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TDepartment of Public Augmented Reality (AR) technology is one of the latest developments and is receiving
and Community Health, ever-increasing attention. Many researches are conducted on an international scale
ggﬁ:“y of West Attica, Athens, in order to study the effectiveness of its use in education. The purpose of this work

was to record the characteristics of AR applications, in order to determine the extent
to which they can be used effectively for educational purposes and reveal valuable
insights. A Systematic Bibliographic Review was carried out on 73 articles. The structure
of the paper followed the PRISMA review protocol. Eight questions were formulated
and examined in order to gather information about the characteristics of the applica-
tions. From 2016 to 2020 the publications studying AR applications were doubled. The
majority of them targeted university students, while a very limited number included
special education. Physics class and foreign language learning were the ones most
often chosen as the field to develop an app. Most of the applications (68.49%) were
designed using marker detection technology for the Android operating system
(45.21%) and were created with Unity (47.95%) and Vuforia (42.47%) tools. The major-
ity of researches evaluated the effectiveness of the application in a subjective way,
using custom-made not valid and reliable tools making the results not comparable.
The limited number of participants and the short duration of pilot testing inhibit

the generalization of their results. Technical problems and limitations of the equipment
used are mentioned as the most frequent obstacles. Not all key-actors were involved

in the design and development process of the applications. This suggests that further
research is needed to fully understand the potential of AR applications in education
and to develop effective evaluation methods. Key aspects for future research studies
are proposed.
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Introduction

The current epoch is marked by swift advances in Information Technology (IT) and its
pervasive applications across all industries. The most prominent technological terms
are Augmented Reality (AR), Virtual Reality (VR), and Mixed Reality (MR), which have
gained popularity for professional training and specialization. AR has been defined vari-
ously by researchers in the fields of computer science and educational technology. Gen-
erally, AR is defined as the viewing of the real physical environment, either directly or
indirectly, which has been enriched through the addition of computer-generated virtual
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Fig. 1 Reality—Virtuality Continuum [Adapted from Milgram and Kishino's (1994)]

information (Carmigniani & Furht, 2011). Azuma (1997) described AR as a technol-
ogy that combines the real with the virtual world, specifically by adding virtual-digital
elements to the existing real data. This interactive and three-dimensional information
supplements and shapes the user’s environment. Azuma (1997) proposed that AR sys-
tems should exhibit three characteristics: (i) the ability to merge virtual and real objects
in a real environment, (ii) support real-time interaction, and (iii) incorporate 3D virtual
objects. Milgram and Kishino (1994), to avoid confusion among the terms AR, VR, and
MR, presented the reality-virtuality continuum (see Fig. 1).

Figure 1 illustrates that Mixed Reality (MR) lies between the real and virtual environ-
ments and includes Augmented Reality (AR) as well as Augmented Virtuality (AV). AR
refers to any situation where the real environment is supplemented with computer-gen-
erated graphics and digital objects. In contrast, AV, which is closer to the virtual world,
augments the virtual environment with real elements (Milgram & Kishino, 1994). Unlike
VR, AR aims to mitigate the risk of social isolation and lack of social skills among users
(Kiryakova et al., 2018).

AR is recognized as a novel form of interactive interface that replaces the conventional
screens of devices such as laptops, smartphones, and tablets with a more natural inter-
face, enabling interaction with a virtual reality that feels completely natural (Azuma,
1997). AR can be classified into four main categories based on its means and objectives:

+ Marker-based AR: Marker tracking technology uses optical markers (flat structures
with long edges and sharp corners, also known as triggers or tags), captures the video
input from the camera, and adds 3D effects to the scene. This type of augmented
reality is mainly used to collect more information about the object and is widely used
in department stores and industries (Schall et al., 2009).

o Markerless or location-based AR: This technology gets its name because of the read-
ily available features on smartphones that provide location detection, positioning,
speed, acceleration and orientation. In this type of AR the device’s camera and sen-
sors use GPS, accelerometer, compass, or other location-based information to rec-
ognize the user’s location and augment the environment with virtual information
(Kuikkaniemi et al., 2014).

+ Projection-based AR: This type of AR typically uses advanced projectors or smart
glasses to project digital images onto real-world surfaces, creating a mixed reality
experience. Changing the movement on the surface of the object activates the display
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Fig. 2 Consumer mobile device augmented reality applications (embedded/standalone) worldwide from
2016 to 2022 (in millions) [Source: Statista, 2023a, 2023b]

of images. Projection-based AR is used to project digital keyboards onto a desk sur-
face. In some cases, the image produced by projection may not be interactive (Billin-
ghurst & Kato, 2002).

+ Superimposition-based AR: In this type of AR overlay technology replaces an object
with a virtual one using visual object recognition. This process usually occurs by par-
tially or completely replacing the view of an object with an augmented view. First
Person Shooter (FPS) games are the best example of augmented reality based on
superimposition (Billinghurst & Kato, 2002).

It’s important to note that these categories are not mutually exclusive, and some AR
applications may use a combination of these types.

Mobile augmented reality has gained popularity in recent years, thanks to advance-
ments in smartphones and more powerful mobile processors. It has opened up new
possibilities for augmented reality experiences on mobile devices (Tang et al., 2015).
Mobile AR is a technology that allows digital information to be overlaid on the real-
world environment through a mobile device, such as a smartphone or tablet. This
technology uses the camera and sensors of the mobile device to track the user’s sur-
roundings and overlay digital content in real-time. Mobile augmented reality applica-
tions can range from simple experiences, such as adding filters to a camera app, to
more complex ones, such as interactive games or educational tools that allow users to
explore and learn about their environment in a new way. Mobile AR app downloads
have been increasing worldwide since 2016 (Fig. 2). The global AR market size is pro-
jected to reach USD 88.4 billion by 2026 (Markets & Markets, 2023).

Technological developments have brought about rapid changes in the educational
world, providing opportunities for new learning experiences and quality teaching
(Voogt & Knezek, 2018). It is no surprise that the field of education is increasingly
gaining popularity for the suitability of Augmented Reality applications (Dunleavy
et al., 2009; Radu, 2014). In recent years, many researches have been published that
highlight the use and effect of AR in various aspects of the educational process,
enhancing the pedagogical value of this technology (Dede, 2009).
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It is worth mentioning the interest observed in recent years by Internet users in the
Google search engine, regarding the term "augmented reality in education”. According
to the Google tool (Google Trends), the chart below shows the number of searches on
the Google search engine for Augmented Reality in education from 2015 to the present.

Compared to the past, the use of AR has become considerably more accessible, ena-
bling its application across all levels of education, from preschool to university (Bacca
et al., 2014; Ferrer-Torregrosa et al., 2015). AR has greatly improved the user’s percep-
tion of space and time, and allows for the simultaneous visualization of the relation-
ship between the real and virtual world (Dunleavy & Dede, 2014; Sin & Zaman, 2010).
Cheng and Tsai (2014) also noted that AR applications facilitate a deeper understanding
of abstract concepts and their interrelationships. Klopfer and Squire (2008) highlighted
the novel digital opportunities offered to students to explore phenomena that may be
difficult to access in real-life situations. Consequently, AR applications have become a
powerful tool in the hands of educators (Martin et al., 2011).

Augmented reality applications provide numerous opportunities for individuals of all
ages to interact with both the real and augmented environment in real-time, thereby cre-
ating an engaging and interesting learning environment for students (Akgayir & Akgayir,
2017). AR apps are received positively by students, as they introduce educational content
in playful ways, enabling them to relate what they have learned to reality and encourag-
ing them to take initiatives for their own applications (Jerry & Aaron, 2010). The inter-
national educational literature highlights several uses of AR, which have been designed
and implemented in the teaching of various subjects, including Mathematics, Natural
Sciences, Biology, Astronomy, Environmental Education, language skills (Billingurst
et al., 2001; Klopfer & Squire, 2008; Wang & Wang, 2021), and even the development of
a virtual perspective of poetry or "visual poetry" (Bower et al., 2014).

The increasing interest in augmented reality and creating effective learning experi-
ences has led to the exploration of various learning theories that can serve as a guide and
advisor for educators considering implementing AR technologies in their classrooms
(Klopfer & Squire, 2019; Li et al., 2020). The pedagogical approaches recorded through
the use of appropriate AR educational applications include game-based learning, situ-
ated learning, constructivism, and investigative learning, as reported in the literature
(Lee, 2012; Yuen & Yaoyuneyong, 2020).

By examining relevant literature and synthesizing research findings, a systematic
review can provide valuable insights into the current state of AR applications in educa-
tion, their characteristics, and the challenges associated with their implementation in

several axes:

» Identifying trends and characteristics: It can explore the different types of AR tech-
nologies used, their educational purposes, and the target subjects or disciplines. This
can provide an overview of the current landscape and inform educators, researchers,
and developers about the range of possibilities and potential benefits of AR in educa-
tion (Liu et al., 2019).

o Assessing effectiveness: A systematic review can evaluate the effectiveness of AR
applications in enhancing learning outcomes. By analyzing empirical studies, it can
identify the impact of AR on student engagement, motivation, knowledge acquisi-
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tion, and retention. This evidence-based assessment can guide educators in making
informed decisions about incorporating AR technologies into their teaching prac-
tices (Chen et al., 2020; Radu, 2014).

o Examining implementation challenges: AR implementation in educational settings
may pose various challenges. These challenges can include technical issues, teacher
training, cost considerations, and pedagogical integration. A systematic review can
highlight these challenges, providing insights into the barriers and facilitating factors
for successful implementation (Bacca et al., 2014; Cao et al., 2019).

