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Abstract: A systematic review of the potential of implementing augmented reality (AR) in
inquiry-based learning was conducted. We considered the purposes, potential advantages, application
characteristics and the effects of using AR in inquiry-based learning. The findings reveal that AR, in
the context of inquiry-based learning, is mostly implemented successfully to achieve cognitive and,
less often, motivational and emotional learning goals. The AR solutions have mainly been applied
in the Conceptualization phase and less in the Investigation phase. The affordances of AR in the
Orientation, Conclusion and Discussion phases need to be applied in further studies.
Keywords: mobile augmented reality; inquiry-based learning; K12 education; systematic
literature review

1. Introduction
According to the Education 4.0 Framework that operationalizes the fourth industrial revolution
in education, technological innovation is transforming education. People need new skills to use
contemporary technologies meaningfully in the learning process. Technology has improved very fast,
and it has been difficult to apply many of its affordances in education. The concept of affordances was
introduced by Gibson [1] more than forty years ago to specify the properties of an object that allow use
in one way or another. This does not mean that the object has been used in this way, but it could be
potentially used thus, because it has specific properties. Hutchby [2] applied the concept of affordances
in the context of using technology and argued that technological affordances are “functional and
relational aspects which frame, while not determining, the possibilities for agentic action in relation to
an object” (p 444). He found that the concept was needed to contrast social constructivism that focused
heavily on the social construction of the learning process. This means that the learning process can
be designed in a social context only within the limits of the objects that form a material environment
around the learners. Of course, the environment does not constitute only the physical world of objects
but also cultural and structural parameters—other people, their attitudes towards technology, and the
learning process and rules set by the people in society. In this way, the decision to use or not use some
specific technology in an educational context depends on the technology, the environment and the
people. This is in line with the ecological model of agency (see [3,4]), which highlights that the agency
in decision making is not the ability of a human but a combination of the competence and purposes of
the human in the context of the environmental conditions. In order to make a decision to use some
technology in a learning situation depends first on the professional competence of the learner (do I
have the needed knowledge and skills, do I value the use of technology?) and his/her purposes (do I
have goals that could be achieved using technology, do I have goals to achieve transferable skills and
positive attitudes towards technology?). However, it also depends on the environment in a specific
situation and on the affordances of the technology. The technology will be taken into active use only if
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it has the properties needed in the particular situation and, more likely, if the environment supports
it—if the cultural, structural and material conditions are supportive. For example, other learners
should also have a positive attitude towards using the technology in order to avoid social exclusion,
and there should be available enough time and technical support for using this technology, and enough
budget to equip all learners with the technology.
Due to different reasons, technology has been used in education much less than it has the potential
to be according to its affordances. For example, Pedaste and Leijen [5] found in a review that educational
technologies are mainly designed to improve subject knowledge and skills, or to support collaboration
and self-regulation, but not usually to enhance students’ learning skills and subjective well-being. A
similar finding was revealed in a literature review studying the use of open learner models in the
context of self-regulated learning [6]. The study showed that technology (open learner models in this
case) has been mainly used to support students’ cognitive/metacognitive and motivational learning
processes, but not their emotional ones. Panadero’s [7] framework describing four main areas of
self-regulated learning—cognitive, metacognitive, motivational and emotional—was used in this case.
We found the same framework to be useful in our study because inquiry-based learning, which is
our main focus, is also a self-regulated learning approach. In the context of learning with mobile
phones and tablets, Pedaste et al. [8] found that only five percent of the students in middle school
use their devices actively in different ways for learning according to their affordances—for searching
and sharing information, communication and collaboration, and content creation. This is also a good
example showing that the affordances of the technology are not always used, even if the students have
the skills but lack purpose or support from the teacher—agency is formed by a combination of these.
Thus, it seems that the potential of technology affordances is usually not fully applied in educational
settings. The current study focuses on one of the emerging technologies—augmented reality—and
discovers how its affordances have been applied in the context of inquiry-based learning and how to
further open its potential.
Augmented reality (AR) combines the real and the virtual worlds. It can be defined as a technology
that enriches the real world with digital elements [9] such as 3D animations, images or videos. The
coherence of the real and the virtual world is achieved through a camera that is connected to a
digital device (see [10]). AR can be used with different devices such as smartphones, tablets, laptops,
computers or head-mounted displays. In any of these cases, the digital elements are superimposed
on a user’s real-world view. There are two main ways the AR application types can be described.
First, the types can be divided into marker-based and markerless AR applications [11]. Marker-based
applications use simple markers such as images and QR-codes to display the digital information.
Markerless applications usually require a GPS signal and therefore depend on the location, but can also
use sensors as physical inputs in order to display the virtual information. Second, Cheng and Tsai [12]
divide the application types into location-based and image-based AR. Location-based applications
need position data to identify the location, and image-based AR applications work by registering the
position of digital objects using real-world images. In addition to these types, AR applications can
also be described based on the ARCore and ARKit frameworks [13]. Both frameworks support the
capability of detecting flat surfaces, enabling to project AR objects accurately in relation to the physical
world, e.g., on a table or floor. The AR objects are displayed on the surface, and the position of the
objects is recognized in cooperation with gyroscopes and cameras.
There are different technologies to augment reality for learning. High-quality solutions need
a headset, e.g., Microsoft HoloLens. These solutions are usually too expensive for schools, and the
content development for high-quality headsets is more expensive and demanding than solutions
that use mobile phones and tablets to augment the real world. Therefore, we focus in the current
study on mobile AR, which we define as AR solutions that need mobile phones or tablets. Mobile
AR has currently become more accessible and therefore emerged in the field of education. AR
technologies provide several educational affordances. For example, according to the literature review
from Wu et al. [14], there are five main affordances of using AR in education, but not all of them may
