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ABSTRACT Remote Laboratories (RLs) break barriers in education since they provide real experimentation
anytime and anywhere. However, their greatest drawback is the lack of immersion. However, Extended
Reality (XR) can overcome this shortcoming through the integration of AR, or VR techniques, into remote
experimentation, thus developing Extended Reality Remote Laboratories (XRLs), which can be Augmented
Reality Remote Laboratories (ARLs), or Virtual Reality Remote Laboratories (VRLs). Our study consists in
a systematic review concerning the state-of-the-art of XRLs during the period 2000-2022. Findings from
the systematic review generated two main results. First, a thorough analysis that reports: a timeline of
publications, studies per country, most influential universities, most popular journals and conferences, most
cited publications, description of ARLs, description of VRLs, and most notable publications. Secondly,
a classification of the XRLs encountered during research, and a proposed architecture for creating XRLs,
in order to guide developers wishing to integrate XR into their experiments.

INDEX TERMS Augmented reality, virtual reality, extended reality, remote laboratories.

I. INTRODUCTION
Quality education is the 4th sustainable development goal
designated by the United Nations [1]. In 2020, as the COVID-
19 pandemic spread across the globe, a majority of countries
announced the temporary closure of schools, affecting more
than 91 percent of students worldwide. Thus, the integration
of online technology in education became even more neces-
sary. Several educational tools were developed and applied
in education during the pandemic to support remote learn-
ing [2], [3], [4]. In this new learning scenario, not all students
and teachers were prepared for remote education, so it was
necessary to identify and apply more effective educational
resources to fill the gap produced by the pandemic and to
prepare people for the new reality caused by the latter.

One of the targets established for the quality education
goal is to ‘‘substantially increase the number of youth and
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adults who have relevant skills, including technical and voca-
tional skills, for employment, decent jobs, and entrepreneur-
ship’’. Throughout the world, there is a lack of STEM
(Science, Technology, Engineering, and Mathematics) pro-
fessionals [5]. Unfortunately, this derives from both a deficit
of interest in these areas and the absence of opportunities
for many people while seeking to pursue higher educa-
tion [6]. For the Organization for Economic Co-operation
and Development (OECD) [7], many students believe that
STEM subjects are not enjoyable, and have difficulty trying
to understand concepts introduced by teachers.

The OECD affirms that the lack of practical activities
during STEM classes is one of the main reasons why students
find it so difficult to understand concepts, and this deficiency
is usually the consequence of not every school having func-
tional science laboratories. South America and Africa suffer
from a shortage of infrastructure and adequate equipment for
classes [7]. In Brazil, for example, there is a total of 179,
533 schools, and only 22, 121 (12 percent) of these schools
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have science laboratories [8]. Without proper access to real
equipment, students do not have the opportunity to practice
science, and thus become uninterested in pursuing associated
careers, since they believe those kinds of studies are not for
them.

In this respect, the New Information and Communica-
tion Technologies (NICTs) bring many benefits to education.
Learning technologies allow students to access information
in several ways, for example, providing them with the oppor-
tunity remotely to practice concepts from their classes [7].
Resources such as simulations, Extended Reality (XR), and
Remote Laboratories (RL) grant students the opportunity
to benefit from a more practical understanding of their
classes [9]. Therefore, they become more interested in these
areas, since they transcend their difficulties through exper-
imentation [10]. In this paper, we analyze the state-of-the-
art of frameworks that integrate XR with RLs, to define a
new general architecture that allows RL developers easily
to design new educational platforms. There are two main
concepts that exist within the context of XR: Augmented
Reality (AR), and Virtual Reality (VR).

AR is the process of overlaying meaningful interactive
information in a live video stream to create an enriched visual
experience for users [11]. The integration of Augmented
Reality into education provides a more interactive experience
for students. Several publications evidence the successful use
of AR during educational activities [12]. For Wen [13], AR is
useful in many stages of students’ careers, from kindergarten
to higher education. Ibanez et al. [14] present an application
of AR in secondary education for STEM subjects, in which
the use of this technology was effective, and motivated
students to pursue STEM areas in the future. VR refers
to three-dimensional models and virtual environments with
which a user interacts through a device [15]. VR is a promis-
ing educational technology with several learning benefits;
the adoption of VR as a learning technology has challenged
the conceptual definition of what constitutes a learning envi-
ronment. Many authors present papers on the use of VR in
STEM education [16], [17], [18], [19], the conclusion being
that it is a digital resource that is becoming increasingly more
accessible in education [10].
Finally, an RL is a physical laboratory that can be accessed

remotely. Secure and low-risk access is enabled by a web
system in order to teleoperate specialized equipment [20].
In an RL, this same interaction takes place at a distance with
the assistance of the remote infrastructure. This interaction is
usually conducted via a web interface, where the laboratory
is video streamed in real-time using a webcam and presented
in real-time on a website provided with controls for the user
to observe or manipulate an experiment. Using an analogy
to compare the RL and the conventional laboratory experi-
ence, the webcam is the student’s eyes, and the mouse and
keyboard are the hands. This is a new layer that occupies a
space between the user and the laboratory equipment. It is
responsible for conveying user actions and receiving sensory
information from the equipment [21].

However, one of the main issues with RLs is the lack of
immersion, since they usually provide no more than a video
stream in real-time for the students to observe, and some-
times interact with. Thus, integration into XR can mitigate
the lack of immersion by augmenting reality or bringing
the experiment into a virtual reality with real data. In this
paper, we introduce the term Extended Remote Laboratories
(XRLs), which relates to AR and/or VR technologies inte-
grated within RLs.

