acceptance (see

Table VII). All the studies used simple perception surveys as

the measurement instruments.

Similar to students, instructors’ perceptions are positive

about the use and possibilities of this technology. It could be

useful toward improving the understanding of situations that

require the visualization of elements in 3-D. Some instructors’

opinions are:

“It can be used as a very good teaching–learning

system”; “The system is excellent and efficient. How-

ever, if follow-up is given, the system can improve to

an optimal approximation” [46]; “Students will be

more focused and enjoy their learning process”; “It is

really interesting and engaging. Nowadays, students

are more technologically savvy, and they will be inter-

ested in this type of thing. This makes learning more

fun” [59].

The two most cited studies are conducted in an electronics

laboratory. In the first one, the academics’ opinions agree with

the students, thus highlighting the technical level, graphical

interface, usability, and interactivity of the app. However,

there are differences in how instructions should be scheduled.

Academics believe that theoretical concepts can be learned

only through lectures and studies and that the app would not

be as efficient to learn concepts. On the contrary, the students

believe that theoretical concepts should be approached in a

more practical way for their understanding and that the app

could assist in this purpose. These results are confirmed by the

second most cited article (by the same authors [47]), in which

another experience with the app is reported.

The use of AR is also evaluated in 17 studies with respect to

its impact on students’ academic performances. The following

methodologies are used (see Table VIII): Comparing an exper-

imental group with a control group, using pretest and posttest,

a single test at the end of the experiment, comparing grades

obtained in the current academic year with grades obtained in

past years, and comparing performance in different educa-

tional settings, such as physical, virtual reality, and AR

laboratories.

TABLE VII
VARIABLES MEASURED REGARDING INSTRUCTORS’ PERCEPTION

Note: N ¼ 4.

TABLE VIII
METHODOLOGIES USED TO EVALUATE IMPACT IN

STUDENTS’ ACADEMIC PERFORMANCE

Note: N ¼ 17.
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Regarding the performance of students trained with AR

apps, tests are used to measure skill acquisition (including spa-

tial skills, laboratory skills, and assembly skills) and knowl-

edge acquisition (see Table IX).

Of the 17 studies that consider academic achievement, only

two report no evidence of improvement in student perfor-

mance. The first of these cases correspond to a remote AR lab-

oratory, where students have no direct relationship with AR

objects [47]. The abovementioned shows that this technology

could have a more significant effect on activities where stu-

dents directly visualize and interact with learning elements,

thus achieving substantial learning.

The second case, which does not show any influence on per-

formance, is a structural analysis app, the only one that

addresses this subject [58]. In this case, it seems that the visu-

alization of elements in 3-D does not influence the acquisition

of knowledge.

All the studies that assess spatial skills yield a positive impact

on the development of spatial abilities by facilitating a faster

understanding of spatial problems and complex relationships,

helping in the teaching process, positively impacting learning

outcomes, and improving academic performance. This is con-

sistent with the perception that AR apps allow for a faster under-

standing of spatial problems and complex relationships.

Of the four studies that evaluate knowledge acquisition,

three correspond to apps related to construction and execution

issues in technical projects. According to the questionnaire’s

answers, the performances of the students using the AR app

improve in all cases. The fourth study corresponds to a struc-

tural analysis app [58]. This study shows no significant differ-

ences in performance between the experimental and control

groups. This is likely because, although the app allows for the

visualization of the forces applied in a structure and their

effects, it does not give students the added value produced by

solving the corresponding formulas.

The two studies related to electronic laboratory skills pres-

ent mixed results. In the first study, the experimental and con-

trol groups are compared using laboratory experiments. With

the help of a smartphone, students in the experimental group

are facilitated via videos, graphs, and links to supplementary

materials to assist them. The study concludes, after a 5-week

training, that students who use the AR app achieve a statisti-

cally significant improvement in their performance [41]. In

the second study, an AR laboratory to work remotely is imple-

mented, and three groups of students are formed in the elec-

tronics laboratory (traditional classes, virtual laboratory, and

remote laboratory with AR). The students perform two labora-

tory experiments. In the first one, students design a digital

sequential control system using a development board, in

which the virtual laboratory group performs better. In the sec-

ond experiment, the students develop a control system for a

robot to avoid obstacles. They use monitor-based stereo

glasses to interact with AR elements superimposed on a real

scenario, assisted by their computer mouse. The best results

are obtained by both the group that conducts the traditional

laboratory and the one that uses the AR app [47].

The most cited study [41] is used in electronics laboratories

(electrolysis of water, Ohm’s law, Wheatstone bridge,

Kirchhoff’s law, and three-phase transformer connections).

The second most cited study [47] compares three groups of

students in the electronics laboratory (traditional classes, vir-

tual laboratory, and remote laboratory with AR). Both studies

have been summarized in the previous paragraph. The third

most-cited study [66] uses an AR app in assembly tasks. The

results show that students who use the AR app significantly

reduce the assembly time and the number of steps used.

D. RQ4: What Were the Main Characteristics of the AR Apps

in Engineering Education?

For this research question, we again focus on the 42 apps

identified. In the literature, we find two adequate classifica-

tions of AR app characteristics: 1) enabling technologies [27];

and 2) functional features [28].

Five enabling technologies are distinguished by Wang et al.

[27]: 1) media representation; 2) computing devices; 3) user

input; 4) display; and 5) tracking system. Below, we include

their definitions, as well as their use in the publications

reviewed.

1) Media Representation: This represents the form in which

information is displayed. It can be text, symbols, images, vid-

eos, elements in 3-D, or animation. Most publications use ele-

ments in 3-D for graphic representation, four use texts or

symbols, three use animations, two use videos, and two other

apps use images (see Table X).

TABLE X
MEDIA REPRESENTATION

Note: N ¼ 42.

TABLE IX
PERFORMANCE MEASURES

Note: N ¼ 17.
Fig. 1. Media representation—last three years versus preceding years.
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In the last three years, compared to the preceding years, ani-

mation has been the media representation that increases the

most in its use, from 4% to 12% of the total analyzed apps

(see Fig. 1).

2) Computing Device: This identifies the computing device

that processes the AR app. It can be a desktop computer, lap-

top, tablet, smartphone, or wearable device (see Table XI). In

total of 18 apps are used on a desktop computer or a laptop. In

many cases, the authors argue that the app is a prototype and,

therefore, portable technology is not used to reduce develop-

ment effort. In total of 18 apps use tablets or smartphones for

their operations. Finally, six cases use wearable devices,

namely, AR lenses. These lenses are used in complex apps,

such as the app developed by Restivo et al. [52]. They conduct

a collaborative learning experiment using marker-based AR,

with several users simultaneously viewing and interacting

with the scene. In the last three years, compared to the previ-

ous years, tablets and smartphones are the computing device

category that increase the most in their use, varying from 28%

to 65% of the total analyzed apps (see Fig. 2).

3) User Input: This identifies the means adopted by the user

to interact with virtualized information, that is, through con-

trols, gestural entries, or device movements (see Table XII).

Thirty two of the apps use device movements (tablet, smart-

phone, or webcam) to interact with virtual elements. Four

apps use controls, and four apps require moving the associated

markers to interact. Only one app supports touch gestures in

the device [31]. Another app supports interaction utilizing a

pen pointer, thereby allowing 3-D spatial localization and

multimodal feedback (vibrations, tactile stimulations, heat)

about invisible electronic characteristics, such as electronic

noise or power dissipation [43].

In the last three years, compared to the previous years,

device movement has been the form of device interaction that

has increased the most in use, rising from 68% to 88% of the

total analyzed apps (see Fig. 3). In addition, the minority inter-

action modes disappear.

4) Display: This is the device used by the app for display,

such as a monitor-based display (e.g., tablet, smartphone,

desktop, or laptop screens), monitor-based stereo glasses,

HMDs with monitor-based outputs, or optical see-through

HMD outputs (see Table XIII). Thirty five apps use a moni-

tor-based display. Four apps use an HMD with a monitor-

based output. Finally, two apps use an optical see-through

HMD (users can watch the virtual information provided

by the system while interacting with their hands [59]), and

one app uses monitor-based stereo glasses. In the last

three years, new display technology has been used (optical

see-through HMD), unlike HMDs with monitor-based out-

puts and monitor-based stereo glasses, which have been

discontinued.

5) Tracking System: This technology enables the determina-

tion of the position of an object in real time. Whenever the

user moves the AR device, the tracking system recalculates

the new position in real time; thus, the virtual contents remain

aligned with the real object. These systems include marker-

based tracking (including images as markers) and markerless

tracking. Among the latter, we can find natural feature track-

ing, model-based tracking, and simultaneous localization and

mapping (SLAM). Natural feature tracking consists of finding

natural features in a scene [90]. Model-based tracking uses a

3-D model to estimate the object’s position. This method is

commonly used for tracking 3-D objects without texture [90].

TABLE XI
COMPUTING DEVICES

Note: N ¼ 42.

Fig. 2. Computing device—last three years versus preceding years.

TABLE XII
USER INPUT

Note: N ¼ 42.

Fig. 3. User input—last three years versus preceding years.

TABLE XIII
DISPLAY

Note: N ¼ 42.
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Finally, SLAM provides a real-time estimation of 3-D models

from the sole input [91]. The most common tracking system is

marker-based tracking, but some cases of natural feature

tracking and model-based tracking have also been reported.

No other tracking system is used in the experiences gathered

(see Table XIV).

The second classification of AR app characteristics consid-

ers functional characteristics. Hugues et al. [28] distinguished

documented reality, documented virtuality, augmented under-

standing, augmented visibility, perceptual association with an

overlay of virtual objects, perceptual association with the inte-

gration of virtual objects, and behavioral association with the

integration of virtual objects. Note that in Table XV, only five

of the seven characteristics distinguished by Hugues et al. are

found.

The occurrences of these characteristics in the app are pre-

sented in an increasing degree of complexity.

6) Documented Reality: This is a minimal feature of the

AR. Virtual entities and real images are displayed on two dif-

ferent panels of the screen. The information displayed is

related to the reality shown, with narratives, and helps the user

to understand and guide specific actions, if necessary [28].

Three apps present this characteristic (two in electronics and

one in assembling). Documented reality has been used to

deliver complementary information to correctly perform an

activity, such as written instructions for the user.

7) Documented Virtuality: This displays real objects com-

plemented with static information to achieve a better under-

standing [28]. Two apps have this feature, in electronics and

construction. Video is the most often used medium to deliver

complementary information. In the construction area, students

focus their mobile devices on images shown in the textbook,

which results in playing or displaying multimedia items (vid-

eos, sounds, and images) to explain or reinforce the technical

concepts given by the instructor. In addition, support is pro-

vided to enable collaborative work with classmates and dis-

cuss the information given [56].

8) Augmented Understanding: This implies embedding

complementary information into real images to enhance their

knowledge [28]. Two apps use this characteristic, both in elec-

tronics. In one study, the students have to identify the different

pieces of electronic boards [44]; in the other, the students have

to follow instructions in a real environment [43].

9) Augmented Visibility: This displays virtual objects that

geometrically match the contours of real objects to improve

their understanding [28] (see Fig. 4). This is the most com-

mon characteristic of the apps found in this study. A total

of 29 apps present augmented visibility, including all the

apps used in technical drawing to visualize mechanical or

electronic pieces in 3-D [29], [31], [34], [46], [49]. This

type of experience can be found in other subjects as well,

such as the areas of construction of buildings [55], types of

machinery in 3-D [52], electromagnetism [62], or level

curves in 3-D [70].

10) Perceptual Association With an Overlay of Virtual

Objects: This feature incorporates virtual objects into a real

scenario, visually superimposing them over reality [28]. Six

apps use this characteristic. Two are in electronics, where

virtual objects are embedded into an electronic board [45],

[47]. Two are in manufacturing, where elements are incor-

porated into the types of machinery of productive processes

[59], [61]. Finally, one is in robotics, adding an arm on an

artifact for its operation [67], and another is in production,

TABLE XIV
TRACKING SYSTEM

Note: N ¼ 42.

TABLE XV
FUNCTIONAL CHARACTERISTICS

Note: N ¼ 42.

Fig. 4. Augmented visibility’s example. Two AR views are shown of a load-
ing and transportation exercise in engineering. The objective is to visualize a
small mountain before and after the construction of a road. That can help the
student calculate the volume of earth required to build the road with an
embankment in the gully and determine the earth’s volume removed required
for the road’s passage, together with its corresponding embankment.
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where elements are added on a production line [68]. In the

last three years, compared to the previous years, perceptual

association with an overlay of virtual objects has been the

functional characteristic that increases the most in its use,

varying from 12% to 18% of the total number of analyzed

apps (see Fig. 5).

E. RQ5: What Is the Degree of Interactivity of the AR Apps in

Engineering Education?

In the publications analyzed, only 10 apps are found to explic-

itly support some degree of interactivity (see Table XVI). Elec-

tronics is the area where more interactive apps are reported,

totaling six. Electronic boards can be manipulated through

switches in AR to check their performance [42], [47], [49], or

electrical circuits can be assembled, and their correct behavior is

tested [46], [51]. Among these studies, one of the pioneers of

interactive AR apps is the most cited [49]. The second most-

cited study corresponds to an app that shows electromagnetic

fields in 3-D interacting with each other through the movement

of markers [64]. In this case, the app shows the resulting mag-

netic field during contact. This case shows a 3-D figure to under-

stand it and visually explains its interaction and results.

The third most-cited study corresponds to an app in the con-

struction area [58]. This app allows for the visualization of 3-

D models to illustrate how structures behave under different

loading conditions. Students can interactively change the load

and observe the reaction resulting from this change with

instant feedback.

Interactive apps have also been developed in three addi-

tional areas. In robotics, the arm of a machine can be manipu-

lated using a 3-D image of the same arm on the monitor [67].

In the production area, the process in a production line can be

manipulated using AR elements, resulting in manipulations of

a programmable logic controller [68]. Finally, an interaction

is found in a study of nuclear reactors, where their cores and

the manipulation of extraction rods are simulated. The repre-

sentation and movement of both the rod and the core are

shown in AR [69].

In general, the interactions that are achieved with AR apps

are limited. In electronics, the area with the most interactive

apps, the majority only show operating states when handling

switches. In only a few cases, the user can interact with

the elements of electrical circuits to check their correctness

without performing further computations (e.g., voltage or

current).

IV. DISCUSSION

In this section, the systematic review results are summa-

rized, and the main threats to validity are identified. The find-

ings obtained for the research questions are successively

presented, as well as a discussion of them and the suggested

opportunities vis-�a-vis future research.

A. RQ1: In Which Engineering Studies Has AR Been

Applied?

This technology has been applied more frequently to techni-

cal drawing and electronics. In technical drawing, as well as

construction and topography, 3-D visualizations of elements are

displayed to increase understanding. In electronics, more diver-

sity has been found based on modeling electronic components

with some level of interaction. The use of this technology has

hardly been expanded to other areas of engineering education.

The use of AR is heterogeneous in different engineering

education areas. An open question is whether this situation

comes from the different adequacy of AR to the educational

needs of different areas or just by lack of interest in those

areas. The absence of AR in “virtual engineering” areas, such

as computing or telecommunications, can be an argument for

the first hypothesis. In effect, disciplines whose natures are

virtual do not need AR because they already use a myriad of

virtual resources and materials in digital devices (e.g., soft-

ware visualization for programming or algorithms [92]). A

deeper study would elucidate this issue.

In the literature reviewed, AR is used to explain concepts

and basic skills. Although the technology may potentially sup-

port the development of advanced skills that in the future will

be demanded in Industry 4.0, this is currently not the case.

Therefore, there is a niche for more AR apps in this regard.

Sectors that could benefit from IAR include automotive,

mechanical, automation, and aerospace [20].

B. RQ2: In What Types of Educational Activities in

Engineering Education Have AR Apps Been Used?

The types of educational activities in which AR apps have

been used are markedly dependent on the subject. Typically,

AR apps have been used in electronics laboratories to interact

with electrical circuits. In contrast, they have mostly been

used in technical drawing exercise classes, where the 3-D

interactive visualization features of AR are exploited to solve

problems. Finally, the use of AR in lectures is most common

Fig. 5. Functional characteristics—last three years versus preceding years.

TABLE XVI
TYPES OF INTERACTIONS OF APPS

Note: N ¼ 10.
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in construction, mainly to deliver complementary information,

such as notes, images, and videos.

Even in areas where this technology is used, it is in the

minority. More meditation on educational scenarios and exer-

cises adequate to each area is necessary, and more AR apps

should be designed, implemented, and evaluated. Thus, for

technical drawing, AR could be more than just a tool for visu-

alizing 3-D elements. For electronics, the types of activities

that can be performed in the laboratory with the help of apps

can be expanded. In construction, AR can provide more than

just supporting information. In other areas, these trails have

not been blazed.

Efforts should be made to integrate the design of AR apps

with active learning methods. For instance, one of the most suc-

cessful active learning methodologies is collaborative learning

[93], especially in laboratory activities. Currently, some stu-

dents (and perhaps instructors) mistakenly believe that AR dis-

courages teamwork and encourages individual learning. In

fact, it is so when app usage is limited to delivering descriptive

information, visualization of 3-D elements, and simple tasks.

However, some successful experiences [46] suggest that AR

can successfully support collaborative learning.

Moreover, apps should allow for the customization of exer-

cises by academics and even students, so that more demanding

exercises can be stated and higher levels of cognitive develop-

ment can be achieved by students.

Another suggestion for future work is the integration of AR

apps into centralized learning management systems to provide

real-time feedback on student performance and track student

activities and individualized difficulties.

Large-scale virtualization of activities, especially virtual

laboratories, has not been fully exploited. Notwithstanding the

potential benefits claimed in the introduction, it also brings

about educational challenges. Academics must plan their par-

ticipation as a guide in this type of activity, which is different

from traditional instruction. Student-centered pedagogical

models and flipped classrooms can be useful in the develop-

ment of such educational processes.

C. RQ3: How Have AR Apps Been Assessed in Engineering

Education?

Another concern of the research has been whether the impact

of this technology has been evaluated in realistic educational

situations. The assessment criteria documented in the publica-

tions are students’ and instructors’ perceptions and students’

performance. Perceptions are subjectively scored using sur-

veys, while academic performance is mostly evaluated using

controlled experiments with pretest and posttest designs.