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be solely linked to AR. First, learners could visualize objects and places that could not easily be seen
in real life; for example, objects that are too small to see with the naked eye, such as molecules and
atomic structures, or places that could be dangerous or impossible to visit, such as the deep ocean
floor and high mountains. Secondly, Wu et al. [14] point out that AR could be efficient for interacting
with 3D objects. This means that learners could view the objects from different sides and go inside
them. This could be very helpful in learning spatial skills in geometry, or even in better understanding
complex objects in biology, e.g., the structures of a cell. Third, mobile AR could provide possibilities
for collaborative and situated learning. For instance, several educational mobile-AR games have been
developed that could support learning in different ways. Moreover, AR could enable learners to feel
that they are in different places with others and, thus, provide more realistic experiences. That kind
of immersiveness might be very important in learning about social-scientific issues and improving
empathy in various situations, e.g., war refugees in a camp, or children with special educational needs
in different contexts. Finally, AR technologies could also bridge formal and informal learning. For
example, students could use AR applications at school during classes, but also at some other places
like at museums or in botanical gardens.
In recent years, several literature reviews have been published focusing on the educational aspects
of using AR technologies. Akçayır and Akçayır [15] identified the gaps in AR research in education as
they analyzed articles from up to 2015. They focused on the published studies’ time of distribution,
learner types, technologies, and the educational advantages and challenges of using AR. They found
that the learner type was mainly K12 students, the most commonly preferred technology was mobile
devices, and researchers have focused largely on developing students’ academic performance. Saltan
and Arslan [16] analyzed papers from the period 2012 to 2016 in their literature review and focused on
the technologies, pedagogical approaches, affordances, educational outcomes and limitations of using
AR in education. They found that the affordance of AR was mainly knowledge comprehension. In their
review, they also noticed that marker-based applications are often used and the main limitation of the
papers was their small sample size. Altinpulluk [17] determined the trends of using AR in education
between the period of 2006 to 2016. He focused on methods, data collection, fields of study, application
types and technologies, assets, physical environments, senses, countries, continents, and the most used
keywords regarding the application of AR in education. He found that the main educational advantages
of using AR were improving academic achievement, improving motivation, improving perception,
improving satisfaction and improving interaction. Most of the studies were carried out in the field
of science, and mobile AR applications were mainly used. In 2018, Ibáñez and Delgado-Kloos [18]
published a literature review focusing on the use of AR for Science, Technology, Engineering and
Mathematics (STEM) learning. They analyzed articles from the period 2010 to 2017 and investigated
the main characteristics and design features, instructional processes and measured outcomes of using
AR in STEM education. Most AR applications offered simulation or exploration activities for learners,
and students’ conceptual understanding was mainly measured. The main evaluated affective learning
outcomes were motivation, enjoyment, attitude and engagement. Yilmaz [19] concentrated on AR
trends between the period 2016 to 2017. She reported that during these two years, AR technology
has mostly been used in primary and graduate education, and the most explored field of study was
science. Mobile AR and marker-based applications were used in preference to other possibilities. The
main advantages of using AR for educational purposes were better academic achievement, higher
motivation and better attitude. In sum, these systematic literature reviews revealed that the main
educational advantages could be the increase in learning performance and higher motivation levels.
On the other hand, researchers have recently started looking into the potential of interactive AR
technologies that could be even more beneficial in enabling inquiry-based learning [20]. The potential
of implementing AR in inquiry-based learning has not been revealed, because generalizations based
on the studies have not been made yet.
Inquiry-based learning has been considered as one of the key methods in STEM learning in recent
years, although it has been applied more and more in other subject areas as well. It has been used
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because it enables learners to learn scientific thinking in whatever subject area. For example, in STEM,
learners learn how to define problems, formulate hypotheses, plan and conduct experiments, make
inferences, and communicate the process and outcomes to others to discuss these with them. The
main aim of the inquiry-based approach is to solve a problem by applying inquiry skills; however,
it is also important that it is a self-regulated process that starts from personal interest and continues
by formulating research questions and/or hypotheses, planning data collection, collecting data and
making conclusions (based on [21–24]). The inquiry process is quite complex, and therefore, it has
been divided into different phases. Pedaste et al. [25] differentiated five general inquiry phases in their
review: Orientation, Conceptualization, Investigation, Conclusion and Discussion. According to their
framework, inquiry starts from Orientation. In the Conceptualization phase they specify Questioning
and Hypothesis Generation sub-phases. The Investigation phase has been divided into Exploration,
Experimentation and Data Interpretation sub-phases. The final phase of the inquiry process is the
Conclusion and Discussion phase, which is seen in parallel with all the other phases. It consists
of Communication and Reflection sub-phases. According to the affordances, AR could be mainly
used in the Orientation, Conceptualization and Investigation phases. For example, in the Orientation
phase, learners could get acquainted with the situation where the problem occurs. If the situation,
when presented in AR, could present more information, then learners’ awareness when defining the
problems was higher. In the Conceptualization phase, one could discover information about the object
that triggers the augmented world, but it could be also possible to augment the real environment with
new objects according to the scenario. In the Investigation phase, it might be possible to interact with
the objects under investigation and to collect data about them. In an advanced scenario it could be
possible to manipulate the object and run experiments. A few less affordances of AR could be seen in
the case of the Conclusion and Discussion phases. Indeed, in the Discussion phase, one might develop
a scenario where a virtual assistant could ask questions from the learners and reply to questions.
Thus, AR has many affordances for application in inquiry-based learning, and to achieve not only
the cognitive learning outcomes, but also the metacognitive, motivational and emotional aspects of
learning. However, it’s not known how widely AR has been used for these purposes and what the
effects and detected limitations have been. Therefore, our study used a systematic literature review
approach to analyze studies that have applied an inquiry-based learning approach and used AR in one
or more inquiry phases. Our intention was to focus on mobile AR, because this is accessible for most
students worldwide. More specifically, four research questions were formulated:
1.
2.
3.
4.