XR technologies are an emerging phenomenon. Analysis
of the information provided by Gartner offers evidence of
the main trends in technology. Gartner’s Hype Cycle [20]
illustrates the five phases that occur with each new tech-
nology or other innovation: the technology trigger, the peak
of inflated expectations, the trough of disillusionment, the
slope of enlightenment, and the plateau of productivity. Every
year, the Gartner organization creates hype cycles for diverse
technologies as a way for people to track technology maturity
and future potential.

Fig. 1 presents the Hype Cycle for Emerging Technologies
from 2021when solutions linked to AR andVR are emerging.
Concepts such as metaverse and digital citizens are also
associated, related in particular to VR. AR is not presented
in the 2021 Hype Cycle because, according to Gartner, it has
matured so rapidly that it is no longer considered an ‘‘emerg-
ing technology’’.

In this context, in which there is a multitude of technolo-
gies such as AR, VR, and others, the complex combination
of which improves user experience while accessing a RL,
it becomes necessary to conduct a systematic review that
will contribute to facilitating the work of RL developers.
Therefore, this paper provides a systematic review of XRLs,
to identify the state-of-the-art of combination of these tech-
nologies during the period 2000-2022.

After introducing the paper, we describe the AR, VR, and
RL technologies that underpin this paper (section II). Then,
the bibliographical resources, materials, and methods are
explained (section III). The analysis of the results (section IV)
consists of eight subsections focusing on different aspects
of the results generated. Next, these results are discussed
(section V), and based on the findings and discussion, we pro-
pose a new architecture for developing XRLs (section VI).
Finally, we present our conclusions (Appendix).

II. ANALYSIS OF EXTENDED REALITY AND REMOTE
LABORATORY TECHNOLOGIES
This section details the main technologies approached in
the present document: Extended Reality, and RL, as well
as the relationship between the two. Extended Reality
(XR) is an umbrella term that encompasses an entire spec-
trum of realities assisted by immersive technology, such
as AR and VR, among others [23]. XR engages users
in a human-machine converged reality through integrated
cyber-physical environments using computers and wearable
technology [24]. Some authors, such as Xi et al. [24], believe
that metaverse is another word for XR, because it enables
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FIGURE 1. Hype cycle for emerging technologies, 2021.

novel forms of engrossing telepresence, increasingly facili-
tating people’s jobs, education, healthcare, consumption, and
entertainment.

Thus, Mystakidis [25] presents the metaverse as an envi-
ronment merging physical reality with digital virtuality.
It enables multisensory interactions with virtual environ-
ments, digital objects, and people, using AR and VR.
Mystakidis divides the metaverse’s characteristics into four
areas: principles, affordances, technologies, and challenges.
Its main principles are that it is interoperable, open, hard-
ware agnostic, and provides a network. Its affordances are
immersion, embodiment, presence, and identity construction.
Its technologies are AR, VR, and Mixed Reality (MR). Its
challenges are physical well-being, psychology, ethics, and
privacy. In Fig. 2, Xi et al. [24] present the metaverse tech-
nologies, principles, affordances, and challenges.

Given that the concept of metaverse has much to contribute
to education, and that some of its main technologies are AR
and VR, this paper focuses on both. As a starting point,
in Fig. 3, Siewert et al. [26] present the main differences
between AR and VR technologies:

Whilst AR is about augmenting the reality in which users
already find themselves, VR brings a whole new dimen-
sion. AR presents introduces elements into natural reality.
Examples of applications using AR are social media filters,
tools such as Google Glass and HoloLens, and mobile games
such as Pokémon Go, among others. People can use AR to
add helpful information and better visualize natural reality.
VR allows users to enter a whole new reality in which there
are infinite possibilities. Using special gadgets such as VR

glasses and haptic gloves, or even just a computer, users
can emerge into a virtual dimension. Some examples include
social media software such as Second Life, Meta, several
videogames, and experimentation environments for students,
people in training, and engineers.

Within the context of XR is the concept of Digital Twin
(DT), which refers to the digital replica of a physical entity,
with two-way communications between both [27]. DTs have
been mainly used in the field of engineering [28]. A DT is not
an exact copy: it can best be described as a container for mod-
els, data, and simulation [28]. With regard to its application
in learning processes, Sepasgozar [27], Tagliabue et al. [29],
and Liljaniemi and Paavilainen [30], present cases of success-
ful integration of DT into education, mainly in engineering
courses, whereas, Vikhman and Romm [31] introduce the
potential of DT in education, pointing out that it enlarges user
experience and enhances learning outcomes. In section six,
we will present a proposed architecture for XRL, which will
refer to the development of a DT.

The COVID-19 pandemic reinforced the use of such tech-
nologies since people were concerned about social distanc-
ing. Pillai and Guazzaroni [32] published a book about XR
usage during the COVID-19 pandemic. The book presents
different approaches to the use of XR, such as health, learn-
ing, industry, art, and others. In relation to learning, Mathew
and Pillai [33] present pros and cons vis-Ã -vis the XR-based
remote learning experience during the pandemic. ForMathew
and Pillai, technologies have mitigated the negative impact
that the lockdowns would otherwise have caused. For this
reason, the challenges posed by remote learning could be
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FIGURE 2. Metaverse technologies, principles, affordances, and challenges.

FIGURE 3. Comparison between AR and VR.

addressed by using XR to enhance the collaborative learning
experience for remote learners.