+ Informing design and development: Understanding the characteristics and challenges
of AR applications in education can inform the design and development of new AR
tools and instructional strategies. It can help developers and instructional design-
ers address the identified challenges and create more effective and user-friendly
AR applications tailored to the specific needs of educational contexts (Kaufmann &
Schmalstieg, 2018; Klopfer et al., 2008).

This paper concludes by offering researchers guidance in the examined domain, pre-
senting the latest trends, future perspectives, and potential gaps or challenges associ-
ated with the utilization of augmented reality (AR) in education. Supported by a series
of research questions, the paper delves into diverse facets of AR applications, encom-
passing target audience, educational focus, assessment methods, outcomes, limitations,
technological approaches, publication channels, and the evolving landscape of research
studies over time. By addressing these questions, the study endeavors to provide a com-
prehensive understanding of the unique characteristics and trends surrounding AR
applications in the educational context.

The paper is structured for easy readability, with the following organization: The
"Material and Methods" section outlines the systematic review’s methodology, inclusion/
exclusion criteria, research questions guiding the analysis, and a list of quality criteria
for chosen articles. In the subsequent "Results" section, the selection process results are
detailed, aligning with the prior research questions. This section specifically delves into
the technological approach, assessment methodology, quality outcomes, and key find-
ings (including scope, outcomes, limitations, and future plans) of each study. Following
this, the "Discussion” section offers a thorough analysis of the findings, unveiling oppor-
tunities, gaps, obstacles, and trends in AR in education. Lastly, the "Conclusion" section
summarizes the systematic review’s major findings and offers guidance to researchers
pursuing further work in the field.

Materials and methods

In this scientific paper, a systematic literature review was conducted for the period
2016-2020 to determine the characteristics of augmented reality educational applica-
tions and whether they can be effectively utilized in various aspects of the educational
process. The study followed a Systematic Literature Review (SLR) protocol, which
involves identifying, evaluating, and interpreting all available research related to a spe-
cific research question, topic, or phenomenon of interest (Kitchenham, 2004). The paper
is structured according to the PRISMA Checklist review protocol (Moher et al., 2009),
which outlines the stages of the systematic literature review. The stages of the systematic
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literature review are framed by the PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-analyses), which has a wide application in research that aims to study
a topic in depth by examining the research that has already been done and published
(Grant & Booth, 2009).

The electronic databases Science Direct, Scopus, Google Scholar, Web of Science,
MDPI, PubMED, IEEExplore, and ACM Digital Library were searched for scientific arti-
cles using keywords (employing Boolean phrases) such as augmented reality, AR, appli-
cation, education, training, learning, mobile, app, etc., according to PICO (Stone, 2002).
The keywords used in the queries were as follows: (AR OR “augmented reality”) AND
(application OR education OR educational OR teaching OR app OR training OR learn-
ing OR mobile OR ICT OR “Information and Communication Technologies” OR tablet
OR desktop OR curriculum). The selection of the aforementioned databases was based
on considerations of comprehensiveness, interdisciplinarity, quality, international cov-
erage, and accessibility. These databases collectively offer access to peer-reviewed jour-
nals and conference proceedings from diverse academic disciplines, ensuring a broad
and reliable coverage of AR in education research. Additionally, the inclusion of Google
Scholar allows for the identification of open access literature. Their reputation, interdis-
ciplinary nature, and search capabilities further support a comprehensive and credible
examination of the topic. The selected databases are known for their frequent updates,
enabling the review to capture the latest research and stay up-to-date with the rapidly
evolving field of AR in education. Data collection began in January 2021, and inclusion
and exclusion criteria for the study are presented below.

Inclusion criteria

« Articles involving the use of Augmented Reality applications for educational purpose
+ Studies published in English

« Scientific research from peer-reviewed journals and conferences

+ Articles published between 2016 and 2020

Exclusion criteria
Research studies that were excluded from this review include theses, theoretical papers,
reviews, and summaries that do not provide the entire articles. Additionally, studies that
are "locked" and require a subscription or on-site payment for access were also excluded.

At the beginning of the data extraction process, a set of eight research questions was
identified to guide the analysis:

RQ1. What is the target audience of the AR application?

RQ2. What educational areas or subjects are being targeted by the application?

RQ3. What type of assessment methods were utilized for the final solution?

RQ4. What were the outcomes achieved through the application of the proposed
solution?

RQ5. What limitations or obstacles were noted in relation to the use of the application?

RQ6. What technological approaches were employed in the application’s development?
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Table 1 Quality criteria

# Assessment question Weight

@ Is the paper published in a recognized source? Conferences/Workshops:
CORE A* or A (+1.5), CORE
B (+1), CORE C (+0.5), not
included in CORE ranking (+0)
Journals:
ranked Q1 (4 2), ranked Q2
(+1.5), ranked Q3 or Q4 (+ 1), no
JCRranking (4-0)

(@ Is the technological solution presented in details? Yes (+ 1), Partially (+0.5), No (4-0)
[@F) Is there any evaluation/assessment method? Yes (+1) / No (+0)
c4 What is the number of subjects in the assessment phase? >101 (+6),81-100 (+5), 61-80

(+4),41-60 (+3), 21-40 (+2),
1-20 (+ 1), 0 or not specified
+0)

RQ7. What are the primary channels for publishing research articles on AR educa-
tional interventions?

RQ8. How has the frequency of research studies on this topic changed over time?

The quality of the finally processed articles was assessed according to a series of cri-
teria (Table 1). The CORE Conference Ranking (CORE Rankings Portal—Computing
Research and Education, n.d.) and the Journal Citation Reports (JCR) (Ipscience-help.-
thomsonreuters.com, 2022) were used for ranking conferences and journals accordingly.
The maximum score for an article could be 10 points.

Results

Initially, a total of 3,416 articles were retrieved from the searches. A "clearing" stage
was then conducted, consisting of several steps. First, duplicates and non-English arti-
cles were removed, resulting in 2731 articles. Second, titles and abstracts were screened,
yielding 1363 potentially relevant studies. Third, articles that were not available, as well
as reviews and theoretical papers not related to the topic, were eliminated. Finally, the
studies that met the inclusion criteria were isolated, resulting in a total of 73 articles. The
entire process is illustrated in Fig. 3. Figure 4 illustrates the quantity of Google searches
conducted for the phrase “Augmented reality in education.”

Table 2 illustrates the outcomes of the review process of the selected papers in terms of
the technological methodology utilized and the characteristics of the assessment phase
for the final solution. The analysis of the quality assurance results of the selected papers
are presented in Table 4 (see Annex). According to the quality assurance criteria, 52.05%
of the selected papers received a score above half of the total score, with a significant
number of them (23.29%) scoring above 7.5. One paper achieved the maximum score,
three papers scored 9.5, and one paper scored 9. Notably, 6.85% of the examined articles
scored within the maximum 10% (total score =9 to 10) of the rating scale.

Most studies employed a combination of diverse methodologies to evaluate the final
solution, with 83.56% of the studies employing a questionnaire, 16.44% employing obser-
vation techniques, 16.44% interviewing the participants, and only 4.11% utilizing focus
groups for subjective assessment. Objective assessments were developed in only 6.85% of
the studies (Andriyandi et al., 2020; Bauer et al., 2017; Karambakhsh et al., 2019; Mendes



Koumpouros Smart Learning Environments (2024) 11:2 Page 8 of 62

Articles identified through Science

s Direct, Scopus, Google Scholar,

B Web of Science, MDPI, PubMED,

£ IEEExplore, ACM Digital Library

S searching

-]

v
P Records after duplicates and
language removed
(n=2,731)

1]

f=4

£ l

[

<

a Records included based

Records excluded
on keywords and abstract > (n = 1,368)
(n=1,363) v
~—
M '
Full-text articles included Full-text articles excluded

el — > -

ks (n=73) > (n=1,290)