What are the purposes of using mobile AR in an inquiry-based learning process?
What are the potential advantages of combining AR with inquiry-based learning?
What are the characteristics of AR-based applications used for inquiry-based learning?
What has been the effect of applying AR in inquiry-based learning?

2. Materials and Methods
The search was conducted in October, 2019, using an EBSCOhost Web service to access several
databases: ERIC, Web of Science, IEEExplore, ACM Digital Library, Springer and Scopus. These
databases cover the journals indexed in databases covering smaller amounts of publications, such as Web
of Science. The advanced search function and the following search terms were selected: “augmented
reality” OR “mixed reality” AND “learning” AND “inquiry”. Academic journals, conference materials
and books were selected as the types of sources. The time period was specified as 2015–2019 because
we were interested in the use of AR in the past five years, because the earlier studies might understand
AR more broadly than as it was defined in the current study.
The search resulted in 33 articles (see Figure 1). In addition, the list of references of the found
articles were analyzed and this revealed 22 more articles for our analyses. Among the 55 identified
records, two duplicates were removed, and the remaining 53 articles were screened by two researchers
against the inclusion and exclusion criteria based on their titles and abstracts. During this screening
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phase, three inclusion criteria were adopted: focus on K12 education (age group from seven to
18), mobile-AR (excluding headset-based solutions) and inquiry-based learning (the broader term
problem-based learning was considered under this because of the significant overlap of these two
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conclusions made in the current study cannot be taken as generalizations, but as ideas that need to
be considered in designing new AR solutions for inquiry-based learning.
3. Results
Our literature review revealed 15 articles that were in line with the specified inclusion criteria—
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3. Results
Our literature review revealed 15 articles that were in line with the specified inclusion
criteria—focused on applying mobile AR for inquiry-based problem solving. In eight of the articles,
the AR application was used with elementary school students (aged 8–11 years), while seven studies
focused on middle school (age 12–14(15) years), and only two studies were carried out at the high
school level (age (15)16–18 years). One of those studies reported the use of AR at both the elementary
and high school levels. The sample size of the studies varied from 16 to 93 (average 50). The studies
were all conducted in one country—there were missing studies testing the same systems in different
cultural contexts, which covered three continents: North America, Asia and Europe. More than one
study by different authors was conducted in Taiwan (four) and USA (three). From Cyprus, we found
two studies, but these were published by the same research group. In addition, there was one study
reported from Germany, Greece, Portugal, Spain, Mexico and Indonesia. We searched for the studies
published since 2015. A slight increase in published articles according to our inclusion criteria was
found in 2019—in this year, six articles were published and one more was available online, although it
will be issued in the journal number published in 2020.
3.1. Purposes of Using AR in an Inquiry-Based Learning Process
Although inquiry-based learning is usually applied in the context of science education, we found
that the AR scenarios open up the potential of inquiry-based learning in other fields of studies as well.
Out of the analyzed 15 articles, nine were carried out in learning sciences, three in history, three in
mathematics and one in computer science. One of those papers focused on two case studies in the fields
of history and environmental sciences. Of nine studies that were carried out in the sciences, two studies
were in the field of physics, two in ecology, two in environmental sciences, one in astronomy and one
in general natural sciences, and there was one interdisciplinary study focusing on both geography and
physics. Out of the three studies in mathematics, two focused on geometry.
AR was mostly implemented in an inquiry-based learning process to achieve cognitive and
