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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 (ARLSs), 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 VRLSs, 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].
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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 2021 when solutions linked to AR and VR 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).

Il. 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
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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-A -vis the XR-based
remote learning experience during the pandemic. For Mathew
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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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
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VR User

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, Garcia-Zubia [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
Availability

Student safety
Safety of equipment

Disadvantages

Suitability for the student
Suitability for the teacher
Safety of equipment

Time management and student Freedom

autonomy

Enhanced educational Reality and sense of immersion
experience

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 as VRLs. For Maiti 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.

Ill. 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
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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]. Itis
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. Tulhaetal. 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 diagram maps 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”, “ilLabs”,
“hybrid lab*”, “internet-accessible lab*”’, ‘‘internet-
accessible experiment*”, “digital twin”, ‘“VR lab”, and

“virtual lab”. The asterisk serves as the truncation (or
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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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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
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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 VRLSs 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 ARLSs, 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
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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 7. Timeline of studies on extended remote laboratories.

but the one with the most publications on ARLSs 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
from Brazil 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.
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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), although many were also published in journals
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(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

VOLUME 11, 2023

Clueensland

7,6%
UFSC
8,9%

Hagen

16,5%

Dortmund
6,3%
LMNED
10,1%

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, IEEE Transactions on Education, and
IEEE Access.
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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
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Conference

51,9%

IFAC

AM or
2 %

REY

19.5%

EXPAT

12,2%

published over 10 years ago. This is because these papers
define and employ an architecture for ARLSs 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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TABLE 2. Most cited studies in the topic of AR/VR applied to education.
Title Authors University Year | Citations
Augmented Reality for the
Improvement of Remote Laboratories: Marquez et al. [65] University of Huelva 2010 300
An Augmented Remote Laboratory
A Pilot Study of the Effectiveness of
Augmented Reality to Enhance L
thegUse of Remo teyLabs in Borrero et al. [66] University of Huelva 2012 159
Electrical Engineering Education
A Multiuser Virtual-Reality .
Environment for a Tele-Operated Laboratory Hoyer et al. [67] University of Hagen 2003 89
Collaborative Virtual 3D Environment A
for Internet-Accessible Physics Experiments Scheucher et al. [68] | Graz University of Technology | 2009 81
‘Web-Based 3-D Control Laboratory L
for Remote Real-Time Experimentation Hueetal. [69] University of Wuhan 2012 74
TABLE 3. Most cited studies in the period 2018-2022.
Title Authors University Year | Citations
Remote Lab meets Virtual Reality — Enabling
immersive access to high tech laboratories Trentsios et al. [70] Ruhr-University Bochum | 2020 25
from afar
Using Virtual Reality for Teaching the
Derivation of Conservation Laws in Boettcher et al. [71] | TU Dortmund 2021 12
Fluid Mechanics
Virtual Reality for Remote Controlled L .
Robotics in Engineering Education Rukangu et al. [72] University of Georgia 2021 10
Usage of a Virtual Environment to
Improve the Teaching of Fluid Mechanics Boeticher etal. [73] | TU Dortmund 2020 0
Virtual reality remote access laboratory
for teaching programmable logic controller Yerden et al. [74] Marmara University 2020 8
topics

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 TU Dortmund. Therefore, we would recommend
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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.

Authors Objective

Technologies used

NTT Microsystem
Integration Laboratories [75]

Development of a system that allowed users to touch
digital items and real-world movable objects visible through a display.

IR sensor tags, RF tags.

University of Huelva

Development and validation of a water tank ARL. Validated with

[65] [66] [76] engineering students, who returned positive feedback. It also describes AR markers.
ARRL software, developed to create ARL.
Development and validation of an ARL for programming.
UNED [77] Validated with engineering students. 62.5% of the students considered AR markers.
it positive, while 12.5% had difficulties regarding usability.
Al-Quds University Development and validation of an ARL for teaching circuits. AR markers
[78]-[81] Validated with engineering students, who returned positive feedback. :
By the same research group as Cubillo et al. Development of an Easy Java Simulations
UNED [82] ARL for engineering students. The areas approached were § >
. AR markers.
thermal process, and robotics.
University of Oradea [83] Development of a telerobotic ARL for engineering students. AR markers.