In general, it seems that AR increases students’ interest and

motivation and promotes active participation in learning situa-

tions. Academics also have positive opinions regarding the

aspects consulted.

Students find apps useful to improve their academic perfor-

mance and undertake autonomous work. However, they con-

sider it necessary to have a theory explained prior to using the

app to autonomously reinforce such knowledge. This opinion

contrasts with academics’ beliefs that it would be useful to use

it at an early stage by students to learn new concepts.

A negative aspect indicated by students is the technical

problems (e.g., stability, flickering, and lag in the apps), which

may be due to the novelty of the underlying technology or

insufficiently elaborated prototypes.

Some variables can be studied using more elaborated instru-

ments than subjective surveys. A representative example is a

usability, where the lack of studies with standard approaches,

such as the SUS or ISO 9241-11, does not provide adequate

information about the most common pitfalls in the user inter-

faces of AR apps. Several technologies, such as eye-tracking

services, could also be used to analyze user interaction with

the app, obtain feedback, and support designers and pro-

grammers in improving this type of app. Another example is

motivation, wherein validated questionnaires exist based on

psychological theories, such as self-determination theory.

Similarly, more structured variables can provide deeper

information on different aspects of the educational process.

One representative example is technological acceptance, of

which only one study has been documented [62]. Research on

acceptance shows the factors that influence the adoption of

this technology in educational settings.

Perception has been evaluated much more often for students

than for instructors. Conducting more studies on instructors is

recommended, as they are key agents in the adoption of educa-

tional technologies.

Regarding the impact on academic performance, the most

often measured criterion is spatial skills. In general, AR has

shown a positive impact on academic performance. In particu-

lar, all the studies show an improvement in the development

of spatial abilities. However, the number of studies on other

skills and/or concepts is small. More controlled evaluations

are necessary to obtain more representative and generalizable

results. AR should also be evaluated in additional subjects and

educational approaches.

D. RQ4: What Are the Main Characteristics of the AR Apps

Used in Engineering Education?

The apps’ characteristics are analyzed with respect to two

different classifications. The first classification identifies five

enabling technologies. Most apps use 3-D representations,

with a growing tendency to use animation. Most apps are

found to run on desktops or laptops. However, their use in

mobile devices is growing. Most AR apps simultaneously use

monitor-based displays, marker-based tracking, and move-

ment of devices as input means.

Concerning the second classification, functional character-

istics, the most frequently used attribute is augmented visibil-

ity, using 3-D elements to support spatial skills training.

Future AR apps could be improved by enhancing their

sophistication based on several characteristics. Thus, design-

ers should study the incorporation of the functional features of

perceptual association with the integration of virtual objects to

obtain virtual elements that interact more naturally with the

environment. It would also be desirable to further explore
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markerless tracking systems, thus achieving a more fluid inter-

action with the environment without the need for markers.

E. RQ5: What Is the Degree of Interactivity of AR Apps Used

in Engineering Education?

Only about one-quarter of the studies’ apps have some

degree of interactivity. Furthermore, their degree of interactiv-

ity is relatively low, and customization of the learning experi-

ence is minimal. Therefore, more efforts should be devoted to

developing apps that allow for higher levels of interactivity.

The resulting educational activities would be richer, and stu-

dents could play an active role.

F. Relation With Previous Reviews

Although no systematic reviews on educational AR have

been found for engineering, the results can be compared with

previous studies in other educational areas (education [7], [8],

[10], [11], and science education [9]). An interesting finding is

that the most recurrent educational settings found in this review

are laboratory activities and exercise classes, as opposed to

other studies, where the main focus is on explaining specific

topics. This may be due to the nature of the subjects and educa-

tional level. In engineering subjects, such as electronics and

technical drawing, skills training is performed more efficiently.

This differs from other areas and educational levels wherein

AR mainly serves to deliver knowledge [9]. Regarding the

assessment of AR use, most studies assess students with respect

to either their perception of technology or the measurement of

improvement in their academic performance. For the former

criterion, most engineering studies that address perception use

surveys, while in other areas, it is common to use other qualita-

tive methods, such as case studies [8], [10].

All studies agree that technology generally leads to

improved learning achievement and promotes better academic

performance. They also agree that they improve certain

aspects, such as learning motivation, student engagement, and

positive attitudes, among others [7], [8]. This is because of the

interaction and graphical content used. However, they also

warn that their positive impact may be due to the novelty of

the technology. Furthermore, these are mainly cross-sectional

studies. They also concur with the incorporation of longitudi-

nal studies to determine if the results are maintained over time.

Regarding the technical characteristics of the apps used,

marker-based AR technology is the most commonly used, as

well as their use in desktop computers and mobile devices [7],

[8], [11]. Desktop computers have been used, especially as edu-

cational establishments have computer laboratories. Mobile

devices are used because a large number of students have them

more frequently.

The studies also agree on the lack of interactivity or custom-

ization of the apps. For example, Bacca et al. [7] find that only

2 of 32 studies report personalized processes. Generally, the

apps show predetermined situations, with a low degree of cus-

tomization for the construction of new educational scenarios.

G. Threats to Validity

Three main threats to validity can be identified. First, a sys-

tematic review is created by searching four databases that are

highly relevant in engineering education [22], [94]. However,

conferences or journals that are not recorded in such databases

may contain additional interesting articles on AR apps and

engineering education. Second, the number of papers that

address some issues is minimal (most notably, instructors’ per-

ceptions, Table VII). Therefore, these issues have hardly been

researched, and the conclusions obtained may not be represen-

tative of reality. Third, the research can be expanded with

additional strings.

Regardless of these limitations, the study is conducted using

a well-defined process, finding a high number of publications,

and the analysis is highly informative.

V. CONCLUSION

This article presents a systematic review of the state of the

AR technology applied to engineering education. It has been

found that AR has not been intensively used in most engineer-

ing areas; thus, its potential has not yet been fully exploited.

The findings reported can be useful to educators, developers,

and researchers to improve AR apps and their educational use

in different ways. Educators interested in AR can be aware of

different aspects of apps, which can be useful in decision-mak-

ing, from their educational uses to more technical issues or

ways and variables to evaluate their impact on students. More

AR apps with more advanced features are necessary to foster

instructors’ adoption. Accordingly, developers and researchers

should make an effort to construct apps with more sophisticated

characteristics to fully exploit the potential of AR. Researchers

should also persist in using more objective measures, elabo-

rated constructs, and validated scales in evaluations.
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[8] M. Akçayır and G. Akçayır, “Advantages and challenges associated with
augmented reality for education: A systematic review of the literature,”
Educ. Res. Rev., vol. 20, pp. 1–11, Feb. 2017, doi: 10.1016/j.
edurev.2016.11.002.

[9] M. Ib�a~nez and C. Delgado-Kloos, “Augmented reality for STEM learn-
ing: A systematic review,” Comput. Educ., vol. 123, pp. 109–123, Feb.
2018, doi: 10.1016/j.compedu.2018.05.002.

[10] M. da Silva, J. Teixeira, P. Cavalcante, and V. Teichrieb, “Perspectives
on how to evaluate augmented reality technology tools for education: A
systematic review,” J. Brazilian Comput. Soc., vol. 25, 2019, Art. no. 3,
doi: 10.1186/s13173-019-0084-8.

[11] N. Pellas, P. Fotaris, I. Kazanidis, and D. Wells, “Augmenting the learn-
ing experience in primary and secondary school education: A systematic
review of recent trends in augmented reality game-based learning,” Vir-
tual Reality, vol. 23, pp. 329–346, Dec. 2019, doi: 10.1007/s10055-018-
0347-2.

[12] J. W. Yoon et al., “Augmented reality for the surgeon: Systematic
review,” Int. J. Med. Robot. Comput. Assist. Surgery, vol. 14, no. 4,
pp. 1–13, Aug. 2018, doi: 10.1002/rcs.1914.

[13] A. Meola, F. Cutolo, M. Carbone, F. Cagnazzo, M. Ferrari, and
V. Ferrari, “Augmented reality in neurosurgery: A systematic review,”
Neurosurgical Rev., vol. 40, pp. 537–548, Oct. 2017, doi: 10.1007/
s10143-016-0732-9.

[14] D. Guha, N. M. Alotaibi, N. Nguyen, S. Gupta, C. McFaul, and
V. X. D. Yang, “Augmented reality in neurosurgery: A review of current
concepts and emerging applications,” Can. J. Neurol. Sci., J. Can. Des
Sci. Neurol., vol. 44, no. 3, pp. 235–245, May 2017, doi: 10.1017/
cjn.2016.443.

[15] E. Z. Barsom, M. Graafland, and M. P. Schijven, “Systematic review on
the effectiveness of augmented reality applications in medical training,”
Surgical Endoscopy, vol. 30, pp. 4174–4183, Oct. 2016, doi: 10.1007/
s00464-016-4800-6.

[16] P. E. Pelargos et al., “Utilizing virtual and augmented reality for educa-
tional and clinical enhancements in neurosurgery,” J. Clin. Neurosci.,
vol. 35, pp. 1–4, Jan. 2017, doi: 10.1016/j.jocn.2016.09.002.

[17] A. Nesterov, I. Kholodilin, A. Shishkov, and P. Vanin, “Augmented real-
ity in engineering education: Opportunities and advantages,” Commun.
Sci. Lett. Univ. Zilina, vol. 19, no. 4, pp. 117–121, 2017. [Online]. Avail-
able: komunikacie.uniza.sk/index.php/communications/article/view/280

[18] P. Fraga-Lamas, T. Fern�andez-Caram�es, �O. Blanco-Novoa, and
M. Vilar-Montesinos, “A review on industrial augmented reality sys-
tems for the Industry 4.0 shipyard,” IEEE Access, vol. 6, pp. 13358–
13375, 2018, doi: 10.1109/ACCESS.2018.2808326.

[19] A. Vidal-Balea, O. Blanco-Novoa, P. Fraga-Lamas, M. Vilar-Montesinos,
and T. M. Fern�andez-Caram�es, “Creating collaborative augmented reality
experiences for Industry 4.0 training and assistance applications: Perfor-
mance evaluation in the shipyard of the future,” Appl. Sci., vol. 10, no. 24,
2020, Art. no. 9073, doi: 10.3390/app10249073.

[20] L. F. de Souza Cardoso, C. F., M. Martins, and E. R. Zorzal, “A survey
of industrial augmented reality,” Comput. Ind. Eng., vol. 139, Jan. 2020,
Art. no. 106159, doi: 10.1016/j.cie.2019.106159.

[21] B. Kitchenham, “Procedures for performing systematic reviews,” Dept.
Comput. Sci., Keele Univ., Keele, U.K., Empirical Softw. Eng. Group,
Nat. ICT Aust., Sydney, Australia, Joint Tech. Rep. TR/SE-0401 (Keele)
and 0400011T.1 (NICTA), Jul. 2004. [Online]. Available: www.inf.ufsc.
br/�aldo.vw/kitchenham.pdf

[22] L. I. Meho and Y. Rogers, “Citation counting, citation ranking, and h-
index of human-computer interaction researchers: A comparison of Sco-
pus and Web of Science,” J. Amer. Soc. Inf. Sci. Technol., vol. 59,
no. 11, pp. 1711–1726, Sep. 2008, doi: 10.1002/asi.20874.

[23] J. F. DeFranco and P. A. Laplante, “A content analysis process for quali-
tative software engineering research,” Innov. Syst. Softw. Eng., vol. 13,
pp. 129–141, Sep. 2017, doi: 10.1007/s11334-017-0287-0.

[24] H.-F. Hsieh and S. E. Shannon, “Three approaches to qualitative content
analysis,” Qualitative Health Res., vol. 15, no. 9, pp. 1277–1288, Nov.
2005, doi: 10.1177/1049732305276687.

[25] S. Elo and H. Kyng€as, “The qualitative content analysis process,” J. Adv.
Nursing, vol. 62, no. 1, pp. 107–115, Apr. 2008, doi: 10.1111/j.1365-
2648.2007.04569.x.

[26] B. G. Glaser and A. L. Strauss, The Discovery of Grounded Theory:
Strategies for Qualitative Research. London, U.K.: Transaction,
1967.

[27] X. Wang, M. J. Kim, P. E. D. Love, and S.-C. Kang, “Augmented reality
in built environment: Classification and implications for future
research,” Automat. Construction, vol. 32, pp. 1–13, Jul. 2013,
doi: 10.1016/j.autcon.2012.11.021.

[28] O. Hugues, P. Fuchs, and O. Nannipieri, “New augmented reality
taxonomy: Technologies and features of augmented environment,”
in Handbook of Augmented Reality, B. Furht, Ed. New York, NY,
USA: Springer, 2011, pp. 47–64, doi: 10.1007/978-1-4614-0064-
6_2.

[29] F. J. Ayala Alvarez, E. B. Bl�azquez Parra, and F. de P Montes-Tub�ıo,
“Incorporation of 3D ICT elements into class,” Comput. Appl. Eng.
Educ., vol. 25, no. 3, pp. 542–549, May 2017, doi: 10.1002/
cae.21802.

[30] M. P. Bergamaschi and I. F. Silveira, “Enhancing the understanding of
3D objects for engineering students: A mixed methodology of AR appli-
cation and traditional educational materials,” in Proc. 16th Symp. Vir-
tual Augmented Reality, May 2014, pp. 127–130, doi: 10.1109/
SVR.2014.44.

[31] J. Camba, M. Contero, and G. Salvador-Herranz, “Desktop vs. mobile:
A comparative study of augmented reality systems for engineering visu-
alizations in education,” in Proc. 44th ASEE/IEEE Frontiers Educ.
Conf., Oct. 2014, pp. 1–8, doi: 10.1109/FIE.2014.7044138.

[32] H. Chen, K. Feng, C. Mo, S. Cheng, Z. Guo, and Y. Huang, “Application
of augmented reality in engineering graphics education,” in Proc. IEEE
5th Int. Symp. IT Med. Educ., Dec. 2011, pp. 362–365, doi: 10.1109/
ITiME.2011.6132125.

[33] M. Contero, J. M. Gomis, F. Naya, F. Albert, and J. Martin-Gutierrez,
“Development of an augmented reality based remedial course to
improve the spatial ability of engineering students,” in Proc. 42nd
ASEE/IEEE Frontiers Educ. Conf., Oct. 2012, pp. 1–5, doi: 10.1109/
FIE.2012.6462312.

[34] M. J. G. Figueiredo, P. J. S. Cardoso, C. D. F. Gonçalves, and
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Interactive AR App for Real-Time Analysis
of Resistive Circuits

Alejandro Álvarez-Marín , Member, IEEE, J. Ángel Velázquez-Iturbide , Senior Member, IEEE,

and Ricardo Campos-Villarroel

Abstract—An augmented reality app for real-time analysis of
direct current in resistive circuits is presented. The app allows
the manipulation of circuit elements and computes the values of
voltage and current intensity using the loop method and applying
the Kirchhoff’s voltage law. The app can be used in theoretical
classes and laboratories. The contributions of this paper are two-
fold. First, the app has higher levels of interactivity than other
apps in the same domain since it allows defining the configuration
and the parameters of the circuit. Second, the app performs more
complex computations than similar apps in real-time.

Index Terms—Augmented reality, resistive circuits, laborato-
ries, DC analysis.

I. INTRODUCTION

AAUGMENTED reality (AR) technology integrates virtual
objects, often in three-dimensional models, with real

scenarios in real-time [1]. It allows the user to observe objects
in the real world while simultaneously delivering additional
information, such as virtual object overlays [2] or explanatory
instructions [3]. AR is increasingly used in different areas,
including education [4]. The use of AR in the classroom
can contribute to improving students’ experiences. Its imple-
mentation in educational processes has achieved more active
participation by students [5], increasing their interest and
motivation to learn [6]–[8]. This technology has also been
shown to increase students’ academic performance due to its
ability to allow a quick understanding of spatial problems and
complex relationships [9]–[11].
Electronics is one of the areas where AR educational apps

have been used. Most of the experiences in this area are carried
out in laboratories and allow interaction with real electronic
boards. Using targets (element or marker, which must be
recognized by a device such as a smartphone or a tablet,
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to identify the position of a virtual object to be projected), it is
possible to visualize real electronic components on the boards
also additional virtual components. In some cases, it is possible
to simulate the behavior of an electronic board with switches
as AR elements [12]–[14] or to know the inner wiring of an
electronic component by selecting it with a pen pointer [15].
In other cases, apps can guide an electronic board’s repair
by analyzing its components and then through step-by-step
guidance [16].
Besides, there are experiences with electrical circuits

designed with symbols. This more straightforward approach
allows interpreting standard electrical symbols as targets,
showing their components in three dimensions and giving an
explanatory note for each of them [17]. A more advanced
feature is to include switches to analyze the circuit behavior
when enabled [18]. Also, electrical circuits can be configured
through targets representing different components to allow the
user to observe the resulting operation [5], [17], [18].
Some apps support electronic equipment analysis. Electrical

and electronic components are identified and provide different
information types, such as monitoring data, visualization of
the internal structure, technical circuit design, and instructions,
among others [19].
Usually, the instructor plays a guiding role in laboratory

classes [20], either supporting learning as a peer-to-peer
guide [21] or providing the conditions to perform simula-
tions [13], [14], [16], [18].
We analyze the degree of interactivity in these AR apps.