motivational learning goals (see Table 1). Cognitive learning outcomes were found in the case of all
studies, but often, cognitive and motivational outcomes were focused on simultaneously. Cognitive
learning outcomes almost always focused on a conceptual understanding of the topic (scientific
knowledge in one or other field of studies). Only in the case of one study was the aim to improve
students’ computational thinking skills. In one study, the effect of using AR was evaluated on both
inquiry skills and conceptual understanding. In a few studies, the focus was also on emotional
goals. For example, Efstathiou et al. [26] and Kyza and Georgiou [27] studied in related studies how
students’ empathy is achieved using AR field trips in history. In addition, one study focused on
students’ metacognitive skills (learning strategies) and another on collaborational goals (to afford
students’ collaboration).
Table 1. Purposes of using mobile augmented reality (AR) in inquiry-based learning.
Article

Cognitive

Metacognitive

Motivational

Efstathiou et al. [26]

X

X

Kyza and Georgiou [27]

X

X

Chiu et al. [28]

X

Singh et al. [29]

X

Gardeli and Vosinakis [30]

X

X

Patrício et al. [31]

X

X

Reza et al. [32]

X

Bhagat et al. [33]

X

X

Emotional

X

Collaborational

X
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Table 1. Cont.
Article

Cognitive

Metacognitive

Motivational

Ibáñez et al. [34]

X

X

Lindner [35]

X

X

Estapa and Nadolny [36]

X

X

Hwang [37]

X

X

Huang et al. [38]

X

Ibáñez et al. [39]

X

Hsiao et al. [40]

X

Emotional

Collaborational

X
X

X
X

3.2. Potential Advantages of Combining AR with Inquiry-Based Learning
In the introduction of the article, we identified several affordances of AR. Some of them could be
applied in the context of inquiry-based learning as well. In Table 2, we give an overview of how the
affordances of the mobile AR have been used in the inquiry-based learning context in the 15 articles
found in the current literature review. It was found that the Conceptualization phase was used in
all of the 15 cases. Usually, the AR environment was applied to simply collect some information
about the studied objects, but in four studies, a gamified approach was used. In three of these cases,
students took the role of scientists who discovered the world around them, e.g., explored butterflies
in different ecological locations (see [37]). In one case, they simply tried to catch different planets
in an augmented solar system and got points (see [31]). Inquiry-based learning was a bit less used
in the Orientation phase (nine articles), in the Investigation phase (nine articles), in the Conclusion
phase (seven articles) and in the Discussion phase (seven articles). AR was mostly implemented in
the Conceptualization phase (14 articles), and following the Investigation phase (eight articles), and
Orientation and Conclusion phases (both in two articles). We found no studies that used AR in the
Discussion phase. All five phases of inquiry were reported only in five articles, but none of these
studies implemented AR in all of the phases. Two of these five papers were published by the same
research group and they implemented AR in the Orientation, Conceptualization and Investigation
phases. In addition, these two studies ([26,27]) were the only ones that used AR in the Orientation
phase to assign students into roles and to guide them to the task. Seven studies reported the use
of AR together with two different phases of inquiry-based learning. The Conceptualization and the
Investigation phase were applied together the most (six articles). For example, Ibáñez et al. [39] used
AR to give students the background information and to experiment with electrical circuits and take
measurements. Another example of using the Conceptualization and Investigation phases together
with AR is from Singh et al. [29], who used AR to observe historical buildings that no longer existed to
reflect the changes over time and to collect different data. The Conceptualization and the Conclusion
phases were used together with AR in one case. Huang, Chen and Chou [38] used AR to observe, search
and memorize information, and then later for a test to give students immediate feedback. As well as
that, AR was implemented with the Conclusion phase in another study to give real-time feedback.
Table 2. The use of mobile AR in different phases of inquiry-based learning (AR—AR was used in the
phase, X—the phase was used in the scenario but AR was not used in this phase).
Article