University of

Technology Sydney [84] selecting events.

Adaptation of AR within overlay SmartGrid into RL for monitoring and

AR SmartGrid System.

Development of an ARL for teaching circuits in secondary schools

[11] [86]

University of Porto [85] and first years of higher education. The application had four laboratories: AR markers.
series and parallel circuit, XOR circuit, light bulb intensity regulator, and DC circuit puzzle.
University of Queensland Development of a framework for ARL. AR markers.

University of Porto [90]

Development of an Android mobile app proving three ARLs for secondary schools.
The areas approached were mechanics, water level, and smart cities.

SolidWorks, JavaScript,
AR markers.

RExLab/Federal University
of Santa Catarina [91]

Development and validation of an ARL for teaching AC circuits in secondary school.
Validated with secondary students, who returned positive feedback regarding the experience, | Unity
but felt that the laboratory was insufficient to obtain satisfactory results in exams.

Swinburne University
of Technology [92]

Presents a survey concerning the opinion of engineering students on the usage of AR
glasses for RL. Students returned positive feedback and reported that they
would like to use the resource with more frequency.

Hololens

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
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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.

Anddjar 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 ARLSs, 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.

Authors

Objective

Technologies used

University of Hagen

Development of a VR environment that integrated
access to RL, videoconferences, chat,
and screen sharing. Students and teachers could

Java

[93]-[103] navigate the environment as avatars.
Several RLs were provided, such as pendulum,
gantry crane, and circuits.
Development of four VRLs: Gas Laws,
CERTH/ITI [104] Inverse Law of Light Intensity, VRML

Magnetic Field of a Coil, and Digital
Design simulation.

Universidade Federal do

Study was part of the RExNet project, in
which Silva et al. [117] were also partners.
Development of a VRL for teaching automation

MOODLE, Elipse,

Rio Grande do Sul [105] [106] and control systems. They also tested Java Applets
four VR RLs with students: “Pilot Plant”, “Thermal Plant”,
“Mechatronics Lab”, and “Bottling Production”.
Presents the iLab Project, which integrates RLs
Graz University of combined with TEALsim 3D simulation TEALsim 3D,
Technology [107] toolkit in Open Wonderland, for creating collaborative Open Wonderland
3D virtual worlds.
RMIT University [108] Development of a DC motor VR RL used for VRML

control engineering education.

RExLab/Federal University
of Santa Catarina [109]-[115]

These studies were developed by the Remote
Experimentation Laboratory (RExLab),
coordinated by Silva et al. [117]. Addresses the
development of a VR environment for RL

aimed at secondary school students. Several RLs
were developed, such as a microscope,

and an AC circuit board.

OpenSimulator

University Jean Monnet [117]

Integration of VRL in the VR system Open Wonderland.

Open Wonderland

Polytechnical Institute of Porto [118]

Published in partnership with RExlab. Integration
of RL into the VR system Open Wonderland.

Open Wonderland

Jiangxi Science and
Technique Normal University [119]

Development of an architecture for developing
VRL with 3Ds Max, and Virtools.

3Ds Max, Virtools

Engineering College
Zhejiang Forestry University [120]

Development of an architecture for developing
VRL with VRML, and JavaScript.

VRML, and JavaScript

Development of a VR environment for RL using

University of Brethemen [121] OpenSimulator. The paper presents a mechatronics VRL. OpenSimulator
University of Siena [122] Development of a robotics VRL developed with LEGO Mindstorms,
LEGO Mindstorms. Java Applets.
Development of the Networked Control System
Harbin Institute of Technology Laboratory (NCSLab), which provided a Flash 3D engine,
[69] [123] VR environment where students would interact as avatars, AJAX Scripts.
and control RL.
Southern Polytechnic Development of mRLab, a framework for RL in VR. Unity

State University [124]

University of Porto [125]

Development and evaluation of four VRLs for secondary
school students: ideal lever, double-acting pneumatic cylinder,
the elastic constant of a spring, and system of pulleys.