Continuing in this context, MacCallum and Parsons [34]
presented a paper on teaching perspectives on the potential
of the metaverse in learning. For the authors, the variety
of options within the AR space means that educators need
guidance in order to understand how AR might be used
in the classroom and impact student learning. MacCallum
and Parsons allow the participants of the research to create
mobile AR experiences using Metaverse Studio, an AR tool
developed by GoMeta, an American software company with
no relation to Meta, Meta Platforms’ VR tool. Participants’
responses showed that when integrating XR into educational
settings, it is important to train the educators beforehand.

RLs allow students to access and interact with real sci-
ence experiments even if they are far away from a physical
classroom. Remote experimentation occurs when a real lab-
oratory is mediated using the Internet. For example, a circuit

board will be recorded through a webcam and the video
will be transmitted live. Meanwhile, a user can control some
parameters of the circuit board, and program the latter, while
visualizing it in real time [35]. Thus, students can perform
practical experiments at any time from anywhere. All they
need is a device with a browser and access to the Inter-
net [36]. Abumalloh et al. [37] presented the role of RLs
during the coronavirus pandemic, from the students’ perspec-
tive. According to the study, RLs motivated the students,
who were able to perform their activities even during the
quarantine.

In his book, García-Zubía [38] presents the advantages and
disadvantages of RL, some of which are presented in Table 1.
Regarding the disadvantages, ‘‘Reality’’, refers to immer-

sion, and how, even though users are interacting with real
data, they can as if they are not when using a non-immersive
environment. Aligned with this idea, Nickerson et al. [39]
agree that the lack of immersion is one of the greatest dis-
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TABLE 1. Advantages and disadvantages of RL.

advantages of RLs, and can significantly affect a student’s
performance while experimenting. The drawback noted by
Nickerson et al. can also be related to suitability for the
student.

When pondering possible solutions for this problem,
we can consider XR technologies, known to solve immer-
sion problems by extending reality. Remote Laboratories
in Extended Reality can overcome issues such as lack of
immersion. In relation to the current context, we propose
an umbrella definition that concerns Remote Laboratories in
Extended Reality: Extended Remote Laboratories (XRLs).
From now on, in this paper, Augmented Remote Laboratories
will be referred to as ARLs, and Virtual Reality Remote
Laboratories will be referred to asVRLs. ForMaiti et al. [11],
in this context, the integration of AR enriches the user
experience and offers a more immersive user interface. For
Palmer et al. [40], VR, when integrated into an RL, pro-
vides a realistic interaction between student and experiment,
where the former will not only interact with a real device
but also have a sensation of immersion. Several studies
have illustrated the successful integration of these technolo-
gies [11], [40], [41].

Nevertheless, some platforms, such as Labster [42], should
not be cited as examples of using XRLs, since Labster pro-
vides only virtual scenarios that work based on simulations.
The difference is that simulations do not work with real
data, and thus do not provide a real experience similar to an
experiment conducted in a hands-on laboratory. In the present
paper, we will research and analyze cases of integration of
XRLs.

The main purpose of XR is to broaden experiences, and
there is considerable potential for it to change how people
work, collaborate, and create projects. In addition, XR allows
students to feel immersed in an experimental environment,
in a way in which they can improve their understanding of
abstract concepts. Throughout this paper, a variety of publi-
cations regarding XRLs will be presented, proving it has the
potential to increase learning opportunities.

III. MATERIALS AND METHODS
This section describes the materials and methods used for
the development of this research. The paper concerns bib-
liographic research. Bibliographic research may be defined
as any research requiring information to be gathered from
published materials. There are several types of bibliographic
research, but the most popular are narrative, integrative, and

systematic. There are other types of bibliographic research
that can be found in studies, such as bibliometric or rig-
orous, among others. As regards methodological choices to
undertake this research, earlier publications were analyzed,
in order to identify the best approach. Heradio et al. [10] and
Raman et al. [43] chose the bibliometric analysis method for
their state-of-the-art papers on remote and virtual laboratories
in education. Meanwhile, other papers with similar objec-
tives [44], [45], [46], [47] chose to perform a systematic
review. The research method chosen for this paper is system-
atic review because it is based on a process that is transparent
and easy to replicate. Systematic reviews are a firmly estab-
lished method of ensuring that the proposed research is based
on the best available evidence [48]. A review earns the adjec-
tive ‘‘systematic’’ if it is based on a formulated question,
identifies relevant studies, appraises their quality, and sum-
marizes the evidence by use of explicit methodology [49]. It is
the explicit and systematic approach that distinguishes sys-
tematic reviews from traditional reviews and commentaries.
A systematic review also identifies and minimizes partiality
via transparent, explicit, and systematic methodology [48].

We will now indicate some papers that also used system-
atic review as their method of choice for developing their
research. In view of the shortage of systematic reviews specif-
ically addressing XRLs, so we decided to present examples
related to research on RLs, since RLs constitute a more
specific research field than XR technologies, because XR
technologies are very wide-ranging. Nevertheless, we found
a systematic review by Faulconer and Gruss [47], whose
work is dedicated to integrating remote laboratories and
games, which can be related to VR. Tulha et al. based
their work on a protocol for systematic reviews devel-
oped by Kitchenham andCharters [48], and a systematic
mapping review based on the methodology suggested by
Bailey et al. [51]. Tho et al. [52] used the EPPI-Centre [53]
methods for systematic reviews and research syntheses.
Solis-Lastra et al. [54] employed a methodology proposed by
Kitchenham et al.