Cognitive

Metacognitive

Motivational

Emotional

Collaborational

Efstathiou et al. [26]

AR

AR

AR

X

X

Kyza and Georgiou [27]

AR

AR

AR

X

X

Chiu et al. [28]

X

AR

AR

X

X

Singh et al. [29]

X

AR

AR

X

X
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Table 2. Cont.
Article

Cognitive

Metacognitive

Motivational

Emotional

Collaborational

Gardeli and Vosinakis [30]

AR

X

Patrício et al. [31]

AR

?

Reza et al. [32]

AR

Bhagat et al. [33]

X

Ibáñez et al. [34]

AR

AR

Lindner [35]

AR

AR

AR

Estapa and Nadolny [36]

X

AR

X

Hwang [37]

X

AR

Huang et al. [38]

X

AR

Ibáñez et al. [39]

X

AR

AR

Hsiao et al. [40]

X

AR

AR

1

X

AR

X

?

1

X

The students worked in groups, but it was not clear if they had to discuss in the group.

3.3. Characteristics of AR-Based Applications Used for Inquiry-Based Learning
The literature review revealed two main characteristics of AR-based applications described in the
articles (see Table 3). The first was the method by which AR was implemented. Eight studies used
marker-based applications: seven of them used an image-based recognition, and only one used the
QR-code. For example, image-based markers were used to learn about the appearance of different
butterfly species in live motion using 3D animations (see [33]), or to observe the properties of 2D book
images as 3D geometric shapes (see [32]). There were six studies that used markerless applications,
which were mostly location-based and needed GPS (five studies). For example, AR was implemented
in specific locations in two different cases to learn about history. In one of these cases, students had to
pass different hotspots in a Neolithic settlement in Cyprus to learn about how Neolithic people lived in
the past (see [26]). Moreover, one study used sensors as physical inputs. For example, students had to
place the hot water jars near the temperature sensor to increase the gas temperature, and thereby learn
about gas properties (see [28]).
Table 3. Characteristics of the AR-based applications used for inquiry-based learning.
AR Triggering Methods

Article

Marker-Based
Efstathiou et al. [26]
Kyza and Georgiou [27]
Chiu et al. [28]
Singh et al. [29]
Gardeli and Vosinakis [30]
Patrício et al. [31]
Reza et al. [32]
Bhagat et al. [33]
Ibáñez et al. [34]
Lindner [35]
Estapa and Nadolny [36]
Hwang [37]
Huang et al. [38]
Ibáñez et al. [39]
Hsiao et al. [40]
1

GPS
GPS
sensors
GPS
image
GPS
image
image
image
image
image
QR-code
?1
image

Location of the Activity

Markerless

?
?

The information was not evident in the article.