Oculus Rift,

In general, students returned positive feedback, although 26% I DOF haptic.
found the experiments difficult to understand.
Polytechnic University Development of eLab3D, an electronics VRL provided in OpenSimulat
of Madrid [126] the VR environment OpenSimulator. pensimuiator
University of Deusto [127] ?:\:Sf}iﬁi:ittgfss:ci;%i%?:’ a VR environment for RL SecondLab
Development of Digital Warz, a videogame that integrated
. . a RL for teaching circuits, which is also available in VR. .
Ulster University [128] [129] The authors alsogpresent opportunities and challenges of Unity
VR for remote and virtual laboratories.
P . . . Development of the iRIO-3DLab, a platform for
olytechnic University ) .
of Madrid [130] VRL based on OpenSimulator. ' ‘ OpenSimulator
They showcase a VRL for teaching hardware configuration.
UNED [131] Development of a Water Tank System VRL using EjsS. EjsS
Militar University Development of virtual and RL using Unity. Unit
Nueva Granada [134] It showcases a Beer Bottling VRL. Y
Monterrey Institute of Developmt_&nt and_ validation of a VRL for teaching
Technology [135] programming logic controllers. . ) . . PLCSIM
Students reported that the VRL motivated them in their studies.
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TABLE 5. (Continued.) Cases of virtual reality remote laboratories.

TU Dortmund
[71]1[73] [136]

Development of a VR RL for teaching fluid mechanics.
They also present a methodology for immersive laboratories in VR.

Unreal

Ruhr-University Bochum [70]

Development of a VRL for teaching hydraulic. Unity

Development and validation of a VRL for teaching mechatronics.

Marmara University [74] The study showed that students with access to the VR RL Web-based
performed better academically than those without access.

Carinthia University of .

Applied Sciences [137] [138] Development of a VISIR VRL. Unity

University of Derby [40] [139] Development of a DC Motor VRL. Unity

University of Georgia [72] Development of a robot arm VRL. Unity

Tallinn University of Technology [140] Development of the RelmagineLab, a platform for creating Unreal

digital twins of RL. They showcase the digital twin of a crane RL.

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 to work 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 RelmagineLab, a platform
for creating digital twins of RL using Unreal. This is one of
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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 RelmagineLab.

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-A -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.

Year | RL name University Subject Technology Availability | Cost | Obsolete
2012 | Water Tank [66] University Mechanics AR markers Unavailable | Low No
of Huelva
2012 | Lab [77] UNED g&‘:&‘ger AR markers Unavailable | Low No
2012 | Circuit Board [78] University Al-Quds | Electronics AR markers Available Low No
UNED and . Easy Java .
2013 | Heat Flow [82] PUC Chile Chemistry Simulations Unavailable | Low Yes
2014 | Telerobot [83] University Robotics AR markers Unavailable | Low No
of Oradea
Series and Parallel
Circuits, XOR Circuit, | University . .
2014 Light Bulb, DC of Porto Electronics AR markers Unavailable Low No
Circuit Puzzle [85]
2017 | Water Tank [90] University of Porto Mechanics AR markers Unavailable | Low No
2021 | AC Panel [91] ] Umvefsny Electronics AR markers, Unity Available Low No
of Santa Catarina
Swinburne
2022 | Lab [92] University of Not specified | Hololens Available High No
Technology

identified while analyzing and discussing the research found
were:

o 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.

o 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.

o 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
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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],
[791, [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.