Kitchenham et al. exemplify the PRISMA guidelines as
a reliable method for conducting systematic reviews on
engineering. We decided to use the PRISMA guidelines as
the protocol for our research for two main reasons. Firstly,
because they are widely used for engineering research, as evi-
denced in works by Arshad et al. [56], Anita et al. [57], and
Pordanjani and Salehi [58], all of which were on the subject
of education on engineering, or STEM education. The second
reason is that the PRISMA guidelines provide a clear and
validated path for developing the process, which facilitates
the replication of the study.

Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) [59] presents a flow diagram that
depicts the flow of information through the different phases of
a systematic review. Their flow diagrammaps out the number
of records identified, included, and excluded, and justifies the
exclusions. Fig. 4 presents the PRISMA 2020 flow diagram
for new systematic reviews of included searches of databases
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and registers only [60], which is the case for the present
research.

There are three main steps: Identification, Screening, and
Included. Identification refers to the location of databases
and registers from where records (papers, communications,
theses, among others) will be retrieved. Screening refers to
the filtering of the results, and Included refers to the records
included in the review. The identification step is divided into
two actions. The first presents databases and registers from
which the records are identified. Then, before the screening,
some records are removed: records that are duplicated, ineli-
gible, or removed for other reasons.

Subsequently, the screening first presents the number of
records screened, followed by the records excluded, and
then reports sought for retrieval. Next, presented unretrieved
reports are presented, and the reports are assessed for eligibil-
ity. Then, the reports excluded and the reasons for exclusion.
Finally, there is the section ‘‘Included’’, in which the studies
included in the review are presented. The databases chosen
for this research were IEEE Xplore, Scopus, Web of Science,
ProQuest, and ScienceDirect. These databases were chosen
based on our experience since they are the ones that return
more results related to RLs, and also because some reposi-
tories, such as Springer, may provide fewer results, but these
results are usually duplicated from other databases that return
more results. Google Scholar was not used because it is a
search engine, and not a database itself. For Gusenbauer and
Haddaway [61], crawler-based search engines like Google
Scholar or Microsoft Academic function differently from
database providers such as ProQuest, or journal platforms
such as SpringerLink, or Wiley.

Meanwhile, while defining which databases would be cho-
sen, GRC2014 was considered. Zappatore et al. [62] created
a bibliographical database specifically dedicated to VRLs,
the GRC2014. However, according to Heradio et al. [10],
GRC2014 has two drawbacks: it covers a short time span,
including records on papers for the time span 2008-2013;
and it does not provide information regarding paper citation.
Thus, to obtain meaningful results in this survey, the pref-
erence was for databases that cover a longer time span, and
provide citations. The citations are important because later in
this paper analysis will be presented regarding citations from
the literature found.

The keywords, or index terms, were chosen based on our
experience of research on RLs; over the years, different def-
initions were used to describe RLs. Thus, as this research
compiles publications since 2000, several terms were chosen
in order to identify more studies, that, although did not use
the term ‘‘Remote Laboratory’’, would specify research on
remote experimentation.

The terms used for the research were ‘‘augmented reality’’,
‘‘virtual reality’’, ‘‘mixed reality’’, ‘‘remote lab*’’, ‘‘remote
experiment*’’, ‘‘virtual world’’, ‘‘weblabs’’, ‘‘iLabs’’,
‘‘hybrid lab*’’, ‘‘internet-accessible lab*’’, ‘‘internet-
accessible experiment*’’, ‘‘digital twin’’, ‘‘VR lab’’, and
‘‘virtual lab’’. The asterisk serves as the truncation (or

wildcard) operator. Unlike the other operators, it should be
appended to the word affected. Words match if they begin
with the word preceding the * operator [63]. The operators
chosen were mostly OR, except before ‘‘remote lab*’’, when
it was AND. When keywords or index terms were not an
option, the decision was taken to search for titles that included
these words. The filters used were conference papers, articles,
books, book chapters, abstracts, dissertations, and thesis. The
time period chosen was from 2000 to 2022. The languages
chosen were English, Spanish, and Portuguese.

Thus, in general, the string used for search would be:
(‘‘Index Terms’’:‘‘‘augmented reality’’) OR (‘‘Index

Terms’’:‘‘virtual reality’’) OR (‘‘Index Terms’’:‘‘mixed real-
ity’’) AND (‘‘Index Terms’’:remote lab*) OR (‘‘Index
Terms’’:remote experiment*) OR (‘‘Index Terms’’:‘‘virtual
world’’) OR (‘‘Index Terms’’:weblabs) OR (‘‘Index Terms’’:
iLabs) OR ‘‘Index Terms’’:’’hybrid lab’’) OR (‘‘Index
Terms’’:internet-accessible lab*) OR (‘‘Indexms’’:internet-
accessible experiment*) OR (‘‘Index Terms’’:‘‘digital twin’’
OR (‘‘Index Terms’’: ‘‘VR lab’’) OR (‘‘Index Terms’’: ‘‘virtual
lab’’).

In the case of some databases, specific filters were also
applied. For IEEE Xplore, Scopus, and ProQuest, journals
related to medical and nursing research were excluded. Also,
for Scopus, IEEE journals and conferences were excluded,
since the search had already been conducted on IEEE Xplore.
Furthermore, some databases would not support more than
ten keywords. Therefore, we conducted tests with the order
of the keywords and sorted the ones that would result in less
relevant records, to be excluded when a database would not
accept all the keywords. The keywords ‘‘internet-accessible
experiment*’’, ‘‘digital twin’’, ‘‘VR lab’’, and ‘‘virtual lab’’
were omitted in these cases.