outdoors
outdoors
indoors
out- and indoors
indoors
outdoors
indoors
indoors
indoors
indoors
out- and indoors
outdoors
outdoors
indoors
indoors
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Most of the studies were carried out indoors (eight articles) and fewer studies were carried out in
outdoor environments (five articles). Indoor studies were mostly carried out during class, with a few
exceptions—for instance, [40] a weather simulation AR system was developed for students to learn at
home, at school or at a museum. Outdoor studies were carried out in specific locations, such as in
historical places, or in botanical or butterfly gardens—for example, AR was used in botanical gardens
to learn about environmental ecology; at different spots, students were provided with information
about the objects. They had to follow a certain route there to learn about rainforests, lowlands and
plants (see [38]). Moreover, two studies used both outdoor and indoor environments. One such kind
of study was carried out in mathematics during a spring break trip from Iowa, USA to Cancun, Mexico.
During the trip, students had to solve mathematical problems on the topics that were contextualized in
the places they visited (see [36]).
3.4. Effects of Using AR in an Inquiry-Based Learning Process
Several previously-published literature reviews revealed that AR has mostly been used to measure
students’ cognitive and motivational outcomes (see [15,16,18]). In Table 4, we give an overview of the
effects of applying AR in inquiry-based learning in the 15 articles that were analyzed in this literature
review. We found 12 papers that focused on cognitive effects, eight papers on motivational effects and
five papers on emotional effects. We found that no effects were reported in the case of metacognitive
aspects, and only one paper evaluated student collaboration. It was common that these effects were not
evaluated alone, but several were included several instead. There were three papers that concentrated
on only one effect. We also noticed that one paper’s purpose was that students achieve cognitive
learning goals, but it reported no measured effects. However, nine papers evaluated two effects
together. Cognitive and motivational effects were evaluated together in eight of these studies. There
were fewer studies (four articles) that concentrated on cognitive and emotional effects.
In three of the studies measuring cognitive effects, the focus was on conceptual understanding.
For example, [26] evaluated students’ conceptual understanding in history and carried out pre- and
post-tests, and also interviewed students. The experimental group in their study used AR technology,
and the control group was guided by their teacher. In both cases, students went on a field trip in a
Neolithic settlement, and they had to explain why the Neolithic people had chosen the location for their
settlement. Afterwards, the differences in pre- and post-tests and student interviews were analyzed,
and it was found that the development of conceptual understanding improved to a greater extent
when using AR technology. Moreover, improving the knowledge of learning topics was the focus in
two studies. For instance, [34] measured the effects on knowledge of geometry concepts in public and
private school students. They used multiple-choice pre- and post-tests to evaluate the effects. Students
who used AR-based applications were able to visualize 3D geometric shapes from all sides in real
time, but students who used the web-based application could only use static geometric shapes without
interaction. As a result, they found that students who used AR performed better than those who used a
web-based application, and the use of AR in the learning process was more effective in public schools.
In the cases of evaluating motivational aspects, the focus was mostly on attention (four studies),
relevance and satisfaction (both in three studies). As well as that, these motivational aspects were
mainly evaluated together. Attention, relevance, confidence and satisfaction were evaluated altogether
in two papers. Both of them used the Instructional Materials Motivation Survey (IMMS) as a research
instrument for examining motivation. The survey consisted of different statements, and students had
to answer the questionnaire using the five-point Likert scale. In the study from Ibáñez et al. [38],
students completed the survey after applying the AR application to discover the basic principles of
electricity. The authors reported that students were moderately highly motivated toward the use of
the AR application. In the study from Bhagat et al. [33], students completed the survey after taking
the AR-based formative assessment test about butterflies. The motivation questionnaire revealed that
there was a positive effect on motivation for students who used AR.
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In two of the papers that focused on emotional effects, students’ enjoyment levels were measured.
For instance, students had to create and solve a simple AR-based game in moves in teams, and their
enjoyment levels were evaluated afterwards using an anonymous questionnaire (see [30]). The authors
reported that the students’ enjoyment levels were high as 89.4%; all of the answers were five out of
five on the Likert scale. The same study was the only one that also focused on collaborational aspects.
They noticed different collaboration patterns during the game and suggested that this needs to be
further studied. Another example of evaluating enjoyment levels was carried out by Patricio, Costa
and Manso [31]. Students played an AR-based game in which they had to catch as many planets as
possible and collect points. Their enjoyment levels were measured after by taking inquiries. It was
found that more than 85% of the players had an enjoyable experience.
Table 4. The effects of applying AR in inquiry-based learning*.
Article

Cognitive 1

Efstathiou et al. [26]

Conceptual
understanding, historical
contextualization,
perspective-taking

Affective
connection

Kyza and Georgiou [27]

Conceptual understanding,
problem-solving

Historical empathy

Chiu et al. [28]

Constructing explanations

Motivational

Emotional

Collaborational

Singh et al. [29]
Gardeli and Vosinakis [30]

Learnability

Enjoyment

Patrício et al. [31]

Collaboration

Enjoyment

Reza et al. [32]

Mastery in geometry

Bhagat et al. [33]

Classification of objects

Attention, relevance, confidence,
satisfaction

Ibáñez et al. [34]