32

[}

£

Fig. 3 PRISMA flowchart

100

75 W s
50 /
W

1)an 2015 1May 2017 1Sep 2019 1Jan 2022

Fig. 4 Number of Google searches for the term "Augmented reality in education”

et al.,, 2020), with two studies utilizing automatic detection of correct results (Andri-
yandi et al., 2020; Karambakhsh et al., 2019), and one study using task completion time
(Mendes et al., 2020). Approximately one third (31.51%) used achievement tests pre- and
post-study to evaluate users’ performance after the applied intervention. One study used
an achievement test solely in the initial phase (Aladin et al., 2020), and another (Scara-
vetti & Doroszewski, 2019) only at the end. Concerning subjective assessment, each
study employed various instruments depending on the application’s characteristics, with
custom-made questionnaires being used in almost two-thirds (61.90%) of the articles.
The SUS was the most widely used well-known instrument (n="7, 11.11%), followed by
the IMMS (n=4, 6.35%) and the QUIS (n=3, 4.76%). The UES, TAM, SoASSES, QLIS,
PEURA-E, NASA-TLX, MSAR, IMI, HARUS, and CLS were used in one study each.
Scientific journals were the primary source of publication (98.6%, n=72), with only
one paper (1.4%) presented at a conference. A significant proportion (38.82%) of the
articles was published in computer-related sources. The publishing focus was almost
equally divided between the education and learning field (18.82%) and engineering
(16.47%). The health domain was slightly addressed, with only eight journals (9.41%),
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Table 2 Review results
ID Ref Developer  Operating Device  ARtype Assessment characteristics
tools system used
Type and Objective Subjective (Type,
number of end Questionnaire =
users Valid/Reliable)
1 Akgayir Metaio Crea- iOS, Android ~ Smart- M, S(76) - 1,Q, QLIS=V/R
etal, (2016)  tor Program phone image-
based
2 Ayeretal - - smart- M S,CG(88),S(108) - FGQ CM=—/—
(2016) phone,
tablet
3 Baletal QRcode - mobile M, QR SCG5), 525 - QCM=—/—
(2016) cards devices  codes
4 Carlsonetal. ARIS plat- iOS tablet M, QR E(32) - QM=—/—
(2016) form codes
5 Chenetal.  Vuforia, Unity iOS, Android tablet L CASD(6) - 1Q CM=V/R
(2016)
6 Linetal Aurasmaapp - smart- M ES,C(21) - QM=—/—
(2016) (HP Reveal phone,
now) tablet
7 Montoya Vuforia, Unity  Android smart- % S(41) - QM=—/—
etal. (2016) phone,
tablet
8  Safaretal - i0S tablet - CCGER,Ccy - 0Q CM=V/R
(2016)
9 Santosetal. ARToolKit, i0S smart- M SCG(13),5(18) - Q,SUS=V/R,
(2016) PointCloud phone, HARUS = —/—
SDK tablet
10  Sungkur Android Android smart- M, QR S(25) - -
etal. (2016)  Studio IDE, phone codes
Eclipse IDE,
Metaio SDK,
Blender
11 Yilmaz Metaio Crea- - desktop M, QR T(30), C(33) - 1,0Q TAM=V/R
(2016) tor Program PC, tablet codes
12 Baueretal.  KinectSDK,  Windows laptop S, n.d.(20) Kinect, Qnd=—/—
(2017) Bresenham image- MRI
algorithm based
13 Bazarov Unity 3D, iOS, Android ~ smart- S, QR S(24) - QM=—/—
etal. (2017)  Vuforia, phone, codes
Qualcomm tablet, AR
headset
14 Craciun Aurasma app - smart- M T(22) - 0Q CM=—/—
etal. (2017)  (HP Reveal phone
now)
15 Joo-Nagata Junaio i0S desktop L ESCGS(71), - Q CM=V/R
etal. (2017) PC, tablet ES,S(72)
16 Moroetal.  Vuforia, Unity Android tablet - S(59) AT (pre- QM=—/—
(2017) and post-)
17 Pomboetal. Vuforia, Unity Android smart- M, ES,S(74) — FGO,QSUS=V/R
(2017) phone, image-
tablet based
18 Turkanetal. ARToolKit, i0S tablet M S,CG(19),5(22) AT (pre- Q CM=V/R
(2017) OpenGL and post-)
ES20
19 Vega Garzon Vuforia, Unity iOS, Android - - S(88) AT (pre- -
etal. (2017) and post-)
20 Wang, Aurasma app i0S, Android  tablet M S,CG(15),5(15) AT (pre- 0lQ CM=V/R
(2017) (HP Reveal and post-)
now)
21 Abd Majid Vuforia, Unity  Android smart- M S(25) AT (pre- 0lQ M=—/—
etal. (2018) phone and post-)
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Table 2 (continued)
ID Ref Developer  Operating Device  ARtype Assessment characteristics
tools system used
Type and Objective Subjective (Type,
number of end Questionnaire =
users Valid/Reliable)
22 Aebersold Video 3D i0S Tablet — S,CG(34),5(35) AT (pre- QM=—/—
etal. (2018)  graphics, and post-)
hybrid
approach
23 Alhumaidan Vuforia - Tablet M ES,S(9) - -
etal. (2018)
24 Changetal. Unity - tablet M, ES,CG(55),ES(56) — QM=—/—
(2018) image-
based
25 Chengetal. Vuforia, Unity Android smart- S S,CG(35),5(35) - QM=—/—
(2018) phone
26 Ciezaetal Extreme Android tablet M Cc(10) - -
(2018) Program-
ming (XP)
methodol-
ogy, Vuforia,
Unity,
MonoDe-
velop
27 Debetal. Vuforia, Unity ~ Android smart- M C(10),T(2) - 0O,-
(2018) phone
28 Ifteneetal.  Metaio, Android smart- M P(6), S(12) - 1,0Q QUIS=V/R
(2018) Vuforia, phone,
ARToolKit, tablet
Maya, Unity
29  Kurniawan Vuforia, Android smart- M S(60) - QM=—/-
etal. (2018)  Unity, Float- phone
ing Euphoria
Framework
30 Layonaetal. Google Windows laptop, M S(157) - Q SUS=V/R
(2018) Sketchup, tablet
3Ds Max
2011,
ActionScript
30, C#
31  Lorusso Vuforia, Android smartTV, M ES,S(25), PS(2) - 00 M=—/—
etal. (2018)  Unity, Adobe tablet
lllustrator
32 Mahmood Unity, Windows AR S nd - -
etal. (2018)  Vimedix headset
Hololens,
Vimedix
Ultra-
sound
simula-
tor
33 Motaetal. MIT App Android smart- M E(47) - Qnd=—/—
(2018) Inventor, phone
Vuforia,
OpenGL
34 Mourtzis Microsoft - AR - n.d - -
etal. (2018)  HoloLens headset
software, Hololens
Unity 3D,
Computer
Aided
Design (CAD)
software
35 Nguyen - - smart- - S,CG(6),5(6) - 0Q M=—/—-
etal. (2018) phone
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Table 2 (continued)
ID Ref Developer  Operating Device  ARtype Assessment characteristics
tools system used
Type and Objective Subjective (Type,
number of end Questionnaire =
users Valid/Reliable)
36 Bursalietal. Pawtoon Android smart- - S,CG(46),5(43) - 01Q CM=V/R
(2019) software phone,
(animations), interac-
Aurasma tive
software board
(now HP
Reveal), Air-
Droid app
37 Caberoetal. Metaio Crea- iOS, Android tablet M S(372) AT (pre- Q, IMMS=V/R
(2019) tor, Eclipse, and post-)
Unity, Adobe
photoshop
38 Collado Vuforia, Unity - tablet M T(29) - QCM=—/—
etal. (2019)
39 Fidanetal. Vuforia, Unity  Android tablet M S,CG(30),5(61) AT (pre- 1,Q, CM=V/R
(2019) and post-)
40  Karam- Unity3D, Windows, AR - nd AD O,-
bakhsh etal, Tensorflow Android headset
(2019) library, Hololens
Convolu-
tional Neural
Networks, 3D
key points
detectors, 3D
array, cloud
computing,
Al, ML
41 Khanetal. ARToolKit, - interac- M T(20),5(55) - QM=—/—
(2019) Layered tive
marker gen- board
eration tool
(LMGT)
42 Lopez- Layar Creator — smart- L ES,S(106) - Q, PEURA-E=V/R
Garciaetal.  (Blippar now) phone,
(2019) tablet
43 Mylonas Unity, GAIA  i0S smart- M, QR none none none
etal. (2019)  ARTool, phone, codes
Sketchup, tablet
Zxing
44 Séez-Lopez - iOS, Android  smart- L S,CG(22),5(69) AT (pre- QM=—/—
etal. (2019) phone and post-)
45 Sahinetal.  Aurasmaapp - smart- M, QR S,CG(25),5(25) AT (pre- Q, IMMS=V/R
(2019) (HP Reveal phone codes and post-)
now)
46  Sargsyan Metavi- - Metavi- S n.d.(9) - -
etal. (2019)  sion, Unity, sion’s
Google Meta 2
Cloud headset
Speech-to-
Text API
47 Savithaetal. - - smart- M CCG4), C4) - QM=—/—
(2019) phone
48  Scaravetti Diota soft- Windows tablet, AR S S(59) AT(post-)  Q CM=—/—
etal. (2019)  ware, 3DVia headset
Composer Hololens
49  Sonntag Raspber- - AR S S(@8) - 1Q M= —/—
etal. (2019)  ryPi, CAD, headset
COMSOL Hololens
MultiPhysics
software,