Even after the filters were applied to the databases, the
results returned a large number of documents, which could
not be read manually. Thus, we chose to use a systematic
review automation tool. The systematic review automation
tool SLR-Tool [64] was employed to assist research devel-
opment. The SLR-Tool was developed by Kitchenham et al.,
who sought to develop a free tool to facilitate the process
of developing systematic reviews in engineering. It pro-
vides functionalities such as refining searches within the
documents by applying text mining techniques; defining a
classification schema in order to facilitate data synthesis;
exporting the results obtained to the format of tables and
charts; and exporting the references from the primary stud-
ies to the formats used in bibliographic packages such as
EndNote, BibTeX or Ris. The following section, Analysis of
Results, will detail the findings of the systematic review.

IV. ANALYSIS OF RESULTS
This section consists of the analysis of the results obtained
via the systematic review. It details results from the sys-
tematic review process, a timeline of studies, studies per
country, most influential universities, most popular journals,
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FIGURE 4. PRISMA 2020 flow diagram for new systematic reviews with included searches of databases and registers
only.

and conferences, most cited publications, studies on ARLs,
studies on VRLs, and most notable publications.

A. RESULTS FROM THE SYSTEMATIC REVIEW PROCESS
Fig. 5 presents the results from the systematic review process,
according to the PRISMA protocol.

As presented in Fig. 6, in total 79 studies were included in
the review. Fig. 6 summarizes the systematic review process:

In total, 7,742 records were identified from the databases,
and before screening, 7,612 of these records were removed
using the SLR-Tool. Thus, 130 records were screened. Of the
records screened, 33 were excluded after reading the abstract,
so 97 were sought for retrieval. Of these 97 records, 85 were
assessed for eligibility, whilst six of these 85 were excluded

because they were not related to remote experimentation, but
simulations. Finally, 79 studies were included in the review.

The next sections detail these studies. To reduce the length
of the article but provide the interested reader with more
detailed information, Appendix presents the complete list of
publications included in the research, listing authors, title,
country, and year of each study, as well as specifying whether
they were focused on AR or VR. Studies are classified in
chronological order.

B. TIMELINE OF STUDIES ON XRLs
Fig. 7 shows the timeline of publications on XRLs. Note that
the figure shows total XRL publications in blue, ARL-only
publications in red, and VRL-only publications in yellow.
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FIGURE 5. PRISMA 2020 flow diagram for new systematic reviews with included searches of databases and registers only.

Although this research was conducted during the period
2000-2022, the earliest study found was published in 2001.

The first publication on VRLs in the period 2000-2022 was
published [93], and the first on ARLs was published [75].
The year with the most publications was 2012, with nine
studies published: three on ARLs, and six on VRLs. The
year with the most publications on ARLs was 2013, with
four studies published. The years with the most publica-
tions on VRLs were 2004 and 2012, each with six studies
published.

We can see that the number of VRLs increased over the
years and that they were always the subject of more analysis
than ARLs. Moreover, VRLs seem to become a tendency,
because in spite of fluctuations, during the last years, they

were the subject of a consistent number of publications, while
ARLs were at a low.

C. STUDIES PER COUNTRY
Fig. 8 presents the number of publications per country. The
color gray represents countries with no publications found.
The closer the color is to green, the more publications the
country has, and the closer to red, the fewer.

If the origin of the papers is analyzed, the country with the
most publications is Germany, with 18 studies published. The
top five countries are Germany (18), Spain (11), Brazil (10),
Australia (9), and Portugal (5). The country with the most
publications on VRLs is Germany, with 18 studies published,
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FIGURE 6. Summary of the systematic review process.

FIGURE 7. Timeline of studies on extended remote laboratories.

but the one with the most publications on ARLs is Australia,
with eight studies published.

Some countries had studies produced by different uni-
versities. The studies from Germany come from several
universities: the University of Hagen, Technical University
Dortmund, University of Brethemen, and Ruhr-University
Bochum. The studies from Spain also came from several
universities: the Spanish University of Distance Education
(UNED), the University of Huelva, the Polytechnic Univer-
sity of Madrid, and the University of Deusto. The studies
fromBrazil were mainly from the Federal University of Santa
Catarina (UFSC), but also from the Federal University of Rio
Grande do Sul (UFRGS).

D. MOST INFLUENTIAL UNIVERSITIES
From the analysis, it was also possible to identify that some
universities had several publications on the subject, and
would be publishing constantly, whereas others would not
publish less frequently. Fig. 9 presents the five universities
with the most publications on the subject.

It is noteworthy that 50.4 percent of the studies found were
published by the same five universities. The University of
Hagen published 13 studies in the period 2001-2007; the
UNED published eight studies in the period 2011-2016; the
Federal University of Santa Catarina published seven studies
in the period 2010-2021; the University of Queensland pub-
lished six studies in the period 2016-2019; and the Technical
University Dortmund published five papers in the period
2020-2022. It is worth noting that the German universities
of Hagen and Dortmund shared researchers and that some
authors who published as associated with the University of
Hagen in the period 2001-2004 are currently associated with
Dortmund.

E. MOST POPULAR JOURNALS AND CONFERENCES
Fig. 10 presents the percentage of studies according to
whether they were published in a journal, conference, thesis,
or book chapter.

As the figure shows, most studies were conference papers
(51.9 percent), althoughmanywere also published in journals
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FIGURE 8. Studies per country.

FIGURE 9. Studies per university.

(41.8 percent). For the studies presented in conferences,
Fig. 11 presents the main conferences in question.

For the studies published in journals, Fig. 12 presents the
main journals in question.

The figures show that the main conferences are: the Inter-
national Federation of Automatic Control (IFAC) World
Congress, International Conference on Remote Engineering

and Virtual Instrumentation (REV), IEEE Global Engineer-
ing Education Conference (EDUCON), and Experiment@
International Conference (Expat).