Year RL name University Subject Technology Availability | Cost | Obsolete
Circuit Board [93], . . . .
2001-2004 Gantry Crane [101] University of Hagen Several Java Unavailable | Low Yes
Informatics and
2005 VRLAB [104] Telematics Institute Several VRML Unavailable | Low Yes
(Greece)
Pilot Plant, Thermal Plant, Federal University of
2007-2009 | Mechatronics Lab, : Sty Automation | Java Unavailable | Low Yes
. R Rio Grande do Sul
Bottling Production [106]
. Graz University of TEALsim, .
2009 iLabs [107] Technology Several Wonderland Unavailable | Low Yes
2010 DC motor [108] RMIT University Electronics/ | -y pn, Unavailable | Low Yes
Mechanics
Jiangxi Science and 3Ds Max
2011 Lab [119] Technique Normal Several - ? Unavailable | Low Yes
. . Virtools
University
LEGO
2012 ACT Remote Lab [122] University of Siena Mechanics Mindstorms, Unavailable | High Yes
Java
2012 Lab [121] University of Electronics OpenSimulator | Unavailable | Low Yes
Brethemen
2012-2016 | Microcope, AC Panel [113] Federal Unly Erllsyas Blology,‘ OpenSimulator | Unavailable | Low Yes
Santa Catarina Electronics
Idea Lever, Double-acting
2015 Pneumatic Cylinder, University of Porto Mechanics Haptic devices | Unavailable | High No
Spring, Pulleys [125]
2015 eLab3D [126] z?il/}zilcrai\(liUmversny Electronics OpenSimulator | Unavailable | Low Yes
2015 SecondLab [127] University of Deusto Robotics SecondLife Unavailable | High Yes
2015 Circuit Warz [128] Ulster University Electronics Unity Available Low No
2016 | Lab[130] Technical University | Computer | ¢ oiijaror (URENEIEBIEN Low (RS
of Madrid Science
2016 Water Tank [131] UNED Mechanics EisS Unavailable | Low Yes
2018 Beer Bottling [134] Militar University Mechanics Unity Available Low No
Nueva Granada
2019 Lab [135] I,fChn"l"gml i Mechanics | PLCSIM Unavailable | Low No
onterrey
2020 VRRLAB [74] Marmara University Mechanics ‘Web-based Unavailable | Low No
2020 Hydraulic [70] L UGy Mechanics Unity Available Low No
Bochum
2021 VISIR [137] Cid LGl | e | i Available | Low No
of Applied Sciences
2021 DC Motor [139] University of Derby | LACCrORies/ | 5., Available | Low No
Mechanics
2021 Robot Arm [72] University of Georgia | Robotics Unity Available Low No
2021 Fluid Mechanics [71] Technical University Mechanics Unreal Available Low No
Dortmund
2022 Relmagine Lab [140] e Mechanics | Unreal Available | Low No
of Technology

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

94796

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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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 AR markers.
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, and would 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
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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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Authors
Bischoff et al.
Hoyer et al.

Rohrig et al.

Hosoya et al.

Hoyer et al.

Bischoff et al.

Bischoff et al.

Borgolte et al.
Bruns et al.

Hoyer et al.
Masdr et al.
Masdr et al.
Tsakiris et al.
Gerke et al.
Machado et al.
Schaf and Pereira

Berruti et al.
Schaf and Pereira
Scheucher et al.
Garcia-Zubia et al.

Lee et al.

Marcelino et al.
Marquez et al.

Costa et al.

Jailly et al.
Borrero et al.

Cubillo et al.
Odeh et al.

Casini et al.

Hu (Ziaogiang) et al.

Lei et al.

Marcelino et al.

Miiller et al.

Tavares et a.