Hololens
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Table 2 (continued)
ID Ref Developer  Operating Device  ARtype Assessment characteristics
tools system used
Type and Objective Subjective (Type,
number of end Questionnaire =
users Valid/Reliable)
50 Yipetal - iOS, Android  smart- M SCG(21),5(21) AT (pre- QM=—/—
(2019) phone and post-)
51 Aladinetal.  Vuforia, Unity - smart- M c(13) AT(pre-) QM=—/—
(2020) phone
52 Aljojoetal.  Visual Studio Android smart- - S(40) AT (pre- QM=—/—
(2020) 2017, Unity, phone, and post-)
Vuforia laptop,
desktop
PC
53 Altmeyer Vuforia, Unity i0S tablet M S,CG(25),5(25) AT (pre- Q,SUS=V/R
etal. (2020) and post-),
TCT
54 Andriyandi  Vuforia, Android smart- M 1(10) AD QM=—/—
etal. (2020)  Unity, Adobe phone
Photoshop
55 Badilla- - Android AR - S(60) AT (pre- Q MSAR=V/R,
Quintana headset and post-)  SOASSES=V/R
etal. (2020)
56 Bibietal Unity Android smart- M C(5) - 1Q M=—/—
(2020) phone,
tablet
57 Conleyetal. Vuforia i0S smart- M, QR S(252) AT (pre- Q CM=-/R
(2020) phone, codes and post-)
tablet
58 Dalimetal.  ARToolkit, Windows Kinect, M ES,CG,S(30), AT (pre- QM=—/—
(2020) Unity, Micro- desktop ES(90) and post-)
soft Kinect's PC, web
camera
59 Eliveraetal. Blippar, Blip-  Android smart- M S(30), 1(3) - Q,SUS=V/R
(2020) pbuilder phone
60 Gargrish Vuforia, Unity i0OS, Android ~ smart- M none none none
et al. (2020) phone
61 Harunetal. Vuforia, Unity - - M n.d - Q,QUIS=V/R
(2020)
62 Henssen ITK-SNAP iOS, Android  tablet M S,CG(16), S(15) AT (pre- FGLQ, IMMS=V/R
etal. (2020)  software, and post-)
Unity
63 Ibdfezetal. Vuforia Android tablet M, S(90) AT (pre- Q IMMS=V/R
(2020) image- and post-)
based
64 Macariu Vuforia, - smart- M P(70), S(200) - Q QUIS=V/R
etal. (2020)  Unity, Adobe phone,
lllustrator tablet
65 Mendes Vuforia, Android Aryzon M, QR n.d.(18) TCT Q,SUS=V/R
etal. (2020)  Unity, Aryzon headset, codes
SDK smart-
phone
66 Moreno- - - smart- - S,CG(60), S(60) - QM=—/—
Guerrero phone
etal. (2020)
67 Rossano Vuforia, - tablet M S(33) AT (pre- Q, UES=V/R, NASA-
etal. (2020)  Unity, and post-)  TLX=V/R
Geogebra
68 Saundarajan - iOS, Android  smart- M S(33) AT (pre- Q CM=-/R
et al. (2020) phone and post-)
69 Sudarmilah - - smart- M nd AT (pre- QM=—/—
etal. (2020) phone and post-)
70 Theesetal.  Hololens, Windows AR M S,CG(40),5(34) AT (pre- Q,SUS=V/R,CLS=V/R
(2020) Unity, Vuforia headset and post-)

Hololens
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Table 2 (continued)

ID Ref Developer  Operating Device  ARtype Assessment characteristics
tools system used
Type and Objective Subjective (Type,
number of end Questionnaire=
users Valid/Reliable)
71 Tsai, (2020) - i0S tablet - S(83) - Q, IMI=V/R
72 Uiphanit Vuforia - smart- M S(40) AT (pre- QM=—/—
etal. (2020) phone and post-)
73  Zhouetal Autodesk - smart- M, nd - |
(2020) 3ds Max, phone image-
Unity, Vuforia based

" AR Types: M= marker-based, L = location-based, S = superimposition-based, P = projection-based

2Type of end users: E=educators; R =researchers; CG = control group; S = students; C = children; ASD = autism spectrum
disorder; ES =elementary school; T=teachers; V = visitors; PS = psychologists; n.d.= not defined

3 Type of objective assessment: AT = achievement test; AD = automatic detection of objects; TCT =task completion time

4 Subjective assessment: CM = Custom Made, V =valid, R =reliable, FG =focus group, O = observation, Q = questionnaire,
I=interview, n.d.=not defined; QLIS = questionnaire for laboratory inquiry skills; HARUS = questionnaire for AR with some
evidence of validity and reliability; QUIS = Questionnaire for User Interaction Satisfaction; IMMS = Instructional Material
Motivational Survey; PEURA-E = Sixth-grade primary education students’ perception of the usefulness of augmented
reality; MSAR = motivation scale of augmented reality; SOASSES = scale of acceptance of the use of augmented reality

for secondary students; QUIS = Questionnaire for User Interaction Satisfaction; UES = User Engagement Scale; NASA-
TLX=NASA task load index (subjective mental workload); CLS = cognitive load scale; IMI = Instructional Materials
Motivation Survey; TAM =Technology Acceptance Model survey
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followed by sources representing the environment (2.35%). Procedia Computer Sci-
ence dominated the publishing sector, with 16 articles (21.92%), followed by Comput-
ers in Human Behavior (6.85%), the International Journal of Emerging Technologies
in Learning (5.48%), and the IOP Conference Series: Materials Science and Engineer-
ing (4.11%). The remaining articles (n =45) were distributed across 39 journals. Nota-
bly, over one-third (n=28, 38.36%) of the studies lacked a JCR ranking. More than
half (52.1%) of the reviewed papers were published after 2019 (see Fig. 5).

Table 3 provides a taxonomy for the classification and analysis of the studies
included, which aids in the synthesis of findings and the detection of research pat-
terns and gaps. This taxonomy can also function as a structured framework, assisting
educators and researchers in categorizing, arranging, and comprehending the diverse
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Table 3 Taxonomy of AR in education
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aspects of applying AR technology in educational contexts. Tables 5, 6, and 7 subse-
quently (see Annex) presents the outcomes of the present study, built upon this tax-
onomy. The “Article id” in Tables 5, 6, and 7 is associated to the one presented in

Table 2.
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Table 2 presents the technological approach followed by each project. Almost two
thirds (68.49%) of the published studies exploited marker-based AR, superimposi-
tion-based was found in 9.59% of the articles, while 5.48% followed the location-based
approach. As far as the devices are concerned, the majority uses a smartphone (n=37,
50.68%) or a tablet (n=35, 47.95%), while 13.70% (n=10) exploits a head mounted dis-
play. Two studies (2.35%) used an interactive board, one a smart TV, and two a Kinect
camera. Almost half of the papers (45.21%) worked on an Android operating sys-
tem, while 28.77% used the iOS and only 9.59% the Windows one. A great percentage
(32.88%) did not report the used operating platform. It has to be noticed, that a study
may have use more than one of the mentioned devices or operating systems during the
experiments. Regarding the used platform and tools for developing the final solution,
Unity was the most common one (n=35, 47.95%), followed by Vuforia (n=31, 42.47%),
Aurasma (n=5, 6.85%), ARKit or formerly Metaio (n=5, 6.85%), and Blippar (n=2,
2.74%). A great percentage (n=11, 15.07%) did not provide any details on the used plat-
form and tools. As seen in Table 8 (see Annex), the topics covered by the reviewed arti-
cles were widely dispersed.

The majority of the reviewed studies (n=31, 42.47%) focused on the university level,
followed by 26.03% (n=19) that targeted secondary education, 21.92% (n=16) primary
education, 6.85% (n=>5) early childhood education, 1.37% (n=1) nursery school, and
1.37% (n=1) health professionals. Special education was addressed in only six papers
(8.22%), while 6.85% (n=5) did not specify the target population.

For a comprehensive overview, Table 9 (see Annex) outlines the primary outcomes,
limitations, and future steps of the reviewed studies concerning the utilized applications.

Discussion

The present study involved the analysis of both qualitative and quantitative data
obtained from a collection of articles. The qualitative data obtained allowed for the
identification of the decisions and actions taken by authors in designing and developing
educational AR applications, as well as the extent to which these applications have been
utilized. Notably, the study’s analysis of educational AR applications was not restricted
to any specific age group, subject area, or educational context. Rather, the study aimed to
examine the full spectrum of educational AR applications, both within formal and infor-
mal education settings. Unlike prior investigations, the current study provides a com-
prehensive overview of research conducted between 2016 and 2020, exploring a diverse
range of study designs and methodologies.

Based on the findings, it was discovered that almost all research studies pertaining to
the topic at hand were published in scientific journals. Nonetheless, upon closer exami-
nation and analysis of the publications, it was noted that 25 of the studies that were pub-
lished in journals were, in fact, conference proceedings that were later categorized as
journals (e.g., Procedia Computer Science, Procedia CIRP, etc.) with no ranking, making
up 38.89% of the total. Roughly 43.03% of the journals that were included in the review
were of top-quality and ranked Q1. Collectively, 61.11% of the journals had a ranking
score (Q1-Q4), and were thus considered as reputable sources. The wide variety of
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publishing sources (43 in total for the 73 papers examined) suggests that there is no spe-
cialized journal or conference dedicated to the area of interest. Additionally, it signifies
that there are various ways in which AR can be employed in educational settings, rang-
ing from simple applications such as labeling objects in a classroom to more intricate
applications such as simulations. The following examples illustrate the diverse range of
AR applications in education:

« Visualizing Concepts: AR can be used to visualize abstract concepts such as the solar
system, anatomy, and physics. By using AR, learners can see these concepts in 3D,
making it easier to understand and remember.

+ Gamification: AR can be used to create interactive games that teach learners various
skills such as problem-solving, critical thinking, and collaboration. These games can
be used to make learning more fun and engaging.

+ Virtual Field Trips: AR can be used to take learners on virtual field trips, allowing
them to explore various places and learn about different cultures, history, and geog-
raphy.

o Simulations: AR can be used to create simulations that allow learners to practice real-
world scenarios and develop skills such as decision-making and problem-solving. For
example, medical students can use AR to simulate surgeries and practice various pro-
cedures or to operate a microscope. Engineers also use AR to simulate experiments

in mechanical engineering, electronics, electrical engineering and constructions.