Aqel [22] proposes four levels to examine the degree of
interactivity.
Level I: Passive. The interaction is straightforward and

unidirectional. The learner is only a receiver of information,
reading text on a screen, viewing graphics or illustrations,
among others.
Level II: Limited interaction. Apps consider a simple two-

way interaction with the student. As an example, simple
questions can be incorporated for the student to answer.
Level III: Complex interaction. The student can manipulate

graphical objects to analyze their behavior.
Level IV: Real-time interaction. The student can interact in

a simulation where stimuli generate complex responses.
We found that only four apps had interactivity. Electronic

boards can be manipulated through switches in augmented
reality to see how they work [13], [14], or to assemble
basic electrical circuits to analyze if they were configured
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correctly [5], [17]. However, these apps’ degree of interactivity
only reaches level III, leaving little room for a more flexible
educational use. Consequently, it is relevant to address the
development of AR apps with a higher degree of interactivity.
AR technology has a high acceptance to address it in

electronics because students consider it a tricky subject [17].
Electricity concepts are challenging to understand because they
cannot visualize what electricity is and how it works [5]. For
example, they do not understand the current flow within the
circuit or the differences between serial and parallel circuits.
Consequently, making electricity visible through AR apps
makes the subject more intuitive for them [18].
This paper presents an AR app designed to facilitate electri-

cal circuits’ learning, based on a higher degree of interactivity
than existing apps.
An app to analyze direct current (DC) in resistive circuits

was developed. A resistive circuit can include batteries, light
bulbs, and resistors. The app allows the user to change the bat-
teries’ voltage values and the resistance value of the light bulbs
and resistors under controlled safety conditions. Although the
light bulbs are resistors, they were created to show the effect of
current intensity on their luminosity. Also, the app calculates in
real-time and displays the resulting current and voltage values.
With the above, students will have the chance to experiment

with different circuits, combining various elements (batteries,
light bulbs, and resistors), creating many configurations. They
will understand different types of current behaviors while
practicing with serial and parallel circuits by modifying their
elements’ resistance or voltage values.
It is rare for similar apps to perform this type of calcula-

tion considering the circuit conditions. These features allow
academics and students to practice and experiment with a
wide range of exercises. For all of the above, the proposed
app reaches the maximum level of interactivity (level IV),
corresponding to real-time interaction, with complex responses
by the app [22]. Existing AR apps, such as the one proposed by
Restivo et al. [18], reach level III of interactivity, correspond-
ing to a complex interaction because they only allow placing
elements in predefined positions in an electrical circuit, not
performing the calculation of current intensity in real-time.
The structure of the article follows. Section II points out

the theory used for the development of the app. Section III
presents relevant development details and explains events
related to the AR objects. Section IV a case to show the
functionalities of the app. Section V its validation as an
educational tool, where it shows the results of a perception
survey applied to engineering students.

II. UNDERLYING MODEL FOR ANALYZING
RESISTIVE CIRCUITS

The app solves resistive circuit analysis exercises with the
loop current method [23]. The circuit mesh shown in Fig-
ure 1 will be used as an example to address the development of
current and voltage calculations and show how the app works.
This method consists of the following steps.
Step 1: Although the address assigned to a loop current

is arbitrary, it is assigned a clockwise current. In each loop,

Fig. 1. Resistive circuit with loop method.

it should have only one current assigned to it to avoid
redundancy. This current direction may not be real, but this
does not matter in the first instance. The number of loop
current assignments should be sufficient to include circulating
currents through all circuit components.
Step 2: The polarities of the voltage drop in each loop are

indicated according to the assigned current directions.
Step 3: Kirchhoff’s voltage law is applied around each loop.

When more than one current passes through a component (e.g.,
R2 in Figure 1), the analysis must consider voltage drop. In this
way, an equation is obtained for each loop.
Kirchhoff’s voltage law applied to the two loops in Fig-

ure 1 produces the following equations:
R1 IA + R2 (IA − IB) = VS1 for loop A (1)

R3 IB + R2 (IB − IA) = VS2 for loop B (2)

Similar terms present in the equations are grouped and
reordered in the standard way. Each unknown corresponding
to the currents must have the same position in each equation,
i.e., the IA term goes first, and IB is placed second. Equa-
tions (1) and (2) are rearranged as follows:

(R1 + R2)IA − R2 IB = VS1 for loop A (3)

−R2 IA + (R2+R3)IB = −V S2 for loop B (4)

With equations (3) and (4), the following system of equa-
tions structure is obtained:

a1,1x1 + a1,2x2 = b1 (5)

a2,1x1 + a2,2x2 = b2 (6)

Step 4. The resulting equations (5) and (6) for the loop
currents are solved using determinants. The coefficients a1,1,
a1,2, a2,1, a2,2, VS1, and VS2, are replaced in equations (7),
(8), and (9) to obtain the values of IA , IB , and IC .

IA =

∣
∣
∣
∣

b1 a1,2
b2 a2,2

∣
∣
∣
∣

∣
∣
∣
∣

a1,1 a1,2
a2,1 a2,2

∣
∣
∣
∣

(7)

IB =

∣
∣
∣
∣

a1,1 b1
a2,1 b2

∣
∣
∣
∣

∣
∣
∣
∣

a1,1 a1,2
a2,1 a2,2

∣
∣
∣
∣

(8)

IC = IA − IB (9)
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Fig. 2. App’s architecture.

III. APP DESIGN AND IMPLEMENTATION

In this section, development details are presented. The above
is relevant for programming and explains events related to
AR objects. The app, called “INGAR DC Analysis,” operates
five different resistive circuit meshes. These circuits can be
select on the start screen. One mesh corresponds to a serial
circuit, while four correspond to parallel circuits, which can
interact with up to four batteries, light bulbs, and resistors
simultaneously.
The app architecture consists of three development envi-

ronments: Vuforia, which recognizes and manages the targets;
Blender for object modeling; and Unity as the graphics engine.
The latter synchronizes the targets and the 3D models to obtain
the AR objects. Besides, it is in charge of capturing trigger
events (Triggers) and setting behaviors. It is also in charge
of managing the order of scenes and the app’s user interface
(Figure 2).
The app development is facilitated using prefabs (predefined

elements) obtained from the Vuforia SDK. The app uses an
optical tracker in its operation. This technology allows to
accurately determine the position of a virtual element in a real
environment. Circuits, batteries, light bulbs, and resistors use
a QR code as a target to position each associated AR object
in space.
The 3D objects were created with Blender. A model cor-

responding to the resistive circuit was created, consisting of
seven branches numbered 1 to 7 (Figure 3). A branch is a path
between two nodes where the AR objects that will interact can
be included.
The batteries have been assigned a default voltage value

of 10 V. Its polarity can be changed.
The light bulbs were assigned a predetermined ohmic resis-

tance of 10 �. The luminous intensity of the light bulb depends
on the current intensity flowing through it.
Two types of resistors were created, a four-band and a

five-band resistor. They were assigned a predetermined ohmic
resistance of 10 � for 4-band resistors and 100 � for 5-band
resistors.
A collider component was incorporated in each of the ele-

ments (circuit, batteries, light bulbs, and resistors). A collider

Fig. 3. Unity circuit composed of seven branches.

Fig. 4. AR objects with their respective colliders.

component (capsule, box, sphere, or mesh) provides a volume
to a digital object to detect whether physical collisions occur
between elements. Each of the seven branches of the circuit
was assigned a capsule collider, while batteries, light bulbs,
and resistors were assigned a box collider (Figure 4).
Unity’s scripting system can detect when collisions occur

and instantiate actions using the OnCollisionEnter function.
However, it can also use the physics engine to detect when a
collider enters another collider’s space without creating a colli-
sion. A collider configured as a Trigger (using the “Is Trigger”
property) does not behave like a solid object and will allow
other colliders to pass through it. When a collider enters the
space of another collider of type Trigger, the OnTriggerEnter,
OnTriggerStay, and OnTriggerExit functions will be called in
the object’s Trigger scripts [24].
During the development of the app, all object colliders were

configured as Triggers. Each of the circuit branches is assigned
the label “circuit” to identify when there is an interaction with
another element labeled “battery,” “light bulb,” or “resistor.”
A script called “calculator” was created, assigned to bat-

teries, light bulbs, and resistors, and is executed when any of
these components come in contact with the “circuit.”
When the AR objects contact the circuit, OnTriggerEnter,

OnTriggerStay, and OnTriggerExit events are triggered.
The app identifies the values of the bulb and resis-

tor type objects present in the branches using the func-
tion GameObject.Find “(branch number”). GetComponent
<FindComponent> (). Coef.
Likewise, the app identifies the voltage values of the batter-

ies utilizing the function GameObject.Find “(branch number”).
GetComponent <FindComponent> (). Cons.
The “calculator” script solves the equations of Kirchhoff’s

voltage law utilizing equations (7), (8), and (9) using the
function m.GetDeterminant ().
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Fig. 5. Values scale of current intensity.

The app also assigns a color according to the current flowing
value in each branch of the circuit. Gray indicates no current
flowing through the branch, yellow corresponds to low current
intensity, orange to medium current intensity, and red to high
current intensity (Figure 5).
Tests of the app were performed, and two problems were

evidenced.
First, the display of several AR objects was unstable. When

incorporating several targets, some of the AR objects stopped
displaying. The above resulted in instability in the develop-
ment of the experience. At the beginning of the app design,
two trackers were considered, the first one exclusively for the
circuit and the second one for the other elements. However,
the solution to this problem was to use a single tracker.
Most mobile devices have one camera and use only one
tracker; therefore, these mobile devices caused conflicts in
target detection when working with an app that tried to access
two trackers.
After having solved the above problem, difficulties were

detected in the calculation of real-time equations. At first,
each type of AR object had a single QR code in common
as a target. For example, three light bulbs in a circuit used the
same QR code. Upon detecting multiple targets of the same
type, the app instantiated the same number of prefabricated
AR object elements. When a target momentarily lost focus, a
new AR object was generated. The above caused the default
in the AR objects to be reset. That also caused duplicate
values to remain in the app’s calculation process, which also
affected the results. The solution to these problems was to
assign an individual target for each AR object. For example,
when displaying three light bulbs in a circuit, three different
targets are used.
Solving both problems allowed the app to achieve the

expected levels of stability by correcting visualization and
calculation of equations in real-time. However, the app has
limitations inherent to the technology: small degrees of insta-
bility and flickering of the virtual objects [25]–[27].

IV. AN APPLICATION CASE

An exercise involving a circuit with two batteries (10 V and
5 V) and three resistors (470 �, 820 �, and 220 �) will be
solved to illustrate how the app works. The app is required
to calculate the current through each branch of the circuit. In
the app, the loop currents IA and IB are mapped clockwise.
Loop A is composed of branches 1, 2, 3, and 4, while loop B
comprises branches 4, 5, 6, and 7 (Figure 6).
First, the AR objects are incorporated into the loop (Fig-

ure 7). The default values of each of the objects are configured
according to the exercise.
As an example, the change in the ohmic resistance value

of the resistor of branch 4 is shown. The resistor is touched

Fig. 6. Suggested exercise. Circles identify the number of each branch.

Fig. 7. Circuit with the first objects, with default values.

Fig. 8. Change of ohmic resistance value of the resistor.

on the mobile device screen, and an interface will appear
where the ohmic resistance value can be changed (Figure 8).
Once the resistor value has changed, it displays its new value
corresponding to 220 � in the circuit, and its rings change
color according to the international standard.
The other elements corresponding to the exercise are incor-

porated, configuring each of their values. The circuit identifies
when the two batteries and the three resistors come into contact
in the app.
The app identifies the resistors positioned in branches 1, 2,

and 3. Then assigns the sum of their values to R1 (in this
case, 470). It identifies the resistors positioned in branch 4 and
assigns the sum of their values to R2 (in this case, 220).
It identifies the resistors positioned in branches 5, 6, and 7 and
assigns the sum of their values to R3 (in this case, 820).
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Fig. 9. Circuit of the proposed exercise, with AR objects’ values resulting.

The values identified by the app are replaced in equations
(3) and (4) to obtain equations (10) and (11).

690IA − 220IB = 10 for loop A (10)

−220IA + 1040IB = −5 for loop B (11)

The app constructs matrices for currents IA and IB , using
the values obtained from equations (10) and (11).
The app calculates the matrices’ determinants and obtains

the values of I1, I2, and I3. The resulting values are as follows:
I1 = 13.9 mA; I2 = −1.87 mA; I3 = 15.8 mA (Figure 9). The
value of I2 is negative, indicating that it goes in the opposite
direction of the proposed solution.
The app “INGAR DC Analysis” is available for download

at the following link: www.ingarlabs.com/dcanalisis.

V. VALIDATION AS AN EDUCATIONAL TOOL

A. Perception Survey

We sought to measure variables that could explain students’
attitudes towards the app and determine its potential use in
their studies.
For this purpose, the variables Attitude toward using and

Intention to use were incorporated into a survey to mea-
sure engineering students’ perceptions. Attitude towards using
refers to the user’s evaluation regarding the convenience of
using a given technology [28]. In contrast, the Intention to
use is defined as the subjective probability that a person will
use a system [29]. These variables were chosen, due to their
presence in models proposed to predict information technology
adoption behavior, [30]–[35].
A literature review was conducted to adapt the questions

for the selected variables. Five questions were used for Atti-
tude toward using [36] and three for Intention to use [37].
No questions on the respective variables were discarded from
the original studies. A 5-point Likert scale was used (1-totally
disagree; 2-disagree; 3-neither agree nor disagree; 4agree; 5-
totally agree).
The app developed was evaluated by students of the Uni-

versidad de La Serena. They are in their third and fourth years
of Engineering, and their academic programs include a subject
of electromagnetism, where electrical circuits are taught. The
subject consists of eight laboratory sections and is taught by
four academics.
An online survey was used for data collection. In the

beginning, the survey contained a three-minute video showing

TABLE I

PERCEPTION SURVEY RESULTS

how the “INGAR DC Analysis” app works. The video shows
each circuit supported by the app: one circuit with serial mesh
and four circuits with parallel meshes. The video is available
at youtu.be/2BEOJ2n2E3w.
At the end of the survey, a link was included where

students could download the app on Google Play (for Android
systems) and APP Store (for IOS systems). The app had a total
of 158 downloads. Students could practice on their mobile
devices outside of class, the exercises showed in the video,
and others freely available.
A total of 124 students responded to the survey. Of these, 83

were male, and 41 were female. Forty students belonged to the
Industrial Engineering program, 31 to Mechanical Engineer-
ing, 26 to Mining Engineering, 11 to Civil Engineering, and
16 to other engineering programs. Table I shows the average
responses of the students when answering the perception
survey.

B. Discussion of Results

Preliminary results establish a positive attitude towards the
“INGAR DC Analysis” app. The variable Attitude towards
using obtained an average of 4.46, while the Intention to use
received a 4.5. Through these high scores, students confirm
the convenience of using the app in their studies.
Within the responses, it stands out that the students find

the app a good idea and that it makes sense to use it as a
support tool in the learning of electrical circuits. Thus, students
find incorporating this app in the learning of electrical circuits
positive. They would also like to know more about how the
app works and believe that other students should also use it,
which may be highly recommended. The above demonstrates
a positive attitude to use the app for their studies should they
be able to avail of it.
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Intention to use also scored high. It highlights that students
would like to have this app to study electrical circuits. The
above shows that there is more than a good disposition towards
the tool, but there is a real willingness to use it. That is
complemented by a genuine intention to recommend the use
of this app to other students. This variable alone should be
sufficient to predict the use of this technology [38]. Therefore,
it can be inferred that there is a real intention by students to
use this app for learning electrical circuits.

VI. CONCLUSION

INGAR DC Analysis, an AR app for DC analysis in resistive
circuits, has been introduced. It allows interacting batteries,
light bulbs, and resistors with a circuit. It displays in real-time
current intensities and voltages in each of the elements.
The app can be used in theory classes for academics to

teach electrical circuit concepts and behaviors. It can also
be used in laboratory settings, where students can practice
concepts learned. The app can encourage kinesthetic learning
as students must move AR objects to perform the exercises.
The app has two outstanding features not found in similar

ones. First, the user can customize the mesh and circuit
parameters. Therefore, there is a wide range of exercises avail-
able for students to experiment and actively learn. Besides,
the app solves each problem by performing non-trivial calcu-
lations in real-time.
A perception survey was conducted with students in engi-

neering programs. The results indicate a positive attitude
toward using and a high intention to use the app. The latter
variable should be sufficient to predict that students will use
this app to study electrical circuits.
In the future, it is proposed to measure the usability of the

app [39] and conduct more complex studies to determine other
variables to explain the intention to use the app. An example of
the above is determining a model of acceptance of this technol-
ogy through structural equations, incorporating the Perceived
Ease of Use and Perceived Usefulness [30], when using this
app in an academic activity under controlled conditions.
Also, variables specific to students and their relationship

with technologies can be incorporated, such as their Tech-
nological Optimism and their tendency to Early Adoption of
Technologies [40]. It is also proposed to determine the impact
of their use on students’ academic performance and determine
teachers’ perception of their educational value.
Finally, it is suggested to analyze this interactive tool’s

integration potential with a centralized learning management
system, including real-time availability for the teacher. Thus,
new related content could be integrated by tracking the exer-
cises solved and the students’ difficulties.
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ABSTRACT

Augmented reality (AR) has been incorporated into educational 
processes in various subjects to improve academic performance. 
One of these areas is the field of electronics since students often 
have difficulty understanding electricity. An interactive AR app on 
electrical circuits was developed. The app allows the manipulation 
of circuit elements, computes the voltage and amperage values 
using the loop method, and applies Kirchhoff's voltage law. This 
research aims to determine the intention of using the AR app by 
students. It also looks to determine if it is conditioned by how the 
survey is applied (online or face-to-face) or students' gender. The 
results show that the app is well evaluated on the intention of use 
by students. Regarding how the survey is applied, the attitude 
towards using does not present significant differences. In contrast, 
the students who carried out the online survey presented a higher 
behavioral intention to use than those who participated in the 
guided laboratory. Regarding gender, women showed a higher 
attitude toward using and behavioral intention to use this 
technology than men.

1 INTRODUCTION

AR is a technology that has been incorporated in different areas, 
one of which is education, which has been shown to help improve 
academic performance [1]. In engineering, one of the subjects that 
this technology applies is electronics. Students find some concepts 
difficult to understand, such as electricity, since they cannot 
visualize how it works [2].

One of the complex elements for understanding is the behavior 
of current flow in an electrical circuit, and the differences between 
serial and parallel circuits when certain elements are incorporated 
(batteries, light bulbs, and resistors). Hence, making the electricity 
that passes through the circuits visible through an AR app makes 
these concepts more intuitive [3].

However, if students are not interested in using a particular 
technology, they would not reap the benefits of this delivery. 
Therefore, it is necessary to determine if students would accept this 
technology, in this case, as an AR app for the study of electrical 

circuits. The acceptance of technology seeks to explain its use and
is related to the behavioral intention to use [4]. Likewise, studies 
carried out in RA have determined that the attitude toward using
positively influences the behavioral intention to use [5], [6].