Country
Germany
Germany

Germany

Japan

Germany

Germany

Germany

Germany
Germany

Germany
Germany
Germany
Greece
Germany
Portugal
Brazil
Italy
Brazil
Germany
Spain
Australia
Brazil
Spain

Portugal

France
Spain

Spain
Palestine

Italy
China
China
Brazil

Germany

Brazil

Year
2001
2001
2001

2003

2003

2004

2004

2004
2004

2004

2004

2004

2005

2007

2007

2007

2008

2009

2009

2010

2010

2010

2011

2011
2011

2012

2012
2012

2012

2012

2012

2012

2012

2012

Type
VR
VR
VR

AR

VR

VR

VR

VR

VR
VR
VR
VR
VR
VR
VR

VR
VR
VR

VR

VR

VR
AR

VR
VR

AR

AR
AR

VR
VR
VR
VR

VR

VR

Title

Remote Experimentation in a Collaborative

Virtual Environment

Multiuser environment for a teleoperated laboratory
A multiuser environment for remote
experimentation in control education

A mirror metaphor interaction system:

touching remote real objects

in an augmented reality environment

Virtual laboratory for Real-Time Control of
Inverted Pendulum/Gantry Crane

Streaming Audio/Video and Multiuser Virtual
Reality based Environment

for Collaborative Remote Experimentation

Virtual Reality Environment with Shared PC

and Live Video Streaming for

Computer-Supported Collaborative Learning
Distributed Collaborative Learning with Open Source Software
Mixed Reality with Hyper-Bonds - A Means for Remote Labs
A Multiuser Virtual-Reality Environment for a
Tele-Operated Laboratory

A virtual laboratory for an inverted pendulum

and crane control

Remote Experimentation in Distance Education

for Control Engineers

Remote experiment laboratories using virtual reality
technologies: The VRLAB project

Practical Education of Control Systems Engineers
in a Virtual University

Improving Interaction in Remote Laboratories
Using Haptic Devices

Virtual learning environment with flexible mixed
reality remote experiments architecture

Remote Laboratory Experiments in a Virtual
Immersive Learning Environment

Integrating mixed-reality remote experiments

into virtual learning environments using
interchangeable components

Collaborative Virtual 3D Environment for
Internet-Accessible Physics Experiments
Secondlab: A remote laboratory under Second Life
Development of a remote access control laboratory
using xpc target and

Virtual Reality Modeling Language

Extended immersive learning environment:

a hybrid remote/virtual laboratory

Augmented Reality for the Improvement of Remote Laboratories:
An Augmented Remote Laboratory

Remote Labs Accessible through 3D environments:
A Case Study with Open Wonderland

Interactive Mixed Reality for Collaborative Remote Laboratories
A Pilot Study of the Effectiveness of Augmented
Reality to Enhance the Use of Remote Labs in
Electrical Engineering Education

Control of a remote laboratory by augmented reality
Remote augmented reality engineering labs

A remote lab for multi-robot experiments with
virtual obstacles

The construction and development of Remote
Virtual Laboratory Based on Virtools

Research of the Remote Experiment System

Based on Virtual Reality

3D virtual worlds using open source platform

and integrated remote experimentation

Integrating immersive 3D worlds and real

lab equipment for teaching mechatronics

The complementation of teaching using

the remote experimentations

integrated with the 3D virtual worlds

Interaction of Real Robots with Virtual Scenarios

Citations
18
4
2

27

20

34

81
38

159

17
13
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TABLE 8. (Continued.) List of studies found on the period 2000-2022.

through Augmented Reality:

Borrero et al. Spain 2013 AR Application to Robotics Teaching/Learning 15
by Means of Remote Labs

Odeh et al. Palestine 2013 AR A remote engineering lab ba_lsed on augmented 34
reality for teaching electronics