The advent of emerging technologies and the development of low-cost devices and
mobile phones with high computing power have created opportunities for innovative
AR solutions in education. Researchers tend to prefer publishing their studies in jour-
nals, which are considered the most prestigious and impactful sources, even though it
may take years to publish compared to only a few months in a conference.

The distribution of published articles per year (Fig. 5) can be attributed to the appear-
ance of the first commercially available AR glasses in 2014 (Google Glasses), followed
by the release of Microsoft’s Hololens AR headset in 2016. As a result, a greater num-
ber of AR applications in retail emerged after 2017, and the AR industry has continued
to develop as the cost of required devices has become more affordable. Based on the
results, research related to the use of AR and mobile technology for educational pur-
poses is expected to increase significantly in the coming years. According to a recent
report by ResearchAndMarkets.com, the global market for Augmented Reality in edu-
cation and training is projected to grow from 10.37 billion USD in 2022 to 68.71 billion
USD in 2026 at a CAGR of 60.4% (Research & Markets, 2023).

In terms of the technological background of the provided solutions, the Android oper-
ating system dominated the market in the second quarter of 2018, accounting for 88% of
all smartphone sales (Statista, 2023a, 2023b). This finding is consistent with the research
results, which indicated that almost half of the studies developed the application for the
Android system. This can be attributed in part to the fact that Android is widely adopted,
particularly among children and teachers in most countries, who tend to own cheaper
Android smartphones rather than iPhones. However, it is now becoming a trend for
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any commercial application to target both iOS and Android phones, which explains the
28.77% of apps developed for the iOS operating system. Only a small percentage of the
studies (9.58%, n="7) worked with Windows, indicating a strong trend towards mobile
AR technologies. One third of the studies (32.88%) did not specify any operating system.

The augmented reality industry is experiencing significant growth, which can be
attributed to the increasing number of mobile users who are adopting this technology.
Snap Inc. predicts that by 2025, around 75% of the world’s population will be active
users of AR technology. In addition, Deloitte Digital x Snap Inc. has reported that 200
million users actively engage with augmented reality on Snapchat on a daily basis, pri-
marily through mobile applications. This trend is supported by the modern citizen
profile, which is characterized by continuous mobility, limited free time, and greater
reliance on mobile phones than PCs or laptops. According to a Statcounter study
("Desktop vs mobile", 2023), 50.48% of web traffic comes from mobile devices. Further-
more, mobile learning is increasingly popular, as evidenced by various studies (Ferri-
man, 2023).

With respect to development platforms and tools, the market is dominated by Unity
(47.95%) and Vuforia (42.47%). This can be attributed to the fact that Unity’s AR Founda-
tion is a cross-platform framework that allows developers to create AR experiences and
then build cross-platform applications for both Android and iOS devices without addi-
tional effort. Additionally, Unity is a leading platform for creating real-time 3D content.
Vuforia is a software development kit (SDK) that facilitates the creation of AR applica-
tions by enabling the addition of computer vision functionalities, which allow the appli-
cation to recognize objects, images, and spaces.

Marker-based AR was utilized in 68.49% of the studies, as it is simple and effective in
providing a seamless user experience. This technology involves using a camera to detect
a specific visual marker, such as a QR code, and overlaying digital content onto the
marker in real-time. This allows users to interact with the digital content in a more intui-
tive way, as they can physically move the marker and see the digital content move along
with it. Furthermore, marker-based AR has been in use for longer than other forms of
AR and has a more established user base. Its popularity has been further enhanced by
many companies and brands integrating it into their marketing campaigns and products.
Additionally, its accessibility is a contributing factor, as it requires less processing power
and hardware compared to other forms of AR, making it easier for users to access and
experience on their mobile devices. Markerless AR, which uses GPS and other location
data to place virtual content in the real world based on the user’s location, is gaining
popularity, but only 2.74% of the examined studies used it. There are also markerless
AR systems that use machine learning and computer vision to track and overlay digital
content onto real-world objects without the need for markers. While marker-based AR
is currently the most common type of AR, other forms of AR are rapidly evolving and
gaining traction. Nonetheless, the review indicates that markerless AR applications are
still in the early stages of development. As Al, machine learning, and computer vision
techniques continue to advance, researchers will need to adopt them to improve AR

applications in several ways:
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« Object recognition and tracking: Al algorithms can be used to improve the accuracy
of object recognition and tracking in AR applications. Machine learning can be used
to train algorithms to recognize specific objects and track their movements in real-
time. This can improve the stability of AR overlays and create a more immersive user
experience.

+ Content generation and personalization: Machine learning can be used to generate
and personalize AR content for individual users. Algorithms can analyze user behav-
ior and preferences to generate relevant and engaging content in real-time.

o Real-time language translation: Al-powered language translation can be integrated
into AR applications to enable real-time translation of text and speech.

o Spatial mapping: Machine learning algorithms can be used to create detailed 3D
maps of the user’s environment. This can be used to improve the accuracy and sta-
bility of AR overlays and enable more sophisticated AR applications, such as indoor
navigation.

« Predictive analytics: Machine learning algorithms can be used to provide users with
contextual information based on their location, time of day, and other factors, while
Al can predict user behavior. This can be used to create a more personalized and rel-
evant AR experience.

The aforementioned aspects can potentially lead to new opportunities for innova-
tion in the field of AR educational applications. These opportunities can be expanded
by developing and utilizing virtual assistants and digital avatars within the educational
context. Digital avatars and characters created by artificial intelligence can be designed
to respond more naturally to users’ behavior and emotions, thereby enhancing engage-
ment and interactions and improving the user experience. AI-powered avatars can also
facilitate realistic interactions, leading to more immersive and enjoyable learning experi-
ences. Additionally, Al-powered platforms can be used to create interactive training ses-
sions that provide stimulating and engaging learning experiences. For example, a virtual
environment can simulate real-life job situations to aid in employee training. Likewise,
Al-powered tools can create interactive experiences in which students can explore vir-
tual objects and concepts in real-time.

Based on the research findings, the process of technology assessment is an arduous,
challenging, and time-consuming task, but it is necessary in any research endeavor. How-
ever, there is no established gold standard for the subjective evaluation of Augmented
Reality applications, which creates a vague landscape that forces most researchers
(61.90%) to use custom-made scales. Consequently, this renders research results non-
comparable. Moreover, many studies do not utilize reliable and valid instruments, mak-
ing their findings questionable and not generalizable. Out of the examined pool, 35 cases
used non-valid scales, 33 cases used non-reliable scales, and 33 cases used neither relia-
ble nor valid scales. The System Usability Scale (SUS) was used seven times, the Intrinsic
Motivation Measurement Scale (IMMS) four times, the Questionnaire for User Inter-
action Satisfaction (QUIS) three times, and all other scales (Unified Theory of Accept-
ance and Use of Technology — UTAUT, Extension Scale—UES, Technology Acceptance
Model—TAM, Socially Adaptive Systems Evaluation Scale—SoASSES, Quality of Life
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Impact Scale—QLIS, Perceived Usability, and User Experience of Augmented Reality
Environments—PEURA-E, National Aeronautics and Space Administration Task Load
Index—NASA-TLX, Mixed Reality Simulator Sickness Assessment Questionnaire—
MSAR, Intrinsic Motivation Inventory—IMI, Holistic Acceptance Readiness for Use
Scale—HARUS, and Collaborative Learning Scale—CLS) were used only once each. In
two studies (Conley et al., 2020; Saundarajan et al., 2020), even though the researchers
tested the reliability of the questionnaires used, they did not assess their validity or use
any established methodology to evaluate those questionnaires. Based on the presented
results, the subjective satisfaction and assessment of AR solutions appear to be a daunt-
ing and challenging task. Therefore, there is a pressing need for the development of
instruments that can capture the different aspects of a user’s satisfaction (Koumpouros,
2016). In addition, it is essential to report users’ experiences with the technologies used
to enhance the completeness of research papers. Privacy protection and confidentiality,
ethics approval and informed consent, and transparency of data collection and manage-
ment are also essential. Legal and policy attention is required to ensure proper protec-
tion of user data and to prevent unwanted sharing of sensitive information with third
parties (Bielecki, 2012). Conducting research involving children or other special cate-
gories (such as pupils with disabilities) requires great attention to the aforementioned
issues and should follow all recent legislations and regulations, such as the General Data
Protection Regulation (European Commission, 2012), Directive 95/46/EC (European
Parliament, 1995), Directive 2002/58/EC (European Parliament, 2002), and Charter of
Fundamental Right (European Parliament, 2000). The study also found that the number
of end users participating in the assessment of the final solution is critical in obtaining
valid results (Riihiaho, 2000). However, this remains a challenge, as only 19.18% of stud-
ies used 1 to 20 end users to evaluate the application, 20.55% used 21 to 40, 16.44% used
41 to 60, 9.59% used 61 to 80, and 21.92% used more than 80 end users. Only in four
studies did both teachers and students evaluate the provided solution, although it is cru-
cial for both parties to assess the solution used, particularly in the educational context,
as they observe and assess the same thing from different perspectives.