The main journals are the International Journal of Online
and Biomedical Engineering (iJOE), IEEE Transactions on
Learning Technologies, IEEETransactions on Education, and
IEEE Access.
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FIGURE 10. Studies per type of publication.

FIGURE 11. Studies per conference.

F. MOST CITED PUBLICATIONS
Of the studies included in the review, this section lists the
most cited examples. Table 2 presents the ranking of the
five most cited publications in all years from 2000 to 2022.
The information was collected from Google Scholar since it
indexes citations from other databases.

The table shows that the most cited papers are not the more
recent ones. Furthermore, the influence of the papers from the
University of Huelva is worthy of note, since these papers
receive new citations at least once a month, despite being

published over 10 years ago. This is because these papers
define and employ an architecture for ARLs that has remained
in use until today, and are therefore still very pertinent. On the
other hand, the other papers presented as most cited do not
define current architecture and technologies, and nowadays
are usually cited to reference past practices in this area.

Table 3 presents the most cited publications in the period
2018-2022:

Table 3 shows that, of the most cited studies in the period
2018-2022, two were published by a research group from
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FIGURE 12. Studies per journal.

TABLE 2. Most cited studies in the topic of AR/VR applied to education.

TABLE 3. Most cited studies in the period 2018-2022.

the Technical University Dortmund, Germany. Meanwhile,
the most cited study was published by Trentsios et al.,
from the Ruhr-University Bochum, Germany. The paper from
Trentsios et al. has been accumulating citations, as have the
papers from TUDortmund. Therefore, we would recommend

to keep up with their projects, since the increasing number of
citations shows that these papers have been used as references
in recent work. The frequency of citations has grown over the
years, while the studies by Rukangu et al. and Yerden et al.
have been cited as often.
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TABLE 4. Studies on augmented remote laboratories.

G. STUDIES ON ARLs
This section presents the studies on ARLs, which are termed
studies because they do not always involve direct imple-
mentation of a RL, but include discussion of the field,
and proposals for frameworks and architectures. Table 4
lists the studies found, detailing the authors, objective,
and technologies used. Studies are listed in chronological
order. Some publications addressed the same study/project.
In this case, they were paired by university/research group.
If studies from the same university are listed separately,
it is because they addressed different projects by the same
group.

H. STUDIES ON VRLs
This section presents the cases of VRL. Table 5 lists the
laboratories found, detailing the authors, objective, and tech-
nologies used. Studies are listed in chronological order. Some
publications addressed the same study/project. In this case,
they were paired by university/research group. If studies from
the same university are listed separately, it is because they
addressed different projects by the same group.

I. MOST NOTABLE PUBLICATIONS
Regarding the studies presented in the Tables 4 and 5, this
section selects the most notable examples. Studies are listed
in chronological order.

Although the technology used would not be relevant nowa-
days, the paper by Bischoff et al. [96] is notable because it
showcases the development of an entire VRL environment

when specific technologies were unavailable. Furthermore,
Bischoff et al. affirm that RL could naturally be considered
VR laboratories, since they are accessed through a virtual
interface.

Andújar et al.’s paper on ARLs [65] is the most cited
study found in the review, and although it was published in
2011, it is still relevant for literature on ARLss, because it
describes a software made for creating ARL, ARRL software.
The study conducted by Smith et al. [86], presenting the key
aspects for developing ARLs, is also notable and relevant for
people researching in this field.

Callaghan et al. [128] wrote about opportunities and chal-
lenges involved in the integration of RLs into VR, and this
paper should be read by developers and researchers in this
area, since it provides relevant information on issues such as
usability, student satisfaction, technical approaches, and so
on. In addition, Callaghan et al. not only worked with VR,
but with integrating remote experimentation into videogames,
exploring gamification applied to RLs while using VR.

As presented in the last two sections, several studies
used Unity for the development of VRLs. Thus, Cosic’s
study [137] is recommended, since it showcases the devel-
opment of a VISIR VRL using Unity, and details the use of
Unity resources for VR.

V. DISCUSSION
This section is divided into two topics: ‘‘Discussion of
recent research’’, and ‘‘Recommendations for an XRL
architecture’’.
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TABLE 5. Cases of virtual reality remote laboratories.
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TABLE 5. (Continued.) Cases of virtual reality remote laboratories.

A. DISCUSSION OF RECENT RESEARCH
This topic concerns discussion regarding the 79 papers, and
focuses on studies published after 2018, in order to identify
the challenges and opportunities involved in improvement in
recent research.

The studies published by a research group from the Uni-
versity of Queensland [11], [86], [87], [88], [89] define
a framework for developing ARLs. Although selected as
some of the most notable studies included in this review,
they affirm that not all RLs are suitable for integration with
AR. An opportunity for improvement, or an open door for
new research, would be to define whether or not some RLs
would be suitable for AR, and requisites for integrating RLs
within VR.

The studies published by a research group from the Tech-
nical University Dortmund [71], [73], [136] are recent and
recommended for people developing VRLs. However, they
are not so relevant for people researching aspects of VRL user
experience, and student satisfaction or motivation. The study
would be more complete if it not only focused on technical
aspects, but also on pedagogical aspects. The same can be
said of the studies conducted by the research group from the
Carinthia University of Applied Sciences [137], [138], which
developed a VISIR VRL using Unity.