It is also interesting to determine if the intention to use this 
technology depends on whether the student was instructed to use 
this technology in a guided laboratory class or an independent 
instance where they can download the app and practice freely. The 
above is important because situations where people cannot meet in 
large numbers (for example, confinement or meeting restrictions by 
COVID-19), taking these measuring remotely, can be a good 
alternative.

Finally, it is also useful to determine if gender influences the 
behavioral intention to use this technology. That is due to the 
historical disparity that women present in this area of engineering 
education.

2 APP DESIGN

An AR app to analyze digital current (DC) in resistive circuits was 
designed. A resistive circuit may include batteries, light bulbs, and 
resistors. The app has to choose five types of circuits in serial and 
parallel. These circuits allow any configuration and simulate 
current flow when batteries, light bulbs, and resistors are 
incorporated.

The app allows the user to change the batteries' voltage values 
and the resistance of light bulbs and resistors. Furthermore, the app 
calculates in real-time and displays the resulting values of voltage 
and amperage (Figure 1).

By exhibiting a higher degree of interactivity than existing apps 
[2], [7], it allows students to practice and experiment with a wide 
range of electrical circuit configurations.

The app computes the circuit configuration results proposed by 
using the loop method and applying Kirchhoff's voltage law [8].

The app uses an optical tracker in its operation. Circuit, batteries, 
light bulbs, and resistors use a QR code as a target to position each 
AR figure in the space. The app was developed in Unity 3D using 
the Vuforia SDK. The development of the app is facilitated using 
prefabs. The prefabs are obtained from the SDK.

Three-dimensional objects were created with Blender. Objects 
corresponding to the five types of resistive circuits were developed. 
Batteries, resistors, and light bulbs were designed as objects in AR 
to interact with the resistive circuit. QR codes were used as targets.

The voltage can be assigned to the battery with a default value of
10v. The battery can change its polarity. Four band resistors and 
light bulbs were created with a default value of
intensity of the light bulb is dependent on amperage.

A collider component was incorporated into each element, 
defining the object to identify if batteries, resistors, or light bulbs 
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contact the circuit. Each branch of the circuits was established as a 
capsule collider, while batteries, resistors, and light bulbs were 
defined as box colliders. 

A script called "calculator" was created, assigned to batteries, 
resistors, and light bulbs, and was executed when they contacted 
the "circuit." The "calculator" script solves Kirchhoff's voltage law 
equations, depending on the objects' values that interact with the 
circuit and assigns voltage and amperage to each one of them.

The app also assigns a color according to the amperage's value 
circulating in each circuit's branch. A gray branch means no 
amperage, yellow means low amperage; orange means medium 
amperage, and red means high amperage.

3 METHODOLOGY

The type of sampling used was probabilistic and for convenience 
in third- and fourth-year students studying engineering programs at 
the University de La Serena. The above is because there are 
subjects that teach electrical circuits within their study plans. 

A measurement instrument based on the TAM model proposed 
by David [9] was applied. The variables attitude toward using
(ATU) and behavioral intention to use (BIU) were used due to their 
ability to explain the attitudes that a person may have to use a given 
technology. Attitude toward using refers to the user's evaluation 
regarding the convenience of using a particular technology [10].
Behavioral intention to use is defined as the subjective probability 
that a person uses a system [11].

A literature review was performed to adapt the questions of the 
selected variables. Five items were selected for the variable attitude 
towards using and three items for the variable behavioral intention 
to use (See Table 1). No item from the original studies was ruled 
out. The instrument was developed considering a 5-point Likert-
type scale (1-totally disagree; 2-disagree; 3-neither agree nor 
disagree; 4-agree; 5-totally agree).

The instrument was applied in two groups. The first group, called 
"Online," the students were invited to participate via e-mail, 
through an online survey. At the beginning of the survey, a three-
minute video was shown explaining the use of the app. A link was 
also added where students could download the application from 
Google Play (for Android systems) and APP Store (for IOS 
systems). The students were able to use the app freely. Next, they 
were asked to complete the survey.

The second group, called "Laboratory," students were invited to 
participate in a guided laboratory class. Those who agreed to 
participate declared that they had not been involved in the "Online" 
group. The students were instructed by a teacher who explained and 
trained them in the app's use in an ad-hoc laboratory implemented 
with Tablet. They were shown a three-minute video to explain how 
the app works. They then used the app for approximately 30 
minutes with guided exercises. These exercises aimed to 
understand different circuits' behavior, combining different 
elements (batteries, light bulbs, and resistors) and varying their 
voltages and resistances, as appropriate. Students were able to 
understand different types of current intensity behaviors while 
practicing with serial or parallel circuits and modifying voltages 
and resistances' values. Finaunderstood answer the survey.

In both groups, student participation was voluntary and was not 
associated with any evaluation or awarding extra points. The 
anonymity and strict confidentiality of the data were guaranteed.

Figure 1: Interactive AR app



The Cronbach's alpha reliability coefficients for each of indicators 
were evaluated in both experiments. The STATGRAPHICS 
Centurion XVI 32-bit edition software was used to establish the 
groups' indicators' effect. An analysis of variance (ANOVA) was 
applied. Differences between mean values were analyzed using the
least significant test difference (DMS) with a significance level of 

= 0.05 and a 95% confidence interval (P <0.05). Also, the 

multiple range test (MRT) included in the statistical program was 
used to demonstrate homogeneous groups within each of the 
parameters.

We also analyzed whether there are differences in behavioral 
intention to use and attitude toward using for each gender 
concerning the study participants.

4 RESULTS

One hundred ninety students answered the survey in the "Online" 
group, where 115 were men and 75 women. Seventy-five are in 
industrial engineering, 38 in mining engineering, 32 in mechanical 
engineering, 26 in civil engineering, and 17 in environmental 
engineering.

One hundred twenty-four students participated in the second 
group corresponding to the guided class. Eighty-three are men, 
while 41 to women. The group consisted of 40 students of industrial 
engineering, 31 of mechanical engineering, 26 of mining 
engineering, 11 of civil engineering, four of environmental 
engineering, and 12 of other programs.

For the 314 respondents, each item's overall results and their 
averages are presented in Table 2. The results for each of the 
"Online" and "Laboratory" groups are presented in Table 3. The 
findings by gender are shown in Table 4. Cronbach's alpha values 
are accepted for each indicator as they are higher than 0.9 [13]. The 
p-value of the F-test, when it is less than 0.05, indicates that there 
is a statistically significant difference between one group and 
another, with a level of 95% confidence.

Table 1: Studies used and questions

Variable Item Study Question
Attitude toward using ATU1

ATU2
ATU3
ATU4
ATU5

[6] I think using the app in classes would be positive.
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.
Other people should also use the app.

Behavioral intention to use BIU1
BIU2
BIU3

[12] I would like to have this app if I had to study electrical circuits.
I would intend to use this app to learn about electrical circuits.
I would recommend other students to use this app to study electrical circuits.

Table 2: Overall result

Item Mean SD

ATU1 4,487 ± 0,742

ATU2 3,952 ± 0,925

ATU3 4,649 ± 0,652

ATU4 4,643 ± 0,619

ATU5 4,328 ± 0,739

ATU Mean 4,412 ± 0,553

BIU1 4,414 ± 0,771

BIU2 4,305 ± 0,820

BIU3 4,359 ± 0,775

BIU Mean 4,359 ± 0,693

Table 3: ANOVA - Groups

Item Cronbach's Alpha Mean ± SD Cronbach's Alpha Mean ± SD p-value

ATU1 0.930 4.548 ± 0.820 0.918 4.447 ± 0.686 0.239

ATU2 0.929 4.194 ± 0.803 0.924 3.795 ± 0.968 0.000

ATU3 0.922 4.685 ± 0.691 0.919 4.626 ± 0.628 0.433

ATU4 0.921 4.637 ± 0.714 0.922 4.647 ± 0.551 0.886

ATU5 0.927 4.242 ± 0.810 0.917 4.384 ± 0.686 0.096

ATU Mean 0.913 4.461 ± 0.594 0.908 4.380 ± 0.525 0.204

BIU1 0.922 4.565 ± 0,678 0.912 4.316 ± 0.813 0.005

BIU2 0.926 4.492 ± 0.716 0.910 4.184 ± 0,862 0.001

BIU3 0.920 4.500 ± 0.716 0.914 4.268 ± 0.801 0.010

BIU Mean 0.916 4.519 ± 0.602 0.904 4.256 ± 0.730 0.001



5 DISCUSSION AND CONCLUSIONS

The overall results show that the students present a high level of 
attitude towards using and behavioral intention to use. The best-
evaluated items were ATU3 and ATU4. Thus, students find it 
meaningful to use the app to study electrical circuits exercises and 
believe that it is good to complement their learning.

The lowest item corresponds to ATU2 related to the students' 
interest to know more about the app. The above could be explained 
because the students were shown a video about the totality of the 
app's functions, and they were also able to practice with it 
extensively.

Furthermore, this item is the only one that corresponds to the 
variable attitude towards using where the "Online" group presents 
a significantly higher valuation than the "Laboratory" group. That 
may be because the laboratory group had the support of an 
academic to develop guided exercises on electrical circuits. Thus, 
the students could solve their doubts about the app's operation in 
the class's progress. 

Unlike the attitude towards using, the behavioral intention to use
did show a significant difference. The "Online" group obtained a 
better evaluation of all items. That could be explained because the 
students in this group had the opportunity to explore one of the 
app's great benefits: being a tool that facilitates autonomous 
learning. The students were able to download and use the app from 
their homes without needing to be in a laboratory to exercise with 
electrical circuits. 

The students' intention of wanting to have the app, wanting to use 
it for learning, and wanting to recommend it to others for study, 
demonstrates to students that it made sense of the way the AR app 
addresses the subject of electrical circuits.

Regarding gender, it was shown that women presented a higher 
level of attitude towards using and behavioral intention to use this 
technology than men. Both differences were significant. The above 
suggests that higher education centers should include gender in the 
diffusion models of these learning technologies.

ACKNOWLEDGMENTS

This research was financially sponsored by the Research 
Department of the University de La Serena (PR18362), and 
research grants TIN2015-66731-C2-1-R of the Spanish Ministry of 
Economy and Competitiveness, P2018/TCS-4307 of the 
Government of the Region of Madrid.

REFERENCES

in science laboratories: The effects of augmented reality on university 
toward science laboratories. 

Computers in Human Behavior, 57:334-342, Apr. 2016. doi: 
10.1016/j.chb.2015.12.054

W. Matcha, and D. Awang. User preference in collaborative science 
learning through the use of Augmented Reality. Int. Congress on Eng. 
Educ., 64-68, Dec. 2012. doi: 10.1109/ICEED.2012.6779271
M. Restivo, J. Rodrigues, and M. Chouzal. Let's work with AR in DC 
circuits. Int. Conf. on Interactive Collaborative Learn., 884-885, Dec.
2014. doi: 10.1109/ICL.2014.7017890
F. Davis, R. Bagozzi, and P. Warshaw. User Acceptance of Computer 
Technology: A Comparison of Two Theoretical Models. Management 
Science, 35(8): 982-1003, Aug. 1989. doi: 10.1287/mnsc.35.8.982
R. Wojciechowski, and W.
toward learning in ARIES augmented reality environments. Comput. 
and Educ., 68: 570-585, Oct. 2013. doi:
10.1016/j.compedu.2013.02.014
E. Pantano, A. Rese, and D. Baier. Enhancing the online decision-
making process by using augmented reality: A two country 
comparison of youth markets. Journal of Retailing and Consumer 
Services, 38:81-95, Sep. 2017. doi: 10.1016/j.jretconser.2017.05.011
P. Lucas, D. Vaca, F. Dominguez, and X. Ochoa. Virtual Circuits: An 
Augmented Reality Circuit Simulator for Engineering Students. Int.
Conf. on Advanced Learn. Technol., Aug. 2018. doi: 
10.1109/icalt.2018.00097
T. Floyd. Principles of electric circuits. Pearson Education, Inc., 
2007.
F. Davis. A Technology Acceptance Model for Empirically Testing 
New End-User Information Systems: Theory and Results. PhD thesis. 
MIT Sloan School of Management, USA, 1985.
M. Fishbein, and I. Ajzen. Belief, attitude, intention and behavior: An 
introduction to theory and research. Addison Wesley, 1975.
F. Davis. User acceptance of information technology: system 
characteristics, user perceptions and behavioral impacts. Int. J. of 
Man-Machine Studies, 38(3):475-487, March 1993. doi: 
10.1006/imms.1993.1022
A. Balog, and C. Pribeanu. 2010. The Role of Perceived Enjoyment 

Platform: a Structural Equation Modelling Approach. Studies in 
Informatics and Control, 19(3):319-330, 2010. doi:
10.24846/v19i3y201011
A. Leontitsis, and J. Pagge. A 
alpha statistical significance. Mathematics and Computers in 
Simulation, 73(5): 336-340, Jan. 2007. doi: 
10.1016/j.matcom.2006.08.001

Table 4: ANOVA - Gender

Item Female Male p-value

ATU Mean 4.502 ± 0.462 4.360 ± 0.596 0.003

BIU Mean 4.468 ± 0.580 4.296 ± 0.746 0.034



75 

 

 

 

 

 

 

Publication IV 

 

© 2021 Informa UK Limited, trading as Taylor & Francis Group. 

 

Álvarez-Marín, A., Velázquez-Iturbide, J.Á., and Castillo-Vergara, M. (2021). The 

acceptance of augmented reality in engineering education: The role of technology optimism 

and technology innovativeness. In Interactive Learning Environments. doi: 

10.1080/10494820.2021.1928710. JCR 2021: 4,97 - Education & Educational Research 

(Q1); SJR 2021: 1,17 - Computer Science Applications (Q1). 

 

 

 



76  PUBLICATIONS 

 

 

 

 

  



The acceptance of augmented reality in engineering education:
the role of technology optimism and technology innovativeness
AlejandroÁlvarez-Marín a, J. Ángel Velázquez-Iturbide b and Mauricio Castillo-Vergara c

aDepartamento de Ingeniería Industrial, Universidad de La Serena, La Serena, Chile; bEscuela Técnica Superior de
Ingeniería Informática, Universidad Rey Juan Carlos, Móstoles, Madrid, Spain; cFacultad de Economía y Negocios,
Universidad Alberto Hurtado, Santiago, Chile

ABSTRACT
This study aims to determine if technology optimism and technology
innovativeness can explain and predict the use of augmented reality in
the scope of engineering education. An Augmented Reality app to
analyze digital current (DC) in resistive circuits was developed was
developed to enhance students’ understanding of electricity. The app
allows the manipulation of circuit elements, computes the voltage and
amperage values using the loop method by applying Kirchhoff’s
voltage law. A model with the following variables was theoretically
conceived: subjective norms, technology optimism, technology
innovativeness, attitude toward using and behavioral intention to use. The
study considered a sample of 173 engineering students and was carried
out using structural equation modeling. The findings suggest that
subjective norms have a positive effect on technology optimism and
technology innovativeness. Further, attitude toward using was found to
depend on a medium range of students’ characteristics, such as
technology optimism and technology innovativeness. The results suggest
that the academic environment can influence a student’s beliefs
concerning new technologies. Understanding how the educational
environment can affect students’ attitudes toward the use of new
technologies can help higher education institutions establish policies
for their adoption to facilitate the learning process.
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Introduction

Information technology use could be highly beneficial for organizations in achieving their objectives.
However, acceptance of these new technologies is necessary to realize the benefits, and the edu-
cation system is no exception. New technologies can be incorporated into the teaching and learning
process to improve students’ performance, granting them the opportunity to be more competitive
by learning more efficiently and effectively via a student-cantered way of teaching (Al-Maroof &
Al-Emran, 2018). However, students’ resistance to new technologies poses a challenge in the
implementation. Therefore, it is necessary to understand the factors that predict and explain the
acceptance of new technology by its users to suggest initiatives that will lead to successful
implementation.

One such new technology is Augmented Reality (AR), which has been integrated into various dis-
ciplines (Akçayır & Akçayır, 2017; Ibáñez & Delgado-Kloos, 2018; da Silva et al., 2019), including engin-
eering (Nesterov et al., 2017). AR integrates virtual and real objects in real-time, usually in 3D
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(Billinghurst & Duenser, 2012), allowing the user to visualize additional information such as superim-
posed objects (Azuma, 1997) or explicatory instructions (Feiner et al., 1993). While virtual reality tech-
nology completely envelops the user in a virtual environment, AR complements reality (Azuma et al.,
2001). AR has been increasingly used in different areas, including education (Dey et al., 2018), and
has been shown to improve academic achievements (Akçayir et al., 2016). It enables enriching learn-
ing experiences, facilitates learning, increases motivation, and improves focus among students (Sır-
akaya & Sırakaya, 2020).

Moreover, AR technology has shown great potential and has had a significant impact on higher
education (Radosavljevic et al., 2020). This impact has been observed in various fields such as prob-
abilities and mathematics (Cai et al., 2020), maintenance (Gavish et al., 2015), fashion design (Elfeky &
Elbyaly, 2021), and social sciences (Toledo-Morales & Sanchez-Garcia, 2018), among other disciplines.
Although many studies have investigated the use mobile technologies in education (Arici et al.,
2019), some gaps have not been addressed. Particularly, there is a lack of research on augmented
reality educational materials (Cabero-Almenara et al., 2019a) and their implementation in the class-
room (Cabero-Almenara et al., 2019b).

In engineering education, AR has been used to improve students’ understanding in different
courses (Souvestre et al., 2014; Odeh et al., 2013; Kaur et al., 2019). This subject area deals with con-
cepts that can be better explained and understood using 3D visualization instead of 2D images. The
virtual interaction and manipulation of these elements can make the concepts more attractive and
exciting for students (Sharma & Mantri, 2020).