In the examined projects, insufficient attention was given to primary and secondary
education subjects, with only 21.92% and 26.03% of the efforts analyzed targeting these
levels, respectively. Additionally, researchers should focus on subjects that are typically
known for being information-intensive and requiring rote memory. The examined pro-
jects encountered several issues and limitations, including:

« small sample sizes,

«+ short evaluation phases,

+ lack of generalizable results,

+ need for end-user training,

« absence of control groups and random sampling,

« difficulty in determining if the solution has ultimately helped,

« considerations of technology-related factors (e.g., cost, size, weight, battery life, com-
patibility issues, limited field of view from the headset, difficulty in wearing the head-
mounted displays, accuracy, internet connection, etc.),

+ limited number of choices and scenarios offered to end users,
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« subjective assessment difficulty,

+ heterogeneity in the evaluation (e.g., different knowledge levels of the end users),

+ poor quality of graphics,

« environmental factors affecting the quality of the application (e.g., light and
sound),

+ quick movements affecting the quality and accuracy of the provided solution,

+ image and marker detection issues, and

« lack of examination of long-term retention of the studied subjects.

In terms of future steps, it is essential to obtain statistically accepted results, which
requires a significant number of end users in any research effort. Additionally, it is
crucial to carefully examine user subjective and objective satisfaction using existing
valid and reliable scales that can capture users’ satisfaction in an early research stage
(Koumpouros, 2016). Researchers should aim to simulate an environment that closely
resembles the real one to enable students to generalize and apply their acquired skills
and knowledge easily. Other key findings from the examined studies include the need
for:

+ experiments with wider cohorts of participants and subjects,

+ examination of different age groups and levels,

+ use of smart glasses,

+ integration of speech recognition techniques,

+ examination of reproducibility of results,

« use of markerless techniques,

« enrichment of AR applications with more multimedia content,

+ consideration of more factors during evaluation (e.g., collaboration and personal
features),

+ implementation of human avatars in AR experiences,

+ integration of gesture recognition and brain activity detection,

« implementation of eye tracking techniques,

+ use of smart glasses instead of tablets or smartphones, and

« further investigation of the relationship between learning gains, embodiment, and
collaboration.

In addition, achieving an advanced Technology Readiness Level (TRL) (European
Commission, 2014) is always desirable. An interdisciplinary team is considered
to be extremely important in effectively meeting the needs of various end users,
which can be supported by an iterative strategy of design, evaluation, and redesign
(Nielsen, 1993). Usability testing and subjective evaluation are challenging but criti-
cal tasks in any research project (Koumpouros, 2016; Koumpouros et al., 2016). The
user-friendliness of the provided solution is also a significant concern. Additionally,
the involvement of behavioral sciences could greatly assist in the development of a
successful project in the field with better adoption rates by end users (Spruijt-Metz
et al., 2015).
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Table 9 (see Annex) shows that AR technologies have been utilized in a variety
of disciplines, educational levels, and target groups, including for supporting and
enhancing social and communication skills in special education settings. Prelimi-
nary results suggest that AR may be beneficial for these target groups, although the
limited number of participants, short intervention duration, and non-random selec-
tion of participants make generalization of the results challenging. Furthermore,
the long-term retention of learning gains remains unclear. Nevertheless, students
appear to enjoy using AR for learning and engaging with course material, and AR
supports experiential learning, which emphasizes learning through experience, activ-
ity, and reflection. This approach to teaching can lead to increased engagement and
motivation, improved retention and understanding, development of practical skills,
and enhanced critical thinking and problem-solving abilities. In summary, AR has
the potential to be a valuable tool for developing a range of skills and knowledge in
learners.

An area of interest that warrants further investigation is the amount of time learn-
ers spend on each topic when utilizing augmented reality tools as opposed to conven-
tional learning methods. This inquiry may yield valuable insights regarding the efficacy
of AR-based

(1) The ease with which students learn the material delivered through AR.

(2) The amount of time required to learn the material when compared to conventional
education.

(3) Whether the use of AR enhances students’ interest in the topic.

(4) Whether students enjoy studying with AR more than they do with traditional
methods.

(5) Whether AR amplifies students’ motivation to learn.

interventions. Researchers ought to explore the following five key issues when providing
AR-based educational solutions:

It is evident that the aforementioned parameters require at least a control group in
order to compare the outcomes of the intervention with those of conventional learning.
Additionally, it is essential to consider the duration of the initial intervention and the
retesting interval to assess the retention of learning gains. Finally, it is crucial to expand
research into the realm of special education and other domains. For example, innova-
tive IT interventions could greatly benefit individuals with autism spectrum disorders
and students with intellectual disabilities (Koumpouros & Kafazis, 2019). Augmented
reality could be proved valuable in minimizing attention deficit during training and
improve learning for the specific target groups (Goharinejad et al., 2022; Nor Azlina &
Kamarulzaman, 2020; Tosto et al., 2021).

As far as the educational advantages and benefits of AR in education are concerned,
AR holds immense potential for enhancing educational outcomes across various edu-

cational levels and subject areas:



Koumpouros Smart Learning Environments (2024) 11:2 Page 22 of 62

« Enhanced Engagement: AR creates highly interactive and engaging learning expe-
riences. Learners are actively involved in the educational content, which can lead
to increased motivation and interest in the subject matter.

+ Visualization of Complex Concepts: AR enables the visualization of abstract and
complex concepts, making them more tangible and understandable. Learners can
explore 3D models of objects, organisms, and phenomena, facilitating deeper
comprehension.

» Experiential Learning: AR supports experiential learning by allowing students to
engage with virtual objects, conduct experiments, and simulate real-world scenar-
ios. This hands-on approach enhances practical skills and problem-solving abili-
ties.

+ Gamification and Game-Based Learning: AR can be used to gamify educational
content, turning lessons into interactive games. This approach fosters critical
thinking, decision-making, and collaborative skills while making learning enjoy-
able.

« Virtual Field Trips: AR-based virtual field trips transport students to different
places and historical eras, providing immersive cultural, historical, and geographi-
cal learning experiences.

« Simulation-Based Training: Medical and engineering students can benefit from AR
simulations that allow them to practice surgeries, experiments, and procedures in a
risk-free environment, leading to better skill development.

+ Personalization of Learning: AR applications can personalize learning experiences
based on individual student needs, adapting content and pacing to optimize compre-
hension and retention.

« Enhanced Accessibility: AR can assist learners with disabilities by providing tailored
support, such as audio descriptions, text-to-speech functionality, and interactive
adaptations to suit various learning styles.

To provide a more comprehensive understanding of AR in education, it is essential
to connect it with related research areas:

+ Gamification and Game-Based Learning: Drawing parallels between AR and gami-
fication/game-based learning can shed light on how game elements, such as chal-
lenges and rewards, can be integrated into AR applications to enhance learning expe-
riences.

+ Virtual Reality (VR) in Education: Contrasting AR with VR can elucidate the
strengths and weaknesses of both technologies in educational contexts, helping edu-
cators make informed decisions about their integration.

+ Cross-Disciplinary Approaches: Collaborative research involving experts in AR,
gamification, game-based learning, VR, and educational psychology can yield inno-
vative approaches to educational technology, benefiting both learners and educators.

+ Learning Outcomes and Age-Level Effects: Future studies should delve into the spe-
cific learning outcomes facilitated by AR applications in different age groups and
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educational settings. Understanding the nuanced impact of AR on various learner
demographics is crucial.

+ Subject-Specific Applications: Exploring subject-specific AR applications and their
effectiveness can reveal how AR can be tailored to the unique requirements of
diverse academic disciplines.

In conclusion, AR in education offers a myriad of educational advantages, including
enhanced engagement, visualization of complex concepts, experiential learning, gamifi-
cation, virtual field trips, and personalized learning. By linking AR research with related
fields and investigating its impact on learning outcomes, age-level effects, and subject-
specific applications, we can harness the full potential of AR technology to revolutionize
education.

Summarizing, AR has positive indications and could significantly help the educational
process of different levels and target groups. The innovation of various AR applications
lies in the property of 3D visualization of objects—models. In this way, in the field of
education, 3D visualization can be used for the in-depth understanding of phenom-
ena by students, in whom the knowledge will be better impressed (Lamanauskas et al.,
2007). Game-based learning, the Kinect camera or other similar tools and markerless
AR should be further exploited in the future. Finally, it should be noted that in order to
effectively achieve the design of an educational AR application, it is necessary to take
into account the learning environment, the particularities of each student, the axioms
of the psychology of the learner and of course all the theories that have been formulated
for learning (Cuendet et al., 2013). In simpler terms, the use of AR applications in educa-
tion makes learning experiential for learners and mainly aims to bridge the gap between
the classroom and the external environment as well as to increase the ability to perceive
reality on the part of students.