Nicolete et al. [91] developed an ARL for teaching physics
to secondary and high school students, using Unity. How-
ever, when evaluating the ARL with students, the feedback
returned was that the ARL is easy to use, but that the didactic
aspects were weak. Students said that they do not believe
the ARL is sufficient for them to understand concepts and
perform well in exams and tests. Therefore, an opportunity
for improvement would be towork on the pedagogical aspects
of the ARL.

Palmer et al. [40], [139] developed a VR DC motor using
Unity. The studies published by this research group from the
University of Derby are recommended for people develop-
ing VRL. Nevertheless, they lack information in relation to
usability, user experience, and pedagogical issues regarding
the system. The research would be more complete if they
considered these factors in further development.

Alsaleh et al. [140] presented ReImagineLab, a platform
for creating digital twins of RL using Unreal. This is one of

the most recent studies in the review and is recommended
because they not only focus on technical issues, but also on
usability. No specific drawbacks are identified, although it
would be interesting if further research on this project could
focus on the pedagogical aspects of ReImagineLab.

Alvarez et al. [135] created a VRL for teaching program-
ming logic controllers. According to a student survey, the
VRL developed was satisfactory and motivated students.
However, PLCSIM, the technology used for the development,
is too specific, and the framework developed would not be so
easily replicated for other RLs. The use of engines such as
Unity and Unreal facilitates reuse in other RLs, projects, and
institutions.

Mora et al. [134] present the development of virtual and
RLs using Windows Server and Unity, and they showcase
a virtual environment for a beer bottling VRL. However,
it focuses on technical aspects and lacks information on
usability, student satisfaction, and pedagogical aspects.

Racha et al. [92] conducted a survey of engineering stu-
dents’ perception vis-Ã -vis the use of AR glasses for RLs.
They used the Hololens AR glasses, developed by Microsoft.
Students enjoyed using Hololens and described the experi-
ence as satisfying and motivating, where improved by using
the resource. Nevertheless, a drawback is that not everyone
can afford Hololens, as they are not a low-cost resource,
so this research could not be replicated so easily.

Trentsios et al. [70] developed a VRL for teaching about
hydraulics, and used Unity to develop it. A drawback of this
research would also be the lack of information about the
pedagogical aspects of the RL, as well as usability.

Yerden et al. [74] developed VRRALAB, a VRL for
teaching programming logic controllers. The study presented
the validation of VRRALAB, confirming that students with
access to the VRL had a better academic performance than
those without access. However, a drawback in the research
would be that the technology used is not so easy to reuse for
other RL.

Rukangu et al. [72] used Unity to develop a digital twin
of a robot arm RL. This study is recommended for people
developing digital twins of RL. Although it would be more
complete if also detailed pedagogical issues, and usability.
Upon analysis of the studies considered, the main challenges
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TABLE 6. Classification of the augmented reality remote laboratories found in research.

identified while analyzing and discussing the research found
were:

• Universality: most of the laboratories were based on
architectures that specifically concern AR or VR, and
that considered specific technologies that would even-
tually become obsolete, or that could not be so easily
replicated in other RLs.

• Low-cost: some XRLs are hard to replicate because
they used technologies with a paid license, or expensive
gadgets.

• Up-to-date: several laboratories became, or risk becom-
ing, obsolete, because they used technologies that would
soon be out of date.

• Multilingual: some of the laboratories are only available
in specific languages, rendering them hard for develop-
ers to replicate, and also unattainable for some users.

• Usability: most studies reported poor or negligible XRL
usability

• Availability: this is related to universality and being up-
to-date, because several XRLs are no longer available,
because technology became obsolete, or the developers
did not maintain the availability of RLs.

These challenges are approached in the next section, where
we will present recommendations for the development of
XRLs, and a proposed architecture.

B. RECOMMENDATIONS FOR AN XRL ARCHITECTURE
This topic presents recommendations regarding the develop-
ment of XRLs based on the studies included in the systematic
review, along with a proposed architecture to develop an
XRL. Table 6 and Table 7 classify the XRLs encountered
in the research, in similar fashion to the presentation in the
sections ‘‘Studies on ARLs’’, and ‘‘Studies on VRLs’’. Each
table defines the RL’s name, the university where it was

developed, the subject it addresses, the technology used, and
whether it is available, obsolete, and high or low-cost. Posi-
tive characteristics are marked as green, and negative charac-
teristics are marked as red. Some studies are not included in
the table because they did not detail a specific RL, but defined
an architecture or framework.When the RL’s name is referred
as simply ‘‘Lab’’, it means that the authors do not specify its
denomination. When the subject is referred to as ‘‘Several’’,
it means that more than two areas were approached with the
RL. The table follows a chronological order.

Table 6 classifies the ARL:
The recommended technologies for developing ARLs are

AR markers, and Unity. Although Unreal was only found in
research on VRLs, it could be also recommended for AR
because Unreal has a framework for AR. The most relevant
ARLs found in the research are the ARL circuits developed
by the research group from the University Al-Quds [78],
[79], [80], [81], and by Nicolete et al. [91], because they are
available, use current technology, and are low-cost.

Table 7 classifies the VRL:
The recommended technologies for the development of

VRLs are game engines such as Unity, or Unreal. These
engines provide resources for developing software in VR,
and also for connection to remote devices, so they facilitate
the development of VRLs. Moreover, although they have
paid versions, they are low-cost because it is also possible to
use them without payment, and there are plenty of tools for
free downloading from their asset stores. Tools such as 3D
models, libraries, projects, among others.

For VRs, there is also the possibility of integrating VR
glasses, haptic gloves, and other devices. However, this
increases the cost of the experience and this kind of project is
not as easy to replicate. The recommendation therefore is to
develop a project that can be employed in both ways: with or
without gadgets.
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TABLE 7. Classification of the virtual reality remote laboratories found in research.