Specifically, Electronics is considered a tricky subject by students (Martin-Gutierrez et al., 2015). As
a result, AR technology has been utilized in this field to identify electronic components, provide
design and monitoring information on electrical substations (Opriş et al., 2017), and create simu-
lation of electronic boards with switches as AR elements (Cubillo et al., 2012; Akçayir et al., 2016).
Some electronic concepts are challenging to understand because students cannot visualize what
electricity is and how it works (Matcha & Awang, 2012). For example, students may not understand
the current flow within the circuit or the differences between series and parallel circuits. Neverthe-
less, making electricity visible through Augmented Reality (AR) apps makes the subject more com-
prehensible and makes students understand the concepts better (Restivo et al., 2014). As a result,
various apps have been developed, where electrical circuits can be configured through targets repre-
senting different components, allowing the user to observe the resulting operation (Matcha &
Awang, 2012; Restivo et al., 2014; Martin-Gutierrez et al., 2015).

The use of this technology in electronics learning has been shown to improve academic results
(Akçayir et al., 2016); however, technological acceptance of an AR app among students remains
unexplored. Students’ acceptance of AR is crucial for its successful implementation in the edu-
cational process, and understanding these dynamics will help clarify AR environments’ behaviors
(Esteban-Millat et al., 2018). Thus, to bridge an important gap in literature, we develop an interactive
AR app to understand electrical circuits’ operation and determine the factors that influence the
acceptance of this technology in engineering students.

The Technological Acceptance Model (TAM) by Davis (1989) is widely used to study users’ adop-
tion of technologies (Eraslan & Kutlu, 2019). This model explains the user’s behavior for accepting
technology (Cabero-Almenara et al., 2019a) based on their attitudes (Huang et al., 2016) and con-
siders the impact of certain beliefs on the attitude toward using and the behavioral intention to
use a technology (Esteban-Millat et al., 2018). This model is selected because it allows determining
the intention of using technology before its use becomes frequent (Kamal et al., 2020). Evidence indi-
cates that it is a valid and robust model for explaining the intention of use in any environment
(Cabero-Almenara et al., 2019a) and exploring the adoption of new technological innovations (Do
et al., 2020).

TAM’s predictive power lies in enabling the relationship between various context-specific factors
that could influence the acceptance of a specific technology (Al-Adwan, 2020). Two of these beliefs
are technology optimism and technology innovativeness (Parasuraman, 2000). The first one relates to
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individuals’ positive perception of technology because they feel it helps them have greater control
over their lives. The second one refers to a person’s tendency to be a pioneer user of technology and
be a leader in its use. The literature addresses impact of these variables on the intention to use (Lin
et al., 2007). However, their influence has not been individually analyzed. Further whether they affect
the attitude toward use remains to be seen.

While variables directly related to an app, such as perceived ease of use and perceived usefulness,
could explain the intention to use, students’ characteristics, such as their attitude toward technol-
ogies, could indicate future behavior toward them. Furthermore, it would be interesting to establish
if these characteristics are influenced by the opinion of people who are important to these individ-
uals, such as teachers, parents, or friends. Therefore, this work aims to analyze the role that techno-
logical optimism and technology innovativeness play in the acceptance of AR. That has not been
previously studied in AR environments. The results may be useful to app developers and educators,
who require a deeper understanding of the factors driving the acceptance of this technology (Pri-
beanu et al., 2017).

This paper is organized as follow. In the following section, the theoretical framework is developed,
and the hypotheses are presented. The data and methods used to test these hypotheses are dis-
cussed in the methodology section. In the next section, the results are reported and discussed.
Finally, conclusions, limitations, and future research perspectives are identified.

Theoretical background and hypotheses

The current research aims to establish if technological optimism and technology innovativeness can
predict or explain the use of AR in education by students. This study focuses on three theoretical
constructs: subjective norm, technology optimism, and technology innovativeness, all of which con-
sidered as determinants of attitude toward using and behavioral intention to use a technology.

Subjective norm refers to the perception of those important to the individual regarding a deter-
mined behavior (Fishbein & Ajzen, 1975). It is one of the main factors influencing behavioral intention
to use (Ajzen, 1991). Other people’s expectations, whose opinions are important to the individual,
can influence their perception of the technology (Taneja et al., 2006) or their trust toward it (Wu
& Chen, 2005). In an academic environment, academics and classmates’ opinions can influence stu-
dents’ beliefs regarding technology usage (Ngafeeson, 2015). Two of these beliefs can be technology
optimism and technology innovativeness. If a student’s immediate circle, which comprises academics
and peers, has a positive opinion about a specific technology, the student may bemore likely to posi-
tively perceive the technology and incorporate it into their learning process.

Similarly, the student is likely to positively perceive their preparedness to use a technology. Given
that students are willing to be pioneers in using new technologies that support their educational
process, they are likely to be influenced by the university ecosystem during the early stages of
the technology’s adoption. Further, an individual’s optimism regarding a technology is associated
with their pioneer status in its use (Li & Wu, 2011; Ziyae et al., 2015; Ismail et al., 2011). Therefore,
we propose the following hypotheses:

. H1: Subjective norm has a positive effect on technology optimism.

. H2: Subjective norm has a positive effect on technology innovativeness.

. H3: Technology optimism has a positive effect on technology innovativeness.

Attitude toward using refers to the user’s evaluation regarding the convenience of using a deter-
mined technology (Davis, 1993). Behavioral intention to use refers to an individual’s perception of
what others think he should do about a determined behavior (Fishbein & Ajzen, 1975). The users’
acceptance of a technology can be more accurately determined by behavior of intention to use,
rather than their current usage of the technology, owing to the significant causal relationship
between them (Sheppard et al., 1988). Technological optimism, which indicates the individual’s
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preparedness to use a technology (Chung et al., 2015), is associated with their attitude to use it. Indi-
viduals have a positive attitude toward the use of a technology when they believe that it will create
positive impacts in relevant aspects, including academic performance. Previous studies have indi-
cated that this aspect can be a consistent predictor for adopting technologies (Gilly et al., 2012).

Similarly, technology pioneers rarely consider new technologies as complex or beyond their
understanding. Such users are likely to regret losing the opportunity to explore new technologies
(Karahanna et al., 1999). Therefore, such individuals have a more favorable attitude toward using
a particular technology. Thus, the following hypotheses were formulated:

. H4: Technology optimism has a positive effect on attitude toward using.

. H5: Technology innovativeness has a positive effect on attitude toward using.

. H6: Attitude toward using has a positive effect on behavioral intention to use.

This research model is proposed in Figure 1. The model suggests the positive effect that subjective
norm has on technology optimism and technology innovativeness as well as the positive impact that
technology optimism and technology innovativeness have on attitude toward using. These hypotheses
have not been investigated in the context of AR apps. The model also hypothesizes the positive
effect of attitude toward using on behavioral intention to use, as indicated by previous studies.

App design

An AR app to analyze digital current (DC) in resistive circuits was developed. The degree of interac-
tivity of existing apps is not high because they can only manipulate graphical objects to analyze their
behavior (Matcha & Awang, 2012; Restivo et al., 2014). Therefore, our purpose was to create an app
with a higher interactivity level, with real-time interaction (Aquel, 2013). Students will interact with
the app by generating a simulation where stimuli generate complex responses.

The app offers five types of series and parallel circuits to choose from. Batteries, light bulbs, and
resistors may be incorporated into the circuit. The app’s circuits allow any configuration and simu-
late current flow when batteries, light bulbs, and resistors are incorporated. Users can change the
voltage values of the batteries and the resistance of light bulbs and resistors. The app then calculates
real-time and displays the resulting voltage and amperage (Figure 2). The app assigns a color accord-
ing to the amperage’s value in each branch of the circuit. A red branch indicates high amperage, an
orange indicates medium amperage, yellow indicates low amperage, and gray indicates no amper-
age. The light bulb’s light intensity depends on the amperage of the branch in which it is located.
Using the loop method and applying Kirchhoff’s voltage law (Floyd, 2007), the app computes the
values.

Figure 1. Research Model.
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The app uses an optical tracker in its operation. Circuit, batteries, light bulbs, and resistors use a
QR code as a target to position each AR figure in the space. The app was developed in Unity 3D, using
the Vuforia SDK. Three-dimensional objects were created with Blender. A QR code is used by the
circuit, batteries, light bulbs, and resistors code as a target to position each AR element in the space.

The app allows students to practice with a wide range of electrical circuit configurations owing to
its high interactivity level. In addition to having various types of series and parallel circuits for prac-
tice, students can freely configure them to understand the current behavior through the branches.
Moreover, they can observe the variations in the amperage of the different elements. The same
happens when varying the voltage of the power source or when incorporating new ones. By
freely interacting with the application, the students can better understand how electricity works.
Further, it provides students a tool that delivers the resulting values if they wish to develop numeri-
cal exercises.

Methodology

The model and the proposed hypotheses will be tested simultaneously using structural equations.
The partial least squares technique is appropriate because it combines unobserved variables, repre-
senting theoretical concepts and data frommeasurements, which are then used to provide evidence
on the relationships between latent variables. (Williams et al., 2009). Furthermore, the approximation
involves complex models and compound variables, as stated by Sarstedt et al. (2016). Its application
comprises the following steps: the adjustment of the model and the evaluation of the measurement
model and the structural model (Chin, 2010). This model considers type B compound variables, as

Figure 2. Interactive AR app.
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defined by Cepeda-Carrion et al. (2019). All the models are estimated and considered 5000 sub-
samples in the bootstrapping analysis. The software used was Smart PLS 3.2.9 © (Ringle et al., 2015).

A literature review was conducted to construct questions regarding the selected variables. The
instrument was developed using a 5-point Likert scale ranging from totally disagree (1) to totally
agree (5). The studies and indicators used are shown in Table 1.

The type of sampling used was probabilistic and for convenience. The instrument was applied to
third- and fourth-year students studying engineering programs at the University of NN1 (Engineer-
ing in Information Technology, Engineering in Telecommunications, Connectivity, and Networks),
and the University of NN2 (Industrial Engineering, Mechanical Engineering, Engineering in Mines,
Civil Engineering, Environmental Engineering, Construction Engineering). Students enrolled in
these majors were selected because the academic programs included courses that worked with elec-
trical circuits. Student participation was voluntary, and no evaluation-related incentives were given.
The anonymity and strict confidentiality of the data were guaranteed.

The data collection was carried out through an online survey. Students were invited to participate
via email. Survey started with a three-minute video explaining the use of the app. Subsequently, links
for students to download the application from Google Play (for Android systems) and APP Store (for
IOS systems) were shared. The students were able to use the app freely. Next, they were asked to
complete the survey.

Results and discussion

In total, 173 students answered the survey (127 males and 46 females). Of these, 46 were industrial
engineering students, 38 were information technology students, 31 were mechanical engineering
students, 26 were students from mining engineering, 11 were civil engineering students, and 21
were students from other specialties.

As the loadings of the indicators of each construct are greater than 0.7, the constructs’ Composite
Reliabilities (CR) are also higher than 0.7, and their Average Variance Extracted (AVE) is above 0.5;
thus, the requirement of reliability, convergent validity, and Variance Inflation Factor (VIF) is
satisfied (Hair et al., 2016). Discriminant validity is achieved according to Fornell-Larcker and the Het-
erotrait – Monotrait ratio (HTMT) criterion (Henseler, 2018). The results are shown in Tables 2 and 3,
respectively.

Table 4 shows the results obtained for the model. All six proposed hypotheses are accepted. Table
5 shows Squared Correlation Coefficient values (R2), which are significant and over 0.1 (Frank & Miller,
1992) for each latent variable. The Stone-Geisser coefficient (Q2) is also shown, which was estimated

Table 1. Studies and indicators used.

Construct Study Indicator

Subjective norm Teo et al. (2008) People whose opinions I value encourage me to use new technologies.
People who are important to me help me use new technologies.

Technology optimism Chung et al. (2015) The products and services that use the newest technologies are much more
convenient to use.
I prefer to use the most advanced technology available.
Technology makes my work more efficient.

Technology
innovativeness

Chang et al. (2017) If I find out that there are new technologies, I look for ways to test it.
Among my classmates, I am generally the first to try new technologies.
I like to experiment with new technologies.

Attitude toward using Pantano et al. (2017) I think using the app in classes would be positive.
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 intention to
use

Balog and Pribeanu
(2010)

I would like to have this app if I had to study electrical circuits.
I 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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by blindfolding (Gefen et al., 2000). Values greater than 0 indicate that the variables have predictive
relevance (Hair et al., 2014). The model shows predictive validity.

To assess the goodness of fit in the estimated model, we followed the procedures proposed by
Dijkstra and Henseler (2015). The Standardized Root Mean Squared Residual (SRMR) for the model is
lower than 0.10, indicating a good fit, as presented and defended by Williams et al. (2009) and sup-
ported by Ringle et al. (2012). The deviations are not significant because the 99 percent bootstrap
quantiles of the value of the three measures —SRMR (0,048), the Unweighted Least Squares discre-
pancy (dULS = 0,280), and the Geodesic discrepancy (dG = 0,105) – were more significant than the
original values (Henseler, 2017).

The results obtained for the model are shown in Figure 3. All hypotheses of the model are
accepted. Technology optimism is dependent on a medium-range of subjective norms (R2= 0.204)
(H1), likely due to the absence of other factors. However, this value is not as small, as it is explained
by only one variable. Moreover, subjective norms have a large effect on technological optimism
(0.452). It can be inferred that if students live in an environment that has a positive opinion about
using technologies, they will perceive new technologies as tools facilitating their education. Thus,
if higher education institutions highlight the virtues of using technologies in the educational
process, they could generate a favorable opinion among students regarding the advantages of incor-
porating them.

Subjective norms and technology optimism have a relevant impact on technology innovativeness
(R2 = 0.503) (H2 and H3). The direct effect of subjective norms on technology innovativeness is
0.233, while technological optimism’s direct influence is 0.573. It can be further observed that tech-
nology optimism has a statistically significant complimentary mediation between subjective norms

Table 2. Evaluation of the measurement model.

Construct/ indicator VIF Cronbach’s alpha Dijkstra–Henseler’s rho CR AVE

Subjective norm [SN] 0.786 0.908 0.899 0.808
SN1 1.719
SN2 1.719
Technology optimism [TO] 0.881 0.887 0.926 0.808
TO1 2.825
TO2 2.433
TO3 2.282
Technology innovativeness [TI] 0.799 0.846 0.878 0.707
TI1 1.702
TI2 1.610
TI3 1.890
Attitude toward using [ATU] 0.837 0.853 0.890 0.670
ATU1 1.846
ATU2 1.757
ATU3 1.824
ATU4 2.273
Behavioral intention to use [BIU] 0.884 0.887 0.928 0.811
BIU1 2.304
BIU2 2.520
BIU3 2.767

Table 3. Measurement Model. Discriminant Validity

Fornell-Larcker Criteria Heterotrait–monotrait ratio (HTMT)

ATU BIU SN TI TO ATU BIU SN TI TO

ATU 0.818 ATU
BIU 0.790 0.901 BIU 0.899
SN 0.286 0.263 0.903 SN 0.343 0.303
TI 0.334 0.354 0.475 0.841 TI 0.361 0.385 0.564
TO 0.449 0.429 0.392 0.646 0.899 TO 0.513 0.482 0.441 0.736
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and technology innovativeness. The indirect impact of subjective norms on technology innovativeness
through technology optimism is 0.259 (0.452*0.573). The above indicates that a large part of the
effects of subjective norms on technology innovativeness is explained by technology optimism. This
would mean that the students’ pioneer status in using a technology is associated with their positive
perception of the technology’s usefulness. Further, the perception among the students’ academic
circles influences their willingness to use it.

Attitude toward using is medium dependent (R2= 0.229) on technology optimism and technology
innovativeness (H4 and H5). That is due to the absence of variables not included in the analysis, such
as perceived ease of use and perceived usefulness. Nonetheless, these personal characteristics (technol-
ogy optimism and technology innovativeness) would moderately explain the student’s attitude toward
using. The direct effect of technology optimism on attitude toward using is 0.333, while technological
innovativeness’s direct impact is 0.185. This is consistent with previous studies in other areas, which
indicate that attitude toward using is influenced by technology optimism (Kros et al., 2011; Theotokis
et al., 2008) and technology innovativeness (Al-Ajam & Nor, 2015; Kros et al., 2011; Lin & Chang, 2011).

Furthermore, there is a statistically significant complimentary mediation of technology innova-
tiveness, between technology optimism and attitude toward using. The indirect effect is 0.106
(0.573*0.185), which indicates that only a portion of the impact of technology optimism and attitude
toward using can be explained by mediation with technology innovativeness. It can be inferred that
it is not enough for students to be pioneers in using technologies to have a positive attitude
toward technologies’ adoption; it is imperative that they perceive these technologies as useful.
Further, their attitude toward using technologies can be influenced their respective academic

Table 4. Results from the structural model.

Hypothesis path t-value p-value

H1: SN → TO 0.452 5.916 0.000 accepted*
H2: SN → TI 0.233 3.276 0.001 accepted*
H3: TO → TI 0.573 7.820 0.000 accepted*
H4: TO → ATU 0.333 3.393 0.000 accepted*
H5: TI → ATU 0.185 1.999 0.023 accepted**
H6: ATU → BIU 0.827 19.776 0.000 accepted*

* Significant p < 0.01; ** Significant p < 0.05.

Table 5. R2-Q2

Construct R2 p-value Q2

Technology innovativeness 0.503 0.000 0.271
Technology optimism 0.204 0.002 0.097
Attitude toward using 0.229 0.014 0.087
Behavioral intention to use 0.684 0.000 0.481

Figure 3. Resulting Research Model.
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circles’ perception of these technologies. Lastly, the model shows that behavioral intention to use
strongly depends on attitude toward using (R2 = 0.684) (H6), indicating that a student with a posi-
tive attitude toward using the technology would intend to use it, which ultimately indicates the
effective use of the technology in classroom. This is consistent with previous studies in AR in
other areas, which show that behavioral intention to use is powerfully explained by attitude
toward using (Arvanitis et al., 2011; Chung et al., 2015; Mao et al., 2017; Pantano et al., 2017;
Wang et al., 2016; Wojciechowski & Cellary, 2013).

Conclusion

The current study proposed a model to explain the role of technology optimism and technology inno-
vativeness on AR’s acceptance among engineering students. The model considered subjective norms,
technology optimism, technology innovativeness, and attitude toward using to explain the behavioral
intention of use. Technology optimism and technology innovativeness have not been investigated in
the context of the AR apps, which makes the current analysis unique. The proposed model and
the hypotheses were tested simultaneously, using structural equations through the partial least
squares technique.