Research limitations

Our systematic literature review on AR in education, while comprehensive within its
defined scope, has certain limitations that must be acknowledged. Firstly, the review was
confined to articles published between 2016 and 2020, which may have excluded some
recent developments in the field. Additionally, our focus on English-language publica-
tions introduces a potential bias, as valuable research in other languages may have been
omitted. These limitations, though recognized, were necessary to streamline the study’s
scope and maintain a manageable dataset. We acknowledge the significance of incorpo-
rating more recent data, and already working to expand our research in future endeavors
to encompass the latest developments, ensuring the timeliness and relevance of our find-
ings. However, we believe that the period we examined is crucial, particularly due to the
emergence of COVID-19, which significantly accelerated the proliferation of educational
apps across various contexts. Hence, we consider this timeframe as a distinct era that
warrants separate investigation.
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Conclusion

The use of AR interventions shows promise for improving educational outcomes.
However, to maximize its practical application, several aspects require further scru-
tiny. Drawing from an analysis of qualitative and quantitative data on educational
AR applications, several recommendations for future research and implementa-
tion can be proposed. Firstly, there is a need to explore the impact of AR in special
education, considering specific age groups, subject areas, and educational contexts.
Additionally, studying the effectiveness of different methodologies and study designs
in AR education is crucial. It is important to identify areas where AR can have the
greatest impact and design targeted applications accordingly. Investigating the long-
term effects of AR in education is essential, including how it influences learning
outcomes, knowledge retention, and student engagement over an extended period.
Understanding how AR can support students with diverse learning needs and dis-
abilities and developing tailored AR applications for special education settings is
also vital. Researchers should adopt appropriate methodologies for studying the
impact of AR in education. This includes conducting comparative studies to evalu-
ate the effectiveness of AR applications compared to traditional teaching methods or
other educational technologies. Longitudinal studies should be conducted to exam-
ine the sustained impact of AR on learning outcomes and engagement by following
students over an extended period. Mixed-methods research combining qualitative
and quantitative approaches should be employed to gain a deeper understanding of
the experiences and perceptions of students and educators using AR in educational
settings, using interviews, observations, surveys, and performance assessments to
gather comprehensive data. Integration strategies for incorporating AR into exist-
ing educational frameworks should be investigated to ensure seamless implementa-
tion. This involves exploring strategies for integrating AR into existing curriculum
frameworks and enhancing traditional teaching methods and learning activities
across various subjects. Providing teacher training and professional development
programs to support educators in effectively integrating AR into their teaching prac-
tices is important. Additionally, exploring pedagogical approaches that leverage the
unique affordances of AR can facilitate active learning, problem-solving, collabo-
ration, and critical thinking skills development. The lack of specialized journals or
conferences dedicated to educational AR suggests the need for a platform specifi-
cally focused on this area. The diverse range of AR applications in education, such
as visualizing concepts, gamification, virtual field trips, and simulations, should be
further explored and expanded. With the projected growth of the AR market in edu-
cation, more research is expected in the coming years. Technological advancements
should be leveraged, considering the dominance of the Android operating system,
to develop applications that cater to both Android and iOS platforms. Furthermore,
leveraging advancements in Al, machine learning, and computer vision can enhance
object recognition and tracking, content generation and personalization, real-time
language translation, spatial mapping, and predictive analytics in AR applications.
Integrating virtual assistants, digital avatars, and Al-powered platforms can provide
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innovative and engaging learning experiences. Improving AR technology and appli-
cations can be achieved by investigating compatibility with different mobile devices
and operating systems, exploring emerging AR technologies, and developing reliable
evaluation instruments and methodologies to assess user experience and satisfac-
tion. These recommendations aim to address research gaps, enhance the effective-
ness of AR in education, and guide future developments and implementations in the
field. By focusing on specific areas of investigation and considering the integration
of AR within educational frameworks, researchers and practitioners can advance the
understanding and application of AR in educational settings.

In conclusion, the utilization of AR interventions in education holds significant
practical implications for enhancing teaching and learning processes. The adoption
of AR has the potential to transform traditional educational approaches by offering
interactive and personalized learning experiences. By incorporating AR technology,
educators can engage students in immersive and dynamic learning environments,
promoting their active participation and motivation. AR can facilitate the visualiza-
tion of complex concepts, making abstract ideas more tangible and accessible. More-
over, AR applications can provide real-world simulations, virtual field trips, and
gamified experiences, enabling students to explore and interact with subject matter
in a way that traditional methods cannot replicate. These practical benefits of AR
in education indicate its potential to revolutionize the learning landscape. However,
it is important to acknowledge and address the limitations and challenges associ-
ated with AR interventions in education. Technical constraints, such as the need for
compatible devices and stable connectivity, may hinder the widespread implementa-
tion of AR. Moreover, ethical considerations surrounding data privacy and security
must be carefully addressed to ensure the responsible use of AR technology in edu-
cational settings. Additionally, potential barriers, such as the cost of AR devices and
the need for appropriate training for educators, may pose challenges to the seamless
integration of AR in classrooms. Understanding and mitigating these limitations and
challenges are essential for effectively harnessing the benefits of AR interventions
in education. While AR interventions offer tremendous potential to enhance edu-
cation by promoting engagement, personalization, and interactive learning experi-
ences, it is crucial to navigate the associated limitations and challenges in order to
fully realize their practical benefits. By addressing these concerns and continuing
to explore innovative ways to integrate AR into educational contexts, we can pave
the way for a more immersive, effective, and inclusive educational landscape. Our
systematic review highlights the substantial potential of AR in reshaping educational
practices and outcomes. By harnessing the educational advantages of AR and forging
connections with related research areas such as gamification, game-based learning,
and virtual reality in education, educators and researchers can collaboratively pave
the way for more engaging, interactive, and personalized learning experiences. As
the educational landscape continues to evolve, embracing AR technology represents
a promising avenue for enhancing the quality and effectiveness of education across
diverse domains.
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See Table 4, 5,6, 7, 8, and 9.
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# Paper Year Source Source Type C1score C2score C3score C4score Total score
Name
1 Akcayretal, 2016 Computers  Journal 2 1 8
(2016) in Human
Behavior
2 Ayeretal, 2016 Journal of Journal 2 0.5 95
(2016) Architectural
Engineering
3 Baletal, 2016 Procedia Journal 0 1 5
(2016) Computer
Science
4 Carlsonetal, 2016 Clinical Journal 2 1 4
(2016) Simulation in
Nursing
5 Chenetal, 2016 Computers  Journal 2 1 5
(2016) in Human
Behavior
6 Linetal, 2016 Displays Journal 15 1 55
(2016)
7 Montoya 2016 Eurasia Jour- Journal 1.5 1 6.5
etal, (2016) nal of Math-
ematics,
Science and
Technology
Education
8 Safaretal, 2016 Eurasia Jour- Journal 1.5 0 55
(2016) nal of Math-
ematics,
Science and
Technology
Education
9 Santosetal, 2016 Research Journal 2 1 6
(2016) and Practice
in Tech-
nology
Enhanced
Learning
10 Sungkur 2016 Interactive  Journal 15 1 4.5
etal, (2016) Technology
and Smart
Education
11 Yilmaz, 2016 Computers  Journal 2 1 8
(2016) in Human
Behavior
12 Baueretal, 2017 Computers& Journal 2 1 5
(2017) Graphics
13 Bazarovetal, 2017 IOP Confer-  Journal 0 1 4
(2017) ence Series:
Earth and
Environmen-
tal Science
14 Craciunetal, 2017 AIP Confer-  Journal 0 1 3
(2017) ence Pro-
ceedings
15 Joo-Nagata 2017 Procedia Journal 0 1 8
etal, (2017) Computer

Science
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# Paper Year Source Source Type C1score C2score C3score C4score Total score
Name
16 Moro et al., 2017 Anatomical  Journal 0.5 6.5
(2017) Sciences
Education
17 Pomboetal, 2017 2017 Conference 1 6.5
(2017) International
Symposium
on Comput-
ers in Educa-
tion
18 Turkanetal, 2017 Advanced Journal 1 7
(2017) Engineering
Informatics
19 Vega Garzon 2017 Biochemistry Journal 0.5 7.5
etal, (2017) and Molecu-
lar Biology
Education
20 Wang, (2017) 2017 Procedia Journal 1 4
Computer
Science
21 Abd Majid 2018 International Journal 1 5
etal. (2018) Journal on
Advanced
Science,
Engineer-
ing and
Information
Technology
22 Aebersold 2018 Clinical Journal 0.5 7.5
etal, (2018) Simulation in
Nursing
23 Alhumaidan 2018 International Journal 1 4
etal, (2018 Journal of
Child-
Computer
Interaction
24 Changetal, 2018 Procedia Journal 1 8
(2018) Computer
Science
25 Chengetal, 2018 International Journal 1 8
(2018) Journal of
Emerging
Technologies
in Learning
26 Ciezaetal, 2018 Procedia Journal 1 2
(2018) Computer
Science
27 Debetal, 2018 Procedia Journal 1 3
(2018) Computer
Science
28 lIfteneetal, 2018 Procedia Journal 1 3
(2018) Computer
Science
29 Kurniawan 2018 Procedia Journal 1 5
etal, (2018) Computer
Science
30 Layonaetal, 2018 Procedia Journal 1 8
(2018) Computer
Science
31 Lorussoetal, 2018 Sensors Journal 1 6