Knowledge of geometry
concepts

Attention, relevance, satisfaction

Lindner [35]

Students perceived
comprehension of topics

Students’ interest

Estapa and Nadolny [36]

Technical and conceptual
understanding of
mathematical processes

Attention

Hwang [37]

Knowledge of butterflies

Science learning Attitude

Huang et al. [38]

Perceived competency

Engagement

Ibáñez et al. [39]

Learning outcomes
moderately correlated
with motivation and
self-regulation

Attention, relevance, confidence,
satisfaction. Motivation
moderately correlated with
learning outcomes

Hsiao et al. [40]

Creativity

Participation level

Self-assessed
positive emotions

1

There was not study found in the literature review where effect on metacognition was reported. Therefore, this
category was not presented in the table.

4. Discussion
Our study focused first on finding the purposes of using mobile AR in inquiry-based learning.
The analysis showed that the focus of the studies has been mainly on cognitive goals. This is in line
with the other systematic literature reviews that also conclude that a particular form of AR is used to
achieve cognitive learning outcomes, e.g., academic performance [15], academic achievement [17,19],
knowledge comprehension [16] and conceptual understanding [18]. Altinpulluk [17], Yilmaz [19],
and Ibáñez and Delgado-Kloos [18] found, in addition, that AR has also had an effect on motivation
and satisfaction. In line with this, we found in our review that often, AR had a motivational effect in
the context of inquiry-based learning. Ibáñez and Delgado-Kloos [18] also mentioned positive effects
on enjoyment, which is in accordance with our theoretical framework describing emotional learning
outcomes that were mentioned in a few articles in our study as well. Therefore, we can conclude that
AR has been used in inquiry-based learning to achieve the same purposes that have been mentioned in
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previous literature reviews. However, two more purposes were revealed that haven’t been specified in
other studies. First, one study also focused on developing learners’ metacognitive skills and another
on collaboration skills in the context of inquiry-based learning. These seem to be emerging purposes
that could be highlighted more in further studies and developmental work on AR scenarios.
The second research question in our study focused on the affordances of AR that could provide
possibilities for combining AR with inquiry-based learning. It appears that inquiry-based learning
has been applied in most of the found studies at a limited level. Only five studies out of 15 guided
learners to all five phases of inquiry according to the inquiry cycle described by Pedaste et al. [25].
The conceptualization phase was the only one that was present in all found studies. In most of these
studies, except one, AR was integrated into the learning process in this phase. It shows that AR could
be easily used to learn something about objects or processes to increase conceptual understanding.
In addition, about half of the studies implemented AR scenarios in the Investigation phase, but only
two studies did it in either the Orientation or Conclusion phase. Surprisingly, AR was applied in the
Discussion phase in no studies, although this phase was supported in about half of the studies. Our
findings reveal that AR has been used in inquiry-based learning at a quite limited level. According to
Wu et al. [14], the main affordances of AR lie in visualizing objects and allowing interaction with them,
which are mainly needed in both the Conceptualization and Investigation phases; however, the third
affordance of collaborative and situation learning could be perfectly applied in all other inquiry phases
as well. For example, AR could be used in the Orientation phase to immerse learners in the situation
where the problem appears, as was done in the case of a few studies found in the current literature
review. However, the same scenario could also be used in the conclusion phase, where the learners
could be situated at the initial situation where the problem appeared, but now with the information
they collected in the Investigation phase to enable them to make a conclusion. The affordance to
support collaborative learning could be well applied in the Discussion phase. For example, learners
can share their augmented view with peers in order to discuss what they have found, what could be
further done, etc. Thus, in conclusion, the affordances of AR could be easily used on all phases of
inquiry-based learning, but, according to our literature review, there are no studies that have done this
to date. The full potential of AR in inquiry-based learning needs to be revealed in further studies. In
further studies, it would be especially important to concentrate on evaluating inquiry skills because,
according to our literature review, the studies usually did not evaluate the effect of the interventions
on inquiry skills. The main focus of the evaluation was on the conceptual understanding of knowledge
and motivation.
Third, our review focused on the characteristics of AR-based applications used in the context of
inquiry-based learning. The analysis revealed that diversity has been quite high in both marker-based
versus markerless (see [11]), and image-based indoors versus location-based outdoors solutions
(see [12]). Regarding AR triggering methods, both marker-based and markerless solutions were
often in use, although image-based markers had been used a bit more often. This is surprising
because we focused on mobile AR, which enables us to develop scenarios for markerless GPS-based
learning. GPS-based AR was used only in four studies out of the 15 in our review. The GPS-based
solutions could be used only outdoors, and the finding might also reflect the limitations schools
might have in organizing studies outside the school building, although this might be beneficial for