Given that the intention of use represents an individual’s inclination toward using a technology in
the short-term (Al-Rahmi et al., 2020), we can interpret from our results that AR could be incorpor-
ated in the engineering educational processes by influencing students’ characteristics.

The findings suggest that subjective norms have a positive effect on technology optimism and tech-
nology innovativeness. Higher education institutions must generate awareness regarding the
benefits of technological tools in learning to create technology-friendly environments and
promote an optimistic technological attitude. It would be convenient to create a climate that
encourages AR technologies, for both students and academics, since subjective norms are continu-
ally being built. Thus, through subjective norms, students, being digital natives, can be influenced by
behavior models, for example, faculty and peers, due to the influence that their environment exerts
on them (Hanif et al., 2018). Higher Education institutions should establish communication and divul-
gation policies facilitating the successful implementation of new technologies in the teaching and
learning processes. To create an environment conducive to adoption of new technologies, training
in the scope and use of the technologies should be offered. It is also recommended the education
institutes promote the development of such applications within campus, making them available to
academics.

The attitude toward use can be influenced by technology optimism and technology innovative-
ness and can give higher education institutions clarity on which actions to take. Technological opti-
mists have more favorable perceptions toward technologies and higher willingness to adopt them
(Perry, 2016). Technological innovators want to be among the first to use new technologies (Cruz-
Cárdenas et al., 2021). Therefore, successful AR implementation in engineering education should
consider areas not previously addressed, such as its members’ attitude toward new technologies
and the institutional influence toward these attitudes. The use of a technology that can be perceived
as beneficial can increase students’ technological optimism toward this technology in an edu-
cational context. How the participation of technologically innovative students influences their
peers should also be considered.

Educational institutions are training digital natives, and the AR apps allow institutions to be more
efficient in the educational process. Future engineers are expected to be familiar with AR and other
technologies to cope with the 4.0 industry. Future research should address factors that influence
technology adoption among academics and consider relevant characteristics of the technology
(e.g. interactivity levels, application stability) to analyze their influence on its acceptance. As a limit-
ation, this study was carried out in a developing country context. However, in the future, the results
can be compared to other countries under wider contexts.

INTERACTIVE LEARNING ENVIRONMENTS 9



Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by Government of the Region of Madrid: [Grant Number S2018/TCS-4307]; Research Depart-
ment of the University de La Serena: [Grant Number PR18362].

Notes on contributors

Alejandro Álvarez-Marín received the title of Industrial Engineer from the Universidad de La Serena, Chile, and the
master’s degree in Information Technology from the Universidad Santa María, Chile, in 2003 and 2008, respectively.
He is currently pursuing the Ph.D. degree in Information and Communications Technologies at the Universidad Rey
Juan Carlos, Madrid, Spain. He is currently with the Universidad de La Serena as a Professor. His research areas are infor-
mation technology, innovation, and education, and he is a member of the IEEE Computer and Education Societies.

J. Ángel Velázquez-Iturbide received the Computer Science degree and the Ph.D. degree in Computer Science from the
Universidad Politécnica de Madrid, Spain, in 1985 and 1990, respectively. He is currently with the Universidad Rey Juan
Carlos as a Professor, where he is the leader of the Laboratory of Information Technologies in Education (LITE). His
research areas include programing education and software visualization. Prof. Velázquez is a senior member of the
IEEE Computer and Education Societies and a senior member of ACM. He is the Vice-president of the Spanish Associ-
ation for the Advancement of Computers in Education (ADIE).

Mauricio Castillo-Vergara, is a Doctor in economic and business sciences, Bachelor of Science in Engineering, Industrial
Civil Engineer and Master in Business Management. He is currently working as an academic researcher at the Faculty of
Economics and Business at the Alberto Hurtado University. His leading research and chairs are Entrepreneurship, Inno-
vation, and Creativity. He is the author of several articles on SMEs, entrepreneurship, creativity, and innovation. He has
published in national and international journals such as Innovation: Organization & Management, Journal of Business
Research, Thinking Skills and Creativity, Journal of Cleaner Production, Journal of Technology & Innovation Manage-
ment. He has taught and participated in various national and international presentations, seminars and courses.

ORCID

Alejandro Álvarez-Marín http://orcid.org/0000-0001-7151-3717
J. Ángel Velázquez-Iturbide http://orcid.org/0000-0002-9486-8526
Mauricio Castillo-Vergara http://orcid.org/0000-0002-3368-6497

References

Ajzen, I. (1991). The theory of planned behavior. Organizational Behavior and Human Decision Processes, 50(2), 179–211.
https://doi.org/10.1016/0749-5978(91)90020-T

Akçayir, M., Akçayir, G., Pektaş, H., & Ocak, M. (2016). Augmented reality in science laboratories: The effects of augmen-
ted reality on university students’ laboratory skills and attitudes toward science laboratories. Computers in Human
Behavior, 57, 334–342. https://doi.org/10.1016/j.chb.2015.12.054

Akçayır, M., & Akçayır, G. (2017). Advantages and challenges associated with augmented reality for education: A sys-
tematic review of the literature. Educational Research Review, 20, 1–11. https://doi.org/10.1016/j.edurev.2016.11.002

Al-Adwan, A. (2020). Investigating the drivers and barriers to MOOCs adoption: The perspective of TAM. Education and
Information Technologies, 25(6), 5771–5795. https://doi.org/10.1007/s10639-020-10250-z

Al-Ajam, A., & Nor, K. (2015). Challenges of adoption of internet banking service in Yemen. International Journal of Bank
Marketing, 33(2), 178–194. https://doi.org/10.1108/ijbm-01-2013-0001

Al-Maroof, R., & Al-Emran, M. (2018). Students acceptance of Google classroom: An exploratory study using PLS-SEM
approach. International Journal of Emerging Technologies in Learning, 13(6), 112–123. https://doi.org/10.3991/ijet.
v13i06.8275

Al-Rahmi, W., Alzahrani, A., Yahaya, N., Alalwan, N., & Kamin, Y. (2020). Digital communication: Information and com-
munication technology (ICT) usage for education sustainability. Sustainability, 12(12), 1–18. https://doi.org/10.
3390/su12125052

Aquel, M. (2013). The effect of different interaction levels on instructional design learners. Procedia - Social and
Behavioral Sciences, 103, 1035–1043. https://doi.org/10.1016/j.sbspro.2013.10.429

10 A. ÁLVAREZ-MARÍN ET AL.



Arici, F., Yildirim, P., Caliklar, Ş, & Yilmaz, R. (2019). Research trends in the use of augmented reality in science education:
Content and bibliometric mapping analysis. Computers and Education, 142, 103647. https://doi.org/10.1016/j.
compedu.2019.103647

Arvanitis, T., Williams, D., Knight, J., Baber, C., Gargalakos, M., Sotiriou, S., & Bogner, F. (2011). A Human factors study of
technology acceptance of a prototype mobile augmented reality system for Science education. Advanced Science
Letters, 4(11), 3342–3352. https://doi.org/10.1166/asl.2011.2044

Azuma, R. (1997). A survey of augmented reality. Presence: Virtual and Augmented Reality, 6(4), 355–385. https://doi.org/
10.1162/pres.1997.6.4.355

Azuma, R., Baillot, Y., Behringer, R., Feiner, S., Julier, S., & MacIntyre, B. (2001). Recent advances in augmented reality. IEEE
Computer Graphics and Applications, 21(6), 34–47. https://doi.org/10.1109/38.963459

Balog, A., & Pribeanu, C. (2010). The role of perceived enjoyment in the students’ acceptance of an augmented reality
Teaching platform: A structural equation modelling approach. Studies in Informatics and Control, 19(3), 319–330.
https://doi.org/10.24846/v19i3y201011

Billinghurst, M., & Duenser, A. (2012). Augmented reality in the classroom. Computer, 45(7), 56–63. https://doi.org/10.
1109/MC.2012.111

Cabero-Almenara, J., Barroso-Osuna, J., Llorente-Cejudo, C., & Fernández-Martínez, M. (2019b). Educational uses of aug-
mented reality (AR): experiences in educational science. Sustainability, 11(18), 4990–4918. https://doi.org/10.3390/
su11184990

Cabero-Almenara, J., Fernández-Batanero, J., & Barroso-Osuna, J. (2019a). Heliyon adoption of augmented reality tech-
nology by university students. Heliyon, 5(5), e01597. https://doi.org/10.1016/j.heliyon.2019.e01597

Cai, S., Liu, E., Shen, Y., Liu, C., Li, S., & Shen, Y. (2020). Probability learning in mathematics using augmented reality:
Impact on student’ s learning gains and attitudes. Interactive Learning Environments, 28(5), 560–573. https://doi.
org/10.1080/10494820.2019.1696839

Cepeda-Carrion, G., Cegarra-Navarro, J., & Cillo, V. (2019). Tips to use partial least squares structural equation modelling
(PLS-SEM) in knowledge management. Journal of Knowledge Management, 23(1), 67–89. https://doi.org/10.1108/
JKM-05-2018-0322

Chang, C., Hajiyev, J., & Su, C. (2017). Examining the students’ behavioral intention to use e-learning in Azerbaijan? The
general extended technology acceptance model for E-learning approach. Computers & Education, 111, 128–143.
https://doi.org/10.1016/j.compedu.2017.04.010

Chin, W. (2010). Handbook of partial least squares. In How to Write Up and Report PLS Analyses, Springer Handbooks of
Computational Statistics. Springer. https://doi.org/10.1007/978-3-540-32827-8_29

Chung, N., Han, H., & Joun, Y. (2015). Tourists’ intention to visit a destination: The role of augmented reality (AR) appli-
cation for a heritage site. Computers in Human Behavior, 50, 588–599. https://doi.org/10.1016/j.chb.2015.02.068

Cruz-Cárdenas, J., Guadalupe-Lanas, J., Ramos-Galarza, C., & Palacio-Fierro, A. (2021). Drivers of technology readiness
and motivations for consumption in explaining the tendency of consumers to use technology-based services.
Journal of Business Research, 122, 217–225. https://doi.org/10.1016/j.jbusres.2020.08.054

Cubillo, J., Martin, S., Castro, M., & Meier, R. (2012). Control of a remote laboratory by augmented reality. IEEE
International Conference on Teaching Assessment and Learning for Engineering, W2B-11–W2B-15. https://doi.org/10.
1109/TALE.2012.6360297

da Silva, M., Teixeira, J., Cavalcante, S., & Teichrieb, V. (2019). Perspectives on how to evaluate augmented reality tech-
nology tools for education: A systematic review. Journal of the Brazilian Computer Society, 25(3), https://doi.org/10.
1186/s13173-019-0084-8

Davis, F. (1989). Perceived usefulness, perceived ease of use, and user acceptance of information technology. MIS
Quarterly, 319–340. https://doi.org/10.2307/249008

Davis, F. (1993). User acceptance of information technology: System characteristics, user perceptions and behavioral
impacts. International Journal of Man-Machine Studies, 38(3), 475–487. https://doi.org/10.1006/imms.1993.1022

Dey, A., Billinghurst, M., Lindeman, R., & Swan, J. (2018). A systematic review of 10 years of augmented reality usability
studies: 2005 to 2014. Frontiers in Robotics and AI, 5(37), 1–28. https://doi.org/10.3389/frobt.2018.00037

Dijkstra, T., & Henseler, J. (2015). Consistent and asymptotically normal PLS estimators for linear structural equations.
Computational Statistics and Data Analysis, 81, 10–23. https://doi.org/10.1016/j.csda.2014.07.008

Do, H., Shih, W., & Ha, Q. (2020). Effects of mobile augmented reality apps on impulse buying behavior: An investigation
in the tourism field. Heliyon, 6(8), e04667. https://doi.org/10.1016/j.heliyon.2020.e04667

Elfeky, A., & Elbyaly, M. (2021). Developing skills of fashion design by augmented reality technology in higher education
technology in higher education. Interactive Learning Environments, 17–32. https://doi.org/10.1080/10494820.2018.
1558259

Eraslan, M., & Kutlu, B. (2019). Examination of students’ acceptance of and intention to use learning management
systems using extended TAM. British Journal of Educational Technology, 50(5), 2414–2432. https://doi.org/10.1111/
bjet.12798

Esteban-Millat, I., Martínez-López, F., Pujol-Jover, M., Gázquez-Abad, J., & Alegret, A. (2018). An extension of the tech-
nology acceptance model for online learning environments. Interactive Learning Environments, 26(7), 895–910.
https://doi.org/10.1080/10494820.2017.1421560

INTERACTIVE LEARNING ENVIRONMENTS 11



Feiner, S., Macintyre, B., & Seligmann, D. (1993). Knowledge-based augmented reality. Communications of the ACM, 36(7),
53–62. https://doi.org/10.1145/159544.159587

Fishbein, M., & Ajzen, I. (1975). Belief, attitude, intention and behavior: An introduction to theory and research. Addison
Wesley.

Floyd, T. (2007). Principles of electric circuits. Pearson Education, Inc.
Frank, F., & Miller, N. (1992). A primer for soft modeling. Univ of Akron Edition.
Gavish, N., Gutiérrez, T., Webel, S., Rodríguez, J., Peveri, M., Bockholt, U., & Tecchia, F. (2015). Evaluating virtual reality and

augmented reality training for industrial maintenance and assembly tasks. Interactive Learning Environments, 23(6),
778–798. https://doi.org/10.1080/10494820.2013.815221

Gefen, D., Straub, D., & Boudreau, M. (2000). Structural equation modeling and regression: guidelines for research prac-
tice. Communications of the Association for Information Systems, 4), https://doi.org/10.17705/1CAIS.00407

Gilly, M., Celsi, M., & Schau, H. (2012). It don’t come easy: Overcoming obstacles to technology use within a resistant
Consumer group. Journal of Consumer Affairs, 46(1), 62–89. https://doi.org/10.1111/j.1745-6606.2011.01218.x

Hair, J., Hult, T., Ringle, C., & Sarstedt, M. (2016). A primer on partial least squares structural equation modeling (PLS-SEM).
Sage publications.

Hair, J., Sarstedt, M., Hopkins, L., & Kuppelwieser, G. (2014). Partial least squares structural equation modeling (PLS-SEM).
European Business Review, 26(2), 106–121. https://doi.org/10.1108/ebr-10-2013-0128

Hanif, A., Jamal, F., & Imran, M. (2018). Extending the technology acceptance model for use of e-learning systems by
digital learners. IEEE Access, 6, 73395–73404. https://doi.org/10.1109/ACCESS.2018.2881384

Henseler, J. (2017). Bridging design and behavioral research with variance-based structural equation modeling. Journal
of Advertising, 46(1), 178–192. https://doi.org/10.1080/00913367.2017.1281780

Henseler, J. (2018). Partial least squares path modeling: Quo vadis? Quality and Quantity, 52(1), 1–8. https://doi.org/10.
1007/s11135-018-0689-6

Huang, H., Liaw, S., & Lai, C. (2016). Exploring learner acceptance of the use of virtual reality in medical education: A case
study of desktop and projection-based display systems. Interactive Learning Environments, 24(1), 3–19. https://doi.
org/10.1080/10494820.2013.817436

Ibáñez, M., & Delgado-Kloos, C. (2018). Augmented reality for STEM learning: A systematic review. Computers &
Education, 123, 109–123. https://doi.org/10.1016/j.compedu.2018.05.002

Ismail, I., Azizan, S., & Azman, N. (2011). Accessing innovativeness of distance learners toward their readiness in embra-
cing technology. African Journal of Business Management, 5(33), 12768–12776. https://doi.org/10.5897/AJBM11.824

Kamal, S., Shafiq, M., & Kakria, P. (2020). Investigating acceptance of telemedicine services through an extended tech-
nology acceptance model (TAM). Technology in Society, 60, 101212. https://doi.org/10.1016/j.techsoc.2019.101212

Karahanna, E., Straub, D., & Chervany, N. (1999). Information technology adoption across time: A cross-sectional com-
parison of pre-adoption and post-adoption beliefs. MIS Quarterly, 23(2), 183–213. https://doi.org/10.2307/249751

Kaur, D., Mantri, A., & Horan, B. (2019). Design implications for adaptive augmented reality based interactive learning
environment for improved concept comprehension in engineering paradigms. Interactive Learning Environments,
1–19. https://doi.org/10.1080/10494820.2019.1674885

Kros, J., Richey, R., Chen, H., & Nadler, S. (2011). Technology emergence between mandate and acceptance: An explora-
tory examination of RFID. International Journal of Physical Distribution & Logistics Management, 41(7), 697–716.
https://doi.org/10.1108/09600031111154143

Li, C., & Wu, J. (2011). The structural relationships between optimism and innovative behavior: Understanding potential
antecedents and mediating effects. Creativity Research Journal, 23(2), 119–128. https://doi.org/10.1080/10400419.
2011.571184

Lin, J., & Chang, H. (2011). The role of technology readiness in self-service technology acceptance. Managing Service
Quality: An International Journal, 21(4), 424–444. https://doi.org/10.1108/09604521111146289

Lin, C., Shih, H., & Sher, P. (2007). Integrating technology readiness into technology acceptance: The TRAM model.
Psychology and Marketing, 24(7), 641–657. https://doi.org/10.1002/mar.20177

Mao, C., Sun, C., & Chen, C. (2017). Evaluate learner’s acceptance of augmented reality based military decision-making
process training system. International Conference on Information and Education Technology, 73–77. https://doi.org/10.
1145/3029387.3029418

Martin-Gutierrez, J., Fabiani, P., Benesova, W., Meneses, M., & Mora, C. (2015). Augmented reality to promote collabora-
tive and autonomous learning in higher education. Computer in Human Behaviour, 51, 752–761. https://doi.org/10.
1016/j.chb.2014.11.093

Matcha, W., & Awang, D. (2012). User preference in collaborative science learning through the use of augmented reality.
International Conference on Engineering Education, 64–68. https://doi.org/10.1109/ICEED.2012.6779271

Nesterov, A., Shishkov, A., Kholodilin, I., & Vanin, P. (2017). Augmented reality in engineering education: Opportunities
and advantages. Communications - Scientific Letters of the University of Zilina, 19(4), 117–120. Retrieved from http://
komunikacie.uniza.sk/index.php/communications/article/view/280