In addition, for VR, it is important to consider not only the
technology that is going to be used, but also how the environ-
ment would be projected. Callaghan et al. [128] demonstrate
in their study that immersion is not that easy’ students also
need to feel comfortable in the VR environment. Callaghan
et al. explain that if the environment is not prepared properly,
users can experience vertigo and nausea, which jeopardizes
their experience in the virtual environment.

Based on the results found and discussed in this research,
we developed an architecture for developing XRL. Fig. 13
presents the architecture.

While designing the architecture, we considered the
main challenges found during research. One of the main

challenges was to consider an architecture that would be
easily replicated. Thus, we focused on proposing an archi-
tecture that would be universal, low-cost, up-to-date, and
multilingual.

The architecture is divided into 3 main blocks: a yellow
block, which refers to developing an ARL; a blue block,
which refers to developing a VRL; and a green block, which
shares elements of all kinds of XRLs. Currently, the soft-
ware recommended for developing an XRL would be a game
engine, such as Unity, or Unreal, since this kind of plat-
form provides resources for connecting remote devices, and
integrating XR features. They are also low-cost and pro-
vide most of resources for creating XRLs at no cost. The
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FIGURE 13. Architecture proposed.

communication between the application and the webserver
where the RL is located could be achieved by several means,
such as an API Rest, Web sockets, among others.

To explain how this architecture works, we are going to use
an example of a developer that has a pendulum RL and wants
to integrate it into XR.

In the case of development of an ARL, we recommend the
development of an application for mobile devices. We recom-
mend a mobile device as it allows the use of a camera, which
is useful in most AR applications, in order to use ARmarkers.
This application could be provided as an app or a website,
and would be based on a framework that would involve
identifying points, and overlaying them with information.
The application would communicate with the RL, which is in
the webserver, and overlay the RL’s real-time video streaming
with digital elements, such as sound, video, images, among
others presented in Fig. 13. In the case of a pendulum ARL,
these data could be, for example, the angle of the pendulum
while it moves, the period in a chronometer, or its positions.
These contents can be translated, andwould then be presented
to the user.

Concerning the development of a VRL, it could be an
application for mobile devices, or PC, or a website. It is also
possible to adapt it to VR gadgets, but as it is a low-cost
architecture, we will focus on a downloadable application,
or website, for mobile and PC. It would be a VR environment
providing educational content and 3D replica, or a DT based
on the RL. The application would enable the DT to receive
information from the RL, so, when receiving certain com-
mands, it would respond with the same behavior as the LR.
Furthermore, the VR environment would also present other
digital elements, such as animations, simulations, videos, and

other content that can help immersion and user understanding
of the experience. A pendulum VRL could be a 3D model
of the real lab, but in a more immersive environment, where
it is possible to rotate a room, zoom in, zoom out, and see
the positions of the object change in real-time, as well as its
angle. It could also be possible to provide simulations and
ask the user about the differences between a simulation and
the RL. Finally, before being presented to the user, the VRL
is translated into their language of choice, after which they
enjoy the experience.

Regarding innovation, this architecture is different from
others found in literature because it is not exclusively for
AR or VR. It concerns both possibilities, and is thus more
general and can be used and adapted more easily. Moreover,
it advises the use of a low-cost tool, and is therefore more
replicable since more people have the possibility of re-using
it. Furthermore, this architecture is not exclusive to certain
types of devices, technologies, and configurations. Therefore,
it is easy to adapt according to the developers’ and user’s
scenario. In proposing this architecture, we hope to guide
developers of RLs in their future work, providing a reference
architecture for XRLs.

VI. CONCLUSION AND FUTURE WORK
This paper provided a systematic review of the state-of-the art
of XRL in the period 2000-2022. Our study provides a thor-
ough analysis of XRLs developed in the period 2000-2022,
sharing information such as timeline of studies, studies per
country, most influential universities, most popular journals
and conferences, most cited publications, studies on ARLs,
studies on VRLs, and most notable publications. We also
classified the RLs found according to availability, cost, and
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TABLE 8. List of studies found on the period 2000-2022.
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TABLE 8. (Continued.) List of studies found on the period 2000-2022.
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TABLE 8. (Continued.) List of studies found on the period 2000-2022.

technological relevance. Finally, we designed an architecture
for creating XRLs, in order to guide developers.

This research provides helpful information for researchers
and developers working with remote labs in extended reality,
since it is a summary of developments in this research area
since the beginning of the millennium. However, we cannot
ignore the continuous technological evaluation of virtual and
augmented reality. An example of this is the technological
leap that they are expected to make, driven by social networks
such as Meta. In this new context, immersive educational
environments may have a dedicated virtual place, and devel-
opers, teachers and students will therefore play a fundamental
role in the integration of education in the new Meta universe.

Regarding some of our future lines of research, in further
work we will assess whether or not the architecture meets the
challenges it was designed to tackle, by creating a prototype,
and evaluating the prototype with students, addressing tech-
nical and pedagogical aspects. We will also explore opportu-
nities for improvement, based on the feedback provided by
students.

A field of future work can focus on analyzing the appropri-
ateness of XR technologies in education. This study should
not focus on the study of only quantitative results, such as
learning outcomes, but on more holistic issues that address
the learning of a learner by taking into account all his or her
capabilities and not only some of them. Thus, the student’s
motivation or cognitive skills should be analyzed, and the
impact that the use of technologies, XR being one of them,
can have on these aspects.

APPENDIX
See Table 8.
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