Shanab et al. Palestine 2013 AR Augmented reality internet labs versus hands-on 33

and virtual labs: A comparative study
Vargas et al. Spain 2013 AR Using Augmented Reality in Remote Laboratories 28
Hu (Wenshan)etal.  China 2013 VR yeb'B.ased 3-D Control Laboratory for Remote 74

eal-Time Experimentation

Design of Remote 3D Virtual Laboratory for
Education on Control System Experimentation
Work in progress: Enhance CS/CE student learning
Loetal. USA 2013 VR in computer architecture and organization through 5
a remote instrument control lab with mixed reality
Immersive Learning Environment Using 3D Virtual
Worlds and Integrated Remote Experimentation
Augmented Reality Used for Robot Remote Control
in Educational Laboratories
Chaczko et al. Australia 2015 AR Augmented Reality based monitoring of the remote-lab 2
Augmented Reality Internet Labs versus its Traditional

Liang et al. China 2013 VR

Marcelino et al. Brazil 2013 VR

Pasc et al. Romania 2014 AR

Odeh et al. Palestine 2015 AR . . 28
and Virtual Equivalence

Restivo et al. Portugal 2015 AR Let’s work with AR in DC circuits 11

Antonio et al. Brazil 2015 VR A remote expenmentatlon and 3D virtual world for 4
basic education

Antonio et al. Brazil 2015 VR  Remote experiments and 3D virtual world in education 5

Callaghan et al. UK 2015 VR Opportumtles: and challengqs in virtual reality for 273
remote and virtual laboratories

Lépez et al. Spain 2015 VR Re{note L:aborat(_)ry ellab3d: A Cpmplementary 2
Resource in Engineering Education

Restivo et al. Portugal 2015 VR Hikids: That’s funny! Mechanics 3D Virtual lab 4

Maiti et al. Australia 2016 AR Key aspects of integrating augmented rez_illty tools 10
into peer-to-peer remote laboratory user interfaces

Smith et al. Australia 2016 AR Augmented and mixed reall_ty features and tools 10
for remote laboratory experiments

. . Merging a Remote Microscope and Virtual Worlds:
Antonio et al. Brazil 2016 VR Teaching Kingdom Plantae on Basic Education 4
~ . 3D virtual world remote laboratory to assist in designing advanced

Carpefio et al. Spain 2016 VR user defined DAQ systems based on flexrio and EPICS 8

Galan et al. Spain 2016 VR  Virtual control labs experimentation: the water tank system 11
An architecture for new models of online laboratories:

Rodriguez-Gil et al. Spain 2016 VR Educative multi-user gamified hybrid laboratories 7
based on virtual environments

Maiti et al. Australia 2017 AR Using marker based augmented reality and natural 5

user interface for interactive remote experiments
Rodrigues et al. Portugal 2017 AR Adding augmented reality to laboratory experimentation 7
Voice Driven Virtual Assistant Tutor in Virtual Reality for

Callaghan et al. UK 2017 VR Electronic and Electrical Engineering Remote Laboratories 15
Rodriguez-Gil et al. Spain 2017 VR Towards new multiplatform hybrid online laboratory models 67
Maiti et al. Australia 2018 AR Aug.mer}ted reality and natural user interface 5
applications for remote laboratories
Mora et al. Colombia 2018 VR  Virtual and Remote Labs Using Windows Server and Unity 3D 1
Smith et al. Australia 2019 AR Applying Augmented Rea.hty to New or Existing 5
Remote Access Laboratories
Smith et al. Ausiralia 2019 AR Using Unity 3D as the Augmepted Reality Framework
for Remote Access Laboratories
Alvarez et al. Mexico 2019 VR Programming logical controllers using remote labs and virtual reality
Usage of A Virtual Environment to Improve the
Boettcher et al. Germany 2020 VR Teaching of Fluid Mechanics 9
Trentsios et al. Germany 2020 VR Remote_ Lab meets Vlftual Reality — Enz_ib]mg 25
immersive access to high tech laboratories from afar
Yerden et al. Turkey 2020 VR Virtual reality remote access laboratory for ]

teaching programmable logic controller topics

Analysis of student motivation in the use of a

Nicolete et al. Brazil 2021 AR Physics Augmented Remote Lab during the 5
Covid-19 pandemic

Using Virtual Reality for Teaching the Derivation