Ngafeeson, M. (2015). E-Book acceptance among undergraduate students: A Look at the moderating role of technology
innovativeness. International Journal of Web-Based Learning and Teaching Technologies, 10(3), 36–51. https://doi.org/
10.4018/ijwltt.2015070103

12 A. ÁLVAREZ-MARÍN ET AL.



Odeh, S., Shanab, S., Anabtawi, M., & Hodrob, R. (2013). A remote engineering LAB based on augmented reality for
Teaching electronics. International Journal of Online Engineering, 9. https://doi.org/10.3991/IJOE.V9IS5.2496

Opriş, I., Costinaş, S., Ionescu, C., & Nistoran, D. (2017). Towards augmented reality in power engineering. International
Symposium on Advanced Topics in Electrical Engineering, 39–44. https://doi.org/10.1109/ATEE.2017.7905160

Pantano, E., Rese, A., & Baier, D. (2017). Enhancing the online decision-making process by using augmented reality: A
two country comparison of youth markets. Journal of Retailing and Consumer Services, 38, 81–95. https://doi.org/
10.1016/j.jretconser.2017.05.011

Parasuraman, A. (2000). Technology readiness index (TRI) a multiple-item scale to measure readiness to embrace new
technologies. Journal of Service Research, 2(4), 307–320. https://doi.org/10.1177/109467050024001

Perry, A. (2016). Consumers’ acceptance of smart virtual closets. Journal of Retailing and Consumer Services, 33, 171–177.
https://doi.org/10.1016/j.jretconser.2016.08.018

Pribeanu, C., Balog, A., & Iordache, D. (2017). Measuring the perceived quality of an AR-based learning application: A
multidimensional model. Interactive Learning Environments, 25(4), 482–495. https://doi.org/10.1080/10494820.
2016.1143375

Radosavljevic, S., Radosavljevic, V., & Grgurovic, B. (2020). The potential of implementing augmented reality into voca-
tional higher education through mobile learning. Interactive Learning Environments, 28(4), 404–418. https://doi.org/
10.1080/10494820.2018.1528286

Restivo, M., Rodrigues, J., & Chouzal, M. (2014). Let’s work with AR in DC circuits. International Conference on Interactive
Collaborative Learning, 884–885. https://doi.org/10.1109/ICL.2014.7017890

Ringle, C., Sarstedt, M., & Straub, D. (2012). Editor’s comments: A critical Look at the Use of PLS-SEM.MIS Quarterly, 36(1),
III–VIII. https://doi.org/10.2307/41410402

Ringle, C., Wende, S., & Becker, J. (2015). SmartPLS 3. Bönningstedt: SmartPLS. http://www.smartpls.com
Sarstedt, M., Hair, J., Ringle, C., Thiele, K., & Gudergan, S. (2016). Estimation issues with PLS and CBSEM: Where the bias

lies!. Journal of Business Research, 69(10), 3998–4010. https://doi.org/10.1016/j.jbusres.2016.06.007
Sharma, B., & Mantri, A. (2020). Assimilating disruptive technology: A new approach of learning science in engineering

education. Procedia Computer Science, 172, 915–921. https://doi.org/10.1016/j.procs.2020.05.132
Sheppard, B., Harwick, J., & Warshaw, P. (1988). The theory of reasoned action: A meta-nalysis of past research with rec-

ommendation for modification and future research. Journal of Consumer Research, 15(3), 325–343. https://doi.org/10.
1086/209170

Sırakaya, M., & Sırakaya, D. (2020). Augmented reality in STEM education: A systematic review. Interactive Learning
Environments, 1–14. https://doi.org/10.1080/10494820.2020.1722713

Souvestre, F., Anastassova, M., González, E., Gutiérrez, A., Benito, J., & Barak, M. (2014). Learner-centered evaluation of an
augmented reality system for embedded engineering education. Annals of Computer Science and Information
Systems, 4, 31–34. https://doi.org/10.15439/2014F675

Taneja, A., Wang, A., & Raja, M. (2006). Assessing the impact of concern for privacy and innovation characteristics in the
adoption of biometric technologies. Annual Conference of Decision Sciences Institute.

Teo, T., Lee, C., & Chai, C. (2008). Understanding pre-service teachers’ computer attitudes: Applying and extending the
technology acceptance model. Journal of Computer Assisted Learning, 24(2), 128–143. https://doi.org/10.1111/j.1365-
2729.2007.00247.x

Theotokis, A., Vlachos, P., & Pramatari, K. (2008). The moderating role of customer-technology contact on attitude
towards technology-based services. European Journal of Information Systems, 17(4), 343–351. https://doi.org/10.
1057/ejis.2008.32

Toledo-Morales, P., & Sanchez-Garcia, J. (2018). Use of augmented reality in Social Sciences as educational resource.
Turkish Online Journal of Distance Education, 19(3), 38–52. https://doi.org/10.17718/tojde.444635

Wang, Y., Anne, A., & Ropp, T. (2016). Applying the technology acceptance model to understand aviation students’ per-
ceptions toward augmented reality maintenance training instruction. International Journal of Aviation, Aeronautics,
and Aerospace, 3(4), https://doi.org/10.15394/ijaaa.2016.1144

Williams, L., Vandenberg, R., & Edwards, J. (2009). 12 structural equation modeling in management research: A guide for
improved analysis. Academy of Management Annals, 3(1), 543–604. https://doi.org/10.5465/19416520903065683

Wojciechowski, R., & Cellary, W. (2013). Evaluation of learners’ attitude toward learning in ARIES augmented reality
environments. Computers & Education, 68, 570–585. https://doi.org/10.1016/j.compedu.2013.02.014

Wu, L., & Chen, J. (2005). An extension of trust and TAM model with TPB in the initial adoption of on-line tax: An empiri-
cal study. International Journal of Human-Computer Studies, 62(6), 784–808. https://doi.org/10.1016/j.ijhcs.2005.03.
003

Ziyae, B., Mobaraki, M., & Saeediyoun, M. (2015). The effect of psychological capital on innovation in information tech-
nology. Journal of Global Entrepreneurship Research, 5(8), doi:10.1186/s40497-015-0024-9

INTERACTIVE LEARNING ENVIRONMENTS 13



90  PUBLICATIONS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



91 

 

 

 

 

 

 

Publication V 

 

Copyright: © 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an 

open access article distributed under the terms and conditions of the Creative Commons 

Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/) which permits 

unrestricted use, distribution, and reproduction in any medium, provided the original work 

is properly cited. 

 

Álvarez-Marín, A., Velázquez-Iturbide, J.Á., and Castillo-Vergara, M. (2021). 

Technology acceptance of an interactive augmented reality app on resistive circuits for 

engineering students. In Electronics, 10(11), 1286. doi: 10.3390/electronics10111286. JCR 

2021: 2,69 - Computer Science, Information Systems (Q3); SJR 2021: 0,59 - Computer 

Networks and Communications (Q2). 

 



92  PUBLICATIONS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



electronics

Article

Technology Acceptance of an Interactive Augmented Reality
App on Resistive Circuits for Engineering Students

Alejandro Álvarez-Marín 1,* , J. Ángel Velázquez-Iturbide 2 and Mauricio Castillo-Vergara 3

����������
�������

Citation: Álvarez-Marín, A.;

Velázquez-Iturbide, J.Á.;

Castillo-Vergara, M. Technology

Acceptance of an Interactive

Augmented Reality App on Resistive

Circuits for Engineering Students.

Electronics 2021, 10, 1286.

https://doi.org/10.3390/

electronics10111286

Academic Editors:

Daniela M. Romano

and Vinoba Vinayagamoorthy

Received: 14 April 2021

Accepted: 7 May 2021

Published: 28 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Departamento de Ingeniería Industrial, Universidad de La Serena, La Serena 1720170, Chile
2 Escuela Técnica Superior de Ingeniería Informática, Universidad Rey Juan Carlos, 28933 Madrid, Spain;

angel.velazquez@urjc.es
3 Faculty of Economics and Business, Universidad Alberto Hurtado, Santiago 8340578, Chile;

mhcastillo@uahurtado.cl
* Correspondence: aalvarez@userena.cl

Abstract: In this study, we aim to establish the factors that explain the technology acceptance of aug-
mented reality (AR) in students’ engineering education. Technology acceptance of AR apps has been
insufficiently investigated. We conceive a theoretical model to explain technology acceptance by relating
behavioral intention to use with the variables subjective norm, technology optimism, technology innova-
tiveness, perceived ease of use, perceived usefulness, and attitude toward using. An interactive AR app
on electrical circuits was designed to assist students to overcome their difficulties in understanding how
electricity works. A theoretical model was hypothesized and tested using structural equation modeling.
The study was conducted using a sample of 190 engineering students. The results demonstrate the
positive effect of technology optimism and technology innovativeness on perceived usefulness and
attitude toward using, respectively. Furthermore, they suggest that attitude toward using is influenced
by perceived usefulness but not directly by perceived ease of use. This could mean that students would
be willing to use this app if they find it useful and not just easy to use. Finally, the results illustrate that
attitude toward using firmly explains behavioral intention to use, which is consistent with the findings
in previous studies. These results could guide how academics and higher education centers should
approach the incorporation of these technologies in classrooms.

Keywords: augmented reality; education; engineering; mobile learning; technology acceptance

1. Introduction

The education sector can benefit significantly by incorporating information tech-
nologies and improving the academic performance of students [1,2]. However, students’
resistance to new technologies can impede their successful adoption or use. Therefore, de-
termining the factors that explain and predict acceptance of these technologies is necessary
to design effective adoption strategies.

One of these technologies, augmented reality (AR), has been employed in different
fields [3], from tourism and navigation to entertainment and advertisement, geometry
modeling and scene construction, assembly and maintenance, information assistant man-
agement, training, and education [4].

In the education sector, AR has been adopted in several areas of knowledge [5] because
it provides additional value to mobile learning objects by providing greater interactivity
and an attractive learning environment [6]. The inclusion of AR technology helps students
in improving their creativity, critical thinking, and problem-solving skills [7].

In engineering education, one of the areas where AR has been used is electronics [8,9].
Students frequently find it difficult to understand electricity concepts because electricity
and its working mechanism are invisible [10]. Visualizing electricity through an AR app
allows students to understand these concepts more intuitively [11] and improve their
academic achievements [12].
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Incorporating the AR technology in different stages of the educational process could
also allow future engineering skills to be incorporated into Industry 4.0, which is charac-
terized by even more digitized and optimized operations in an integrated network under
the concept of industrial AR [13]. For example, companies with modern production sys-
tems currently anticipate AR apps that can support the assembly process through virtual
instructions [14].

Despite these benefits, the analysis of how users accept and use various innovative
technologies is lacking [15]. Technology acceptance is meant to explain technology usage
behavior and is associated with behavioral intention [16]. Given this, models are used to predict
or explain the behavior of individuals on the implementation of information technologies.

One of the most important models, the technology acceptance model (TAM), proposed
by Davis [17], is an adaptation of the theory of reasoned action [18]. The TAM incorporates
the following variables: perceived ease of use, perceived usefulness, attitude toward using,
and behavioral intention to use.

Some studies have suggested the TAM’s incapacity to model new scenarios. However,
these studies focus on commercial applications, mainly marketing and AR apps’ perceived
value. Vishwakarma et al. [19], while researching an AR app in tourism, indicated that the
applicability of the TAM is limited because it explains the adoption of new information and
communication technologies only from the viewpoint of users and not consumers. They
used the value-based adoption model [20], which considers adoption from a consumer’s
perspective, rather than from a technology user perspective.

Nevertheless, the extended versions of the TAM remain valid in education as apps are
provided to students to support the educational process and autonomous learning. Given
that the commercialization of apps is not considered, students are not treated as consumers.

The TAM has been applied to study the adoption of new information and commu-
nication technologies such as wearables [21], Google Glass [22], and AR in science [23]
and geometry [24,25]. In the educational field, the TAM has been recently employed to
examine the adoption of massive open online courses [26,27], digital communication [28],
e-learning [29,30], mobile learning [31–33], and the use of open-source software [34].

In engineering education, only one study was found that addressed the acceptance of
the AR technology using structural equation modeling to analyze the causal relationship
between variables. Ibañez et al. [35] used the TAM to explore students’ perceptions re-
garding problem-solving in electromagnetism. The results of the evaluation demonstrated
that the behavioral intention to use was dependent on perceived enjoyment. However,
the authors had to remove the perceived usefulness construct because of inconsistency in
students’ responses. The personal or environmental characteristics were not considered.

As AR technology has proven to be useful for improving academic performance,
higher education institutions need to incorporate it more intensively in their teaching and
learning processes. The AR technology allows the creation of virtual laboratories that can
be used for different subjects, thereby optimizing the use of available resources. Further,
being an app, students can download and use it freely. Based on the features provided
by smartphones or tablets, each student could have a laboratory in his or her hands to
experiment and perform exercises, thereby catalyzing autonomous learning processes
in students. The AR technology can also promote distance learning, as students do not
necessarily need to visit laboratories.

However, this scenario is not possible if the actors involved are not willing to use
this technology. If the variables that influence the willingness to use technology are
appropriately understood, then the actions that lead to reinforcing the disposition of certain
students to use such technology can be encouraged. Thus, if an early-stage technology
reveals that potential users are unlikely to accept it, appropriate interventions could
be applied to achieve acceptance; otherwise, these resources could be invested in the
development and implementation of other higher impact technologies.

The characteristics of the current generation of students must also be considered.
Being digital natives, they are increasingly immersed in digital technologies [36]. The
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acceptance of technologies by digital natives requires incorporating a series of individual
and relevant factors [29]. One of them is technology readiness, which comprises four
dimensions: optimism and innovativeness as drivers, and discomfort and insecurity as
inhibitors [37] with optimism and innovativeness being stable individual dimensions for
measurement [38]. Although technology readiness dimensions have been employed in
examining the technological acceptance of digital natives as consumers [39], they have not
been used by incorporating them into the TAM in education. In addition, the studies on
the incorporation of mobile learning in the formal educational context are scarce [40].

To address this gap, we propose an extended TAM to analyze the influence of tech-
nology optimism and technology innovativeness on AR acceptance. The study seeks to
contribute to the relevant literature by determining variables that can explain and predict
students’ use of AR technology in engineering education. This could have implications for
the policies that higher education institutions may have for adopting these technologies.

2. Theoretical Background and Hypotheses

We focus on theoretical constructs proposed by Davis [17] in the TAM: perceived
ease of use, perceived usefulness, attitude toward using, and behavioral intention to
use. Further, the TAM uses two theoretical constructs proposed by Parasuraman [37],
technology optimism and technology innovativeness, in addition to the subjective norm,
because they are related to behavioral intention to use.

Subjective norm refers to the belief that an important person or group of people
will approve and support a particular behavior. It is determined by the perceived social
pressure from other people to behave in a specific manner and a person’s motivation to
comply with those people’s expectations [41]. Expectations of other people, whose opinions
are important to a person, can make him or her believe that technology could improve his
or her performance [42] or can render the technology trustworthy [43]. In an academic
environment, students’ beliefs regarding the use of technology can be influenced by the
opinion of academics and classmates [44].

Technology innovativeness is defined as a person’s inclination to try new information
technologies [45]. It is related to people’s tendency to be pioneering users of technology
and be leaders in its use [37]. These users rarely consider new technologies as complex
or beyond their understanding and are likely to regret losing the opportunity to explore
new technologies [46]. Additionally, technology optimism refers to having a positive view
of technology, including control, flexibility, convenience, and efficiency [45]. It is related
to persons’ positive vision toward technology because they feel they have greater control
over their lives [37] and are prepared to use it [47].

Based on the above, we can infer that if a student is in an environment where technol-
ogy benefits are highlighted or their use is promoted, students would believe that using
these technologies can positively impact their study and encourage them to be pioneers in
using these technologies. Therefore, we propose the following hypotheses:

Hypothesis 1 (H1). Subjective norm has a positive effect on technology optimism.

Hypothesis 2 (H2). Subjective norm has a positive effect on technology innovativeness.

Hypothesis 3 (H3). Technology optimism has a positive effect on technology innovativeness.

Perceived usefulness can be characterized as how a person thinks a particular technol-
ogy will improve task performance [48], for instance, the shorter time necessary to perform
a task or activity, or higher precision [49].

Further, attitude toward using refers to the user’s evaluation regarding the conve-
nience of using a determined technology [50].

If students are optimistic about the benefits that technology can provide to improve the
teaching and learning process, then they may be more likely to find that specific technology
easier to use, and in turn, believe that using it might be convenient and help achieve
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the expected results. The same could happen with a student who is a pioneer in using
new technologies. With a particular technology, these students may believe that using
it can be convenient and have a positive attitude toward it. Therefore, we propose the
following hypotheses:

Hypothesis 4 (H4). Technology optimism has a positive effect on perceived usefulness.

Hypothesis 5 (H5). Technology optimism has a positive effect on attitude toward using.

Hypothesis 6 (H6). Technology innovativeness has a positive effect on attitude toward using.

The perceived ease of use is defined as the degree to which a person believes that a
specific technology can be used effortlessly [49].

If students perceive that an AR app is easy to use, they might find it useful to incorpo-
rate it as a tool in their learning process. Similarly, this app was easy to use, and because of
its convenience, it could also elicit a positive attitude from students.

At the same time, this positive attitude that students may have toward the app could,
in turn, be explained by how useful they find incorporating it into their educational process.
This leads to our next set of hypotheses:

Hypothesis 7 (H7). Perceived ease of use has a positive effect on perceived usefulness.

Hypothesis 8 (H8). Perceived ease of use has a positive effect on attitude toward using.

Hypothesis 9 (H9). Perceived usefulness has a positive effect on attitude toward using.

Finally, behavioral intention to use refers to an individual’s perception of what others
think he or she should do about a determined behavior [18]. Studies on AR have illustrated
that behavioral intention to use is influenced by attitude toward using [48,51]. Thus, this
leads to our next hypothesis:

Hypothesis 10 (H10). Attitude toward using has a positive effect on behavioral intention to use.