(2018)
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# Paper Year Source Source Type C1score C2score C3score C4score Total score
Name
32 Mahmood 2018 Journal of Journal 15 1 0 2.5
etal, (2018) Cardiotho-
racic and
Vascular
Anesthesia
33 Motaetal, 2018 Computers  Journal 2 1 3 7
(2018) and Electri-
cal Engineer-
ing
34 Mourtzis 2018 Procedia Journal 0 1 0 1
etal, (2018) Manufactur-
ing
35 Nguyen 2018 International Journal 2 0 1 4
etal, (2018) Journal of
Educational
Technology
in Higher
Education
36 Bursalietal, 2019 Computers  Journal 2 0.5 5 8.5
(2019) in Human
Behavior
37 Caberoetal, 2019 AppliedSci- Journal 1.5 1 6 9.5
(2019) ences
38 Colladoetal, 2019 Journal of Journal 0 1 2 4
(2019) Physics:
Conference
Series
39 Fidanetal, 2019 Procedia Journal 0 1 5 7
(2019) Computer
Science
40 Karam- 2019 International Journal 2 0.5 0 35
bakhsh et al, Journal of
(2019) Information
Manage-
ment
41 Khanetal, 2019 Sustainability Journal 2 1 4 8
(2019)
42 Lopez-Garcia 2019 Applied Sci-  Journal 1.5 1 6 9.5
etal, (2019) ences
43 Mylonas 2019 Electronic Journal 15 1 0 2.5
etal, (2019) Notes in
Theoretical
Computer
Science
44 Siez-Lopez 2019 Comunicar  Journal 2 0.5 5 85
etal, (2019)
45 Sahin et al, 2019 Contem- Journal 2 1 3 7
(2019) porary
Educational
Technology
46 Sargsyan 2019 EPIiC Seriesin Journal 0 1 1 2
etal, (2019) Computing
47 Savithaetal, 2019 International Journal 0 0.5 1 25
(2019) Journal of
Recent Tech-
nology and
Engineering
48 Scaravetti 2019 Procedia Journal 0 1 3 5
etal, (2019) CIRP
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# Paper Year Source Source Type C1score C2score C3score C4score Total score
Name
49 Sonntag 2019 Procedia Journal 0 1 1 1 3
etal, (2019) Manufactur-
ing
50 Yipetal, 2019 Procedia Journal 0 0.5 1 3 4.5
(2019) Computer
Science
51 Aladinetal, 2020 IOP Confer- Journal 0 1 1 1 3
(2020) ence Series:
Materials
Science and
Engineering
52 Aljojoetal, 2020 International Journal 1 0.5 1 2 4.5
(2020) Journal of
Interactive
Mobile Tech-
nologies
53 Altmeyer 2020 British Journal 2 1 1 3 7
etal, (2020) Journal of
Educational
Technology
54 Andriyandi 2020 Telkomnika  Journal 1 1 1 1 4
etal, (2020) (Telecom-
munication
Computing
Electronics
and Control)
55 Badilla-Quin- 2020 Sustainability Journal 2 0 1 3 6
tanaetal,
(2020)
56 Bibietal, 2020 International Journal 2 1 1 1 5
(2020) Journal of
Emerging
Technologies
in Learning
57 Conleyetal, 2020 Procedia Journal 0 1 1 6 8
(2020) Computer
Science
58 Dalimetal, 2020 International Journal 2 1 1 6 10
(2020) Journal of
Human-
Computer
Studies
59 Eliveraetal, 2020 IOP Confer- Journal 0 1 1 2 4
(2020) ence Series:
Materials
Science and
Engineering
60 Gargrish 2020 Procedia Journal 0 1 1 0 2
et al, (2020) Computer
Science
61 Harunetal, 2020 Procedia Journal 0 0.5 1 0 15
(2020) Computer
Science
62 Henssen 2020 Anatomical  Journal 2 1 1 2 6
etal, (2020) Sciences
Education
63 Ibanezetal, 2020 Procedia Journal 0 1 1 5 7
(2020) Computer

Science
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# Paper Year Source Source Type C1score C2score C3score C4score Total score
Name
64 Macariu 2020 Procedia Journal 0 1 6 8
etal, (2020) Computer
Science
65 Mendes 2020 Computer-  Journal 2 1 1 5
et al, (2020) ized Medical
Imaging and
Graphics
66 Moreno- 2020 International Journal 2 0 6 9
Guerrero Journal of
etal, (2020) Environmen-
tal Research
and Public
Health
67 Rossano 2020 |EEE Access  Journal 2 1 2 6
et al, (2020)
68 Saundarajan 2020 International Journal 2 0.5 2 55
etal, (2020) Journal of
Emerging
Technologies
in Learning
69 Sudarmilah 2020 IOP Confer-  Journal 0 0.5 0 15
etal, (2020) ence Series:
Materials
Science and
Engineering
70 Theesetal, 2020 Computers  Journal 2 1 4 8
(2020) in Human
Behavior
71 Tsai, (2020) 2020 International Journal 15 0 5 7.5
Journal of
Instruction
72 Uiphanit 2020 International Journal 2 1 2 6
etal, (2020) Journal of
Emerging
Technologies
in Learning
73 Zhouetal, 2020 Virtual Journal 0 1 0 2
(2020) Reality &
Intelligent

Hardware
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Table 8 Domains covered

(2024) 11:2

Domain # References

Electronics 1 Montoya et al. (2016)

Structural analysis 1 Turkanetal. (2017)

Microscope operation 1 Zhou et al. (2020)

STEM 1 Abd Majid and Abd Majid, (2018)

Biology, Geography 1 Iftene and Trandabat, (2018)

AR 1 Motaetal (2018)

Sewing 1 Yipetal (2019)

Educational technology 1 Cabero-Almenara and Roig-Vila (2019)

Energy efficiency 1 Mylonas et al. (2019)

Computer science 2 Akcayrretal. (2016), Bal and Bicen (2016)

Communication, social interaction 2 Chen et al. (2016), Lorusso et al. (2018)

Design 2 Ayeretal. (2016), Mourtzis et al. (2018)

Art 2 Cabero-Almenara and Roig-Vila, (2019), Sdez-Lépez et al. (2019)

Qur'an 2 Aljojo et al. (2020), Andriyandi et al. (2020)

Reading 2 Bursali and Yilmaz, (2019), Cieza and Lujan, (2018)

Mechanical engineering 3 Bazarov et al. (2017), Cheng et al. (2018), Scaravetti and Doroszewski,
(2019)

Chemistry/Biochemistry 3 Badilla-Quintana et al. (2020), Macariu et al,, (2020); Vega Garzon et al.
(2017)

History 5 Joo-Nagata et al,, (2017), Pombo and Marques, (2017), Cabero-Almenara
and Roig-Vila, (2019), Sahin and Ozcan, (2019), Elivera and Palaoag, (2020),
Sudarmilah et al. (2020)

Medical interventions 5 Carlson and Gagnon, (2016), Aebersold et al,, (2018), Mahmood et al,,
(2018), Sargsyan et al,, (2019), Mendes et al., (2020)

Mathematics 6 Conley etal, (2020), Lin et al., (2016), Gargrish et al., (2020), Ibdfiez et al.
(2020), Rossano et al,, (2020), Saundarajan et al,, (2020)

Anatomy 7 Baueretal, (2017), Moro et al. (2017), Kurniawan and Witjaksono, (2018),
Layona et al,, (2018), Karambakhsh et al,, (2019), Henssen et al,, (2020)

Other 7 Yilmaz, (2016), Pombo and Marques, (2017), Alhumaidan et al,, (2018),
Nguyen et al,, (2018), Lopez-Garcia et al., (2019), Savitha and Renumol,
(2019), Moreno-Guerrero et al., (2020)

Physics 9 Akcayrretal. (2016), Craciun and Bunoiu (2017), Chang and Hwang,
(2018), Collado et al. (2019), Fidan and Tuncel, (2019), Sonntag et al.
(2019), Altmeyer et al. (2020), Harun et al. (2020), Thees et al. (2020)

Languages 9 Safaretal. (2016), Wang, (2017), Deb and Bhattacharya, (2018), Khan et al.

(2019), Aladin et al. (2020), Dalim et al. (2020), Tsai, (2020), Uiphanit et al.
(2020)
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Abbreviations

Al Artificial Intelligence

AR Augmented Reality

ARVMS Augmented reality-based video modeling storybook
AV Augmented Virtuality

ASD Autism Spectrum Disorder

CLS Collaborative Learning Scale

CORE Computing Research and Education

(@Y Custom Made

DOF Degrees of Freedom

EMT Educational Magic Toys

FOV Field of view

FPS First Person Shooter

FG Focus group

HMD Head-mounted display

HARUS Holistic Acceptance Readiness for Use Scale
ICT Information and Communication Technologies
T Information Technology

IMI Intrinsic Motivation Inventory

IMMS Intrinsic Motivation Measurement Scale

JCR Journal Citation Reports

MR Mixed Reality

MSAR Mixed Reality Simulator Sickness Assessment Questionnaire

NASA-TLX  National Aeronautics and Space Administration Task Load Index
PEURA-E Perceived Usability User Experience of Augmented Reality Environments

PBL Problem-based Learning

QLls Quiality of Life Impact Scale

QUIS Questionnaire for User Interaction Satisfaction
SLAC Smart Learning Companion

SOASSES Socially Adaptive Systems Evaluation Scale
SES Socioeconomic status

SDK Software development kit

SUS System Usability Scale

SLR Systematic Literature Review

TAM Technology Acceptance Model

TAM Technology Acceptance Model survey

TRL Technology Readiness Level

UTAUT Unified Theory of Acceptance and Use of Technology
UES User Engagement Scale

VR Virtual Reality
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