students’ health and allow for better immersion in real-world settings. Therefore, we suggest focusing
more on developing GPS-based AR solutions for learning outdoors. For example, learners might get
acquainted with a situation outdoors using AR in the Orientation phase by augmenting the real-world
environment with information about objects, or videos of the same environment from the past or the
future according to different predictions. Next, they could learn about different objects and processes
in the learning scenario in the Conceptualization phases. After that, the learners could run some
interactive experiments in AR and then draw conclusions in the Conclusion phase by selecting different
developed scenarios in AR. All of these phases could be communicated and reflected on with peers in
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the Discussion phase in order to learn more about the studied case, but also to achieve an increase in
inquiry skills.
Our fourth research question was asked about the effects revealed by applying AR in inquiry-based
learning. As it was already found that inquiry skills were not assessed in almost all of the studies,
we looked more closely at the more general cognitive, metacognitive, motivational, emotional and
collaborational effects. Most of the studies confirmed the positive effect of AR scenarios on one or
more learning outcomes. The diversity of cognitive effects was quite high—knowledge, conceptual
understanding and the ability to take different perspectives into account. Motivational effect was
operationalized through increases in attention, students’ interest, attitudes, satisfaction, engagement
and levels of participation. The positive emotional effect was measured based on enjoyment, empathy,
affective connection and positive emotions. It was found that the motivational effect usually appeared
if the scenario focused on several inquiry phases, and in all cases where AR was also used in the
Orientation or Conclusion phase. For some reason, the motivational effects were found mainly in
cases of image-based AR technologies and less often in cases of GPS-based AR. In contrast, the results
revealed that GPS-based markerless AR solutions often had positive effects on emotional aspects and
that this was not the case for marker-based solutions. This does not show that the marker-based and
markerless AR solutions do have different effects on learners’ motivation and emotion, but this needs to
be studied more in the future. Currently, the number of studies is too small to make any generalizations.
5. Conclusions
Our study enabled us to answer all four research questions formulated in the beginning. First, we
found that AR has been, in the context of inquiry-based learning, mainly used to achieve different
cognitive learning outcomes, or higher motivation and more positive emotions. Metacognitive skills
and collaboration have not often been in focus. Second, the affordances of AR have been applied at a
limited level by focusing mainly on the Conceptualization and Investigation phases of the inquiry
process. The Orientation phase has been in focus much less than expected, and the Discussion phase
has been the focus of the studies, but AR has never been used to support discussion in the 15 studies
found in the current literature review. Third, the variety of technical solutions for implementing AR
in inquiry-based learning is quite diverse. Both maker-based and markerless solutions have been
used successfully to achieve cognitive learning outcomes. However, for some reason, marker-based
solutions have shown a greater effect on learners’ motivation, and markerless, GPS-based solutions
a greater effect on positive emotions. This would be an interesting question to study further. In
addition, further studies need to focus more on applying AR in different phases of inquiry and on
assessing inquiry skills as well. Currently, none of the studies specifically evaluated the learning gain
in inquiry skills.
Although the findings of the current study allow us to make several suggestions, it’s important to
note that there are some limitations that have to be taken into account when applying the conclusions in
the following studies. First, our literature review revealed only 15 studies that were in accordance with
the inclusion criteria. This shows that this field of study is rather new and some of the potential effects
of using AR in inquiry-based learning will be discovered in the future. In addition, the technology
used for AR is improving very fast and, therefore, the affordances of mobile AR in education might be
extended in the coming years. One more limitation of the current literature review is that the studies
were based on quite small samples. For example, 10 of the studies considered the small sample size as
a limitation to generalizing their findings, but sample size was quite small in all of the studies. This
means that their findings may be relevant only to a specific group of students. One more important
limitation is the novelty effect, which has been reported in six papers. Several studies also had concerns
regarding the durability of the interventions. Only one paper reported a long-term study. According
to this, long-term studies are needed in order to understand their findings better.
In conclusion, the systematic literature review shows that AR is, according to its affordances,
a good tool to support inquiry-based learning. It could be applied both indoors and outdoors and
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the cognitive learning outcomes could be strengthened through positive effects on motivation and
emotions. However, the effects of metacognitive and collaboration skills still need to be revealed in
studies that focus more clearly on these aspects as well.
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