We propose the research model depicted in Figure 1. This model comprises an
extended TAM that incorporates the variables technology optimism and technology in-
novativeness, which have not been previously investigated in the context of AR apps in
engineering education.
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3. Interactive AR App

Some apps have been developed as a support for learning electrical circuits, which
help visualize electricity. Matcha and Rambli [10] developed a prototype to analyze the
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relationship between current and resistance in a circuit. Restivo et al. [11] developed the
app “CD Circuit Puzzle.” The circuit elements were used as Lego pieces to understand
their operation, perceive different situations, and practice solutions. However, these apps
only reach a medium degree of interaction (level III, complex interaction: the student can
manipulate graphical objects to analyze their behavior [52]). Therefore, we developed
an AR app that reaches a high of interactivity (level IV, real-time interaction: the student
can interact in a simulation where stimuli generate complex responses [52]). This app,
named “INGAR DC Analysis,” analyzes direct current (DC) in resistive circuits. This app
allows the user to change the batteries’ voltage values and the resistance value of the light
bulbs and resistors under controlled safety conditions, generating real-time amperage
calculations present in the circuit.

This app can be used in theoretical classes, laboratories, or as a support tool for
autonomous learning using smartphones or tablets. The AR app’s purpose is to enable
students to work with electrical circuits and visualize how electricity functions.

In the app, AR figures (batteries, light bulbs, and resistors) can be manipulated in
serial or parallel resistive circuits by students. The app has five types of serial and parallel
circuits to choose from (Figure 2).
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Figure 2. Interactive AR app.

By manipulating QR codes as targets, students can experience various circuit configu-
rations by incorporating and combining batteries, light bulbs, and resistors, and varying
their voltages and resistances.

With this, the app calculates and displays the resulting values of voltage and amperage
of light bulbs and resistors in real time, using the loop method and applying Kirchhoff’s
voltage law [53].
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According to the amperage value circulating in each branch of the circuit, a color is
assigned. A gray branch means no amperage. A 12-color scale ranging from faint yellow to
bright red was used, depending on the amperage value.

Thus, students can visualize the different intensities of current passing through each
branch of the circuit and the values of amperage and voltage circulating through each light
bulb or resistor.

The app was developed in Unity 3D using the Vuforia SDK. The development of the
app is facilitated using prefabs, which were obtained from the SDK. Three-dimensional
objects were developed with the Blender software. Batteries, resistors, and light bulbs were
created as objects in AR to interact with the resistive circuit. QR codes are used by the
circuit, batteries, light bulbs, and resistors code as a target to position each AR element in
the space. An optical tracker for its operation is used.

4. Methodology

The model and the proposed hypotheses were simultaneously tested applying struc-
tural equations through partial least squares (PLS), using the Smart PLS 3.2.9 © soft-
ware [54]. The PLS technique was adopted because it combines unobserved variables
representing theoretical concepts and data from measurements, which are used to provide
evidence on the relationships between latent variables [55]. This method is appropriate as
the approximation includes complex models as well as compound variables [56].

The application of the PLS technique consists of different steps, with the first step
being the model fit [57]. The fit test is performed for the estimated model by applying
a bootstrapping process of 5000 subsamples [58]. Second, the measurement model is
evaluated, and third, the fit of the model is analyzed [59]. Type B compound variables
were considered for this model [60].

A review of the literature to compile the survey was conducted. Questionnaires
from previous studies were used, as these questions were previously validated. A survey
comprising 22 indicators was employed for data collection. Table 1 presents the studies
used to adapt the questions for the constructs and indicators.

Table 1. Studies and indicators used.

Construct Study Indicator

Subjective norm [61] People whose opinions I value encourage me to use new technologies.
People who are important to me help me use new technologies.

Technology optimism [47]
The products and services that use the newest technologies are much more

convenient to use.
I prefer to use the most advanced technology available.

Technology makes my work more efficient.

Technology innovativeness [62]
If I discover that new technologies exist, I find ways to test them.

Among my classmates, I am generally the first to try new technologies.
I like to experiment with new technologies.

Perceived ease of use [51]
I found the app to be very easy to use.

The app was intuitive to use.
Learning how to use the app was easy.

Handling the app was easy.

Perceived usefulness [48]
The use of the app improves learning in the classroom.

Using the app during lessons would facilitate the understanding of certain concepts.
I believe that the app is helpful when learning.

Attitude toward using [51]
I think using the app in the class would be positive.

The app is so interesting that you want to learn more about it.
Using the app for the study of electrical circuits is logical.

The app is a good idea.

Behavioral intention to use [63]
I would like to have this app if I had to study electrical circuits.
I would intend to use this app to learn about electrical circuits.

I would recommend other students use this app to study electrical circuits.
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The convenience sampling method—a non-probability sampling technique involving
the sample being drawn from a pool of population that is easy to reach or contact—
was used in this study. This type of sampling is useful for pilot testing. The sample
corresponds to students studying Industrial Engineering, Mechanical Engineering, Mining
Engineering, Civil Engineering, and Environmental Engineering at the University of La
Serena, Chile. These branches of engineering were selected because they include subjects
in which electrical circuits are taught. Student participation was voluntary, not associated
with evaluation, and students were not offered extra scores to participate in the study. The
prototype of the AR app was used in a guided session with the students. The pilot test has
been widely used to determine behavioral intention in AR apps [23,24,51,64–67].

The research took place in March 2020. The experience and the survey were carried out in
an ad hoc laboratory implemented using tablets. In the beginning, a 3 min video was shown
that demonstrated how the interactive AR app worked. Then, the students experimented
interacting with the app for 30 min, performing various guided exercises (similar to other
studies of AR acceptance in education [35,48,68] and other fields [51,67]). Students understood
different types of current intensity behaviors while practicing with serial or parallel circuits
and modifying values of voltage and resistance. Moreover, students were able to interact with
the app freely. At the end of the experience, the survey was conducted. Anonymity and strict
confidentiality of data were guaranteed.

5. Results

The survey had 190 respondents, of which 115 were males and 75 were females. The
average age was 21 years, and the students were in their third or fourth academic year. In
terms of the engineering field, 77 were industrial engineering students, while 38, 32, 26, and 17
were students from mining, mechanical, civil, and environmental engineering, respectively.

As the loadings of each indicators’ variance inflation factor is lower than 3.3, Cronbach’s
alpha and Dijkstra–Henseler’s rho for each construct are greater than 0.7, the constructs’
composite reliabilities are also higher than 0.7, and as their average variance extracted is above
0.5 (Table 2), reliability, convergent validity, and variance inflation factor requirements are
satisfied [69–71]. Analyzing Fornell–Larcker criterion, the square root of the average variance
extracted from each construct is greater than its correlation with any other construct (Table 3).
The Heterotrait–Monotrait ratio of correlations is below 1.0 (Table 4). Therefore, discriminant
validity is achieved according to Fornell–Larcker criterion and the Heterotrait–Monotrait
ratio [58,72,73].

Table 2. Evaluation of the measurement model.

Construct/Indicator Variance Inflation
Factor Cronbach’s Alpha Dijkstra–Henseler’s

Rho
Composite

Reliabilities
Average Variance

Extracted

Subjective norm (SN) - 0.788 0.798 0.904 0.824
SN1 1.732 - - - -
SN2 1.732 - - - -

Technology optimism
(TO) - 0.773 0.774 0.869 0.688

TO1 1.757 - - - -
TO2 1.752 - - - -
TO3 1.411 - - - -

Technology
innovativeness (TI) - 0.721 0.745 0.841 0.639

TI1 1.604 - - - -
TI2 1.384 - - - -
TI3 1.377 - - - -
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Table 2. Cont.

Construct/Indicator Variance Inflation
Factor Cronbach’s Alpha Dijkstra–Henseler’s

Rho
Composite

Reliabilities
Average Variance

Extracted

Perceived ease of use
(PEOU) - 0.790 0.840 0.860 0.607
PEOU1 1.816 - - - -
PEOU2 1.508 - - - -
PEOU3 1.510 - - - -
PEOU4 1.669 - - - -

Perceived usefulness
(PU) - 0.855 0.856 0.912 0.776
PU1 1.774 - - - -
PU2 2.529 - - - -
PU3 2.542 - - - -

Attitude toward
using (ATU) - 0.764 0.765 0.850 0.587

ATU1 1.689 - - - -
ATU2 1.489 - - - -
ATU3 1.494 - - - -
ATU4 1.360 - - - -

Behavioral intention
to use (BIU) - 0.859 0.861 0.914 0.780

BIU1 2.218 - - - -
BIU2 2.591 - - - -
BIU3 1.958 - - - -

Table 3. Fornell–Larcker criterion.

ATU BIU PEOU PU SN TI TO

ATU 0.766 - - - - - -
BIU 0.743 0.883 - - - - -

PEOU 0.390 0.328 0.779 - - - -
PU 0.611 0.423 0.560 0.881 - - -
SN 0.310 0.208 0.065 0.215 0.908 - -
TI 0.296 0.311 0.105 0.115 0.332 0.800 -
TO 0.352 0.357 0.173 0.299 0.399 0.467 0.830

Note 1: ATU is attitude toward using; BIU is behavioral intention to use; PEOU is perceived ease of use; PU is
perceived usefulness; SN is subjective norm; TI is technology innovativeness; and TO is technology optimism.
Note 2: Fornell–Larcker criterion: Diagonal elements are the square root of the average variance extracted shared
between the constructs and their measures. For discriminant validity, diagonal elements should be larger than
off-diagonal elements.

Table 4. Heterotrait–Monotrait ratio.

ATU BIU PEOU PU SN TI TO

ATU - - - - - - -
BIU 0.915 - - - - - -

PEOU 0.472 0.378 - - - - -
PU 0.756 0.495 0.647 - - - -
SN 0.403 0.253 0.084 0.266 - - -
TI 0.383 0.393 0.150 0.135 0.436 - -
TO 0.455 0.440 0.209 0.367 0.509 0.616 -

Note: ATU is attitude toward using; BIU is behavioral intention to use; PEOU is perceived ease of use; PU is
perceived usefulness; SN is subjective norm; TI is technology innovativeness; and TO is technology optimism.

To assess the goodness of fit in the estimated model, we follow the procedure proposed
by Dijkstra and Henseler [74]. The standardized root mean squared residual for the model
should be below 0.10, as argued by Williams et al. [55] and corroborated by Ringle et al. [75].
The deviations are not significant because the 99% bootstrap quantiles of the values of the
three measures, the standardized root mean squared residual (0.065), the unweighted least
squares discrepancy (1.085), and the geodesic discrepancy (0.243) were more significant
than the original values [58].

Table 5 lists the R2 values, which are significant and greater than 0.1 for each of
the latent variables [76]. The Stone–Geisser coefficient (Q2) is also presented, which was
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estimated by blindfolding [77]. Each variable has a predictive relevance with values greater
than 0, that is, high predictive validity [78]. Therefore, R2 values and Stone–Geisser’s Q2

values have a satisfactory predictive power [70,79]. The results are consistent with those
in other studies capturing TAM’s predictive power in the educational setting [80,81]. The
results obtained for the model are presented in Table 6 and depicted in Figure 3. Eight
hypotheses are accepted, while two are rejected.

Table 5. R2–Q2.

Construct R2 p-Value Q2

Technology innovativeness 0.240 0.000 0.136
Technology optimism 0.162 0.001 0.106
Perceived usefulness 0.400 0.000 0.283

Attitude toward using 0.429 0.000 0.237
Behavioral intention to use 0.570 0.000 0.431

Table 6. Results from the structural model.

Hypothesis Path t-Value p-Value Supported

H1: Subjective norm→ Technology optimism 0.403 6.043 0.000 Yes
H2: Subjective norm→ Technology innovativeness 0.164 2.072 0.019 Yes
H3: Technology optimism→ Technology innovativeness 0.400 5.107 0.000 Yes
H4: Technology optimism→ Perceived usefulness 0.200 2.320 0.010 Yes
H5: Technology optimism→ Attitude toward using 0.095 1.093 0.137 No
H6: Technology innovativeness→ Attitude toward using 0.208 2.665 0.004 Yes
H7: Perceived ease of use→ Perceived usefulness 0.564 5.606 0.000 Yes
H8: Perceived ease of use→ Attitude toward using 0.103 1.088 0.138 No
H9: Perceived usefulness→ Attitude toward using 0.476 4.764 0.000 Yes
H10: Attitude toward using→ Behavioral intention to use 0.755 19.770 0.000 Yes
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6. Discussion

Students’ technology optimism depends on a small range of subjective norms (R2 = 0.162;
H1). This indicates that there would be other factors that help to better explain this factor.

Technology innovativeness depends moderately on subjective norms and technology
optimism (R2 = 0.240; H2 and H3). Technology optimism has a statistically significant
complementary mediation between subjective norms and technology innovativeness. The
direct effect of subjective norms on technology innovativeness is 0.164, while the indirect
effect because of technology optimism is 0.161 (0.403 × 0.400). This implies that technol-
ogy optimism explains approximately half of the impact that subjective norms have on
technology innovativeness.

Perceived usefulness is dependent on technology optimism and perceived ease of use
(R2 = 0.400; H4 and H7). However, perceived ease of use (0.564) has a more significant
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impact than technology optimism (0.200), which indicates that the students relate the level
of ease in using an app, given its usefulness to achieve more significant learning.

Attitude toward using is dependent on perceived usefulness and technology innova-
tiveness (R2 = 0.429; H6 and H9). Perceived usefulness (0.476) has a greater impact than
technology innovativeness (0.208), implying that students must be clear about the app’s
usefulness for their studies and be willing to use it. However, technology optimism and
perceived ease of use have no statistically significant impact on attitude toward using (H5
and H8).

Technology optimism has an indirect effect on attitude toward using, which is caused
by the moderation of technology innovativeness (0.400 × 0.208 = 0.083) and perceived
usefulness (0.200 × 0.476 = 0.095), although both these effects are negligible.

Although perceived ease of use does not have a statistically significant effect on attitude to-
ward using, a complete mediation is produced by perceived usefulness (0.564 × 0.476 = 0.268),
which means that the app should not only be easy to use but also be found useful by students
in improving their academic performance.

Finally, the results show that behavioral intention to use strongly depends on attitude
toward using (R2 = 0.570; H10). From the model, behavioral intention to use is expected to
increase by approximately 0.755 when the attitude toward using factor increases by one.

6.1. Theoretical Contributions

In this study, we proposed an extended model of the TAM to explore factors that may
influence the intention of use of an AR app by students (digital natives). Many studies
have investigated the technological adoption of AR. However, few have considered the
educational field, more specifically, engineering.

Moreover, few studies have emphasized students’ characteristics, such as technology
optimism and technology innovativeness, which are especially important because students
are now digital natives. The inclusion of subjective norms also becomes relevant to deter-
mine if they influence students’ evaluated characteristics, and eventually, in adopting this
technology. As these are factors independent of the technology being assessed, the results
can have an important implication in adopting other technologies.

Thus, we presented an extended TAM incorporating factors not studied in this context.
This modification provides additional information on the acceptance of AR technology,
identifying factors external to the technology and specific to the users. Particularly, in
this case, the student’s environment may affect the student’s disposition or beliefs about
technologies, which may impact the acceptance of a particular technology.

Hence, these findings help us understand the motivations and foundations that
university students (digital natives) have in adopting AR technology in the future in the
academic environment.

Finally, the results show that TAM remains valid and with a satisfactory predictive
level when evaluated in an educational context. However, a study using an app with a
poor design (e.g., less interactivity, aesthetics) may not reach the same conclusions.

As a limitation, this study was conducted in Chile in a developing country context.
However, it may allow comparison and complement other studies conducted in other
countries with different realities in the future.

6.2. Practical Implications

In general, the findings demonstrate that personal and environmental aspects influ-
ence the willingness to use the app. This 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. This could be achieved by disseminating the
encouraging results because of the inclusion of this technology in education. The ease of
use of the app influences the perception that students have about its usefulness. Therefore,
this aspect should be considered when developing apps in this area.
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However, the willingness of students to use this technology depends on how many
students believe that they can improve their academic performance by using it and not how
easy they think it is to use the app. This is consistent with the findings of Arvanitis et al. [82],
who used an app in science education, and Wojciechowski et al. [48], who used an app in the
field of chemistry. As the study by Ibañez et al. [35] had to remove the attitude toward using
construct, their results cannot be compared. However, these findings differ from those in other
areas such as tourism [47,64], where the attitude toward using is influenced by perceived ease
of use and not by perceived usefulness. This is logical because when a person uses an app to
study, they expect it to impact academic results positively. By contrast, when that person uses
an app in a more playful environment, other factors, such as how easy it is to use that app,
motivate them.

7. Conclusions

In this paper, we presented an extended TAM to determine factors that explain AR
technology acceptance in engineering education. An AR app to analyze direct current in
resistive circuits was developed to test the model.

The findings suggest that the academic environment can influence beliefs concerning
the use of technologies and reflect how students could be affected by important role models.
For example, if faculty and friends have a favorable opinion about the early adoption of
technologies, students will be more willing to use new technologies. Similarly, if the student
is in an environment where the benefits of using technologies by faculty and friends are
valued, then he or she will have a favorable view of their use and will believe that it is
convenient to use these technologies.

The findings also suggest that students would be willing to use this app if they find it
useful, not just easy to use. Therefore, we suggest that the studies demonstrating that AR
improves academic performance should be disseminated among educational communities.

As future work, we recommend considering relevant characteristics of this technology
(e.g., interactivity levels, application stability) to analyze their influence on its acceptance.
Given that we have demonstrated the direct effect of technology innovativeness in our
proposed model, we also suggest investigating its moderating effect. Further, determining
the variables that explain the intention of use by academics and addressing the impact on
academic performance is also recommended.
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12. Akçayir, M.; Akçayir, G.; Pektaş, H.; Ocak, M. Augmented reality in science laboratories: The effects of augmented reality on
university students’ laboratory skills and attitudes toward science laboratories. Comput. Hum. Behav. 2016, 57, 334–342. [CrossRef]

13. Fraga-Lamas, P.; Fernández-Caramés, T.; Blanco-Novoa, Ó.; Vilar-Montesinos, M. A review on industrial augmented reality
systems for the industry 4.0 Shipyard. IEEE Access 2018, 6, 13358–13375. [CrossRef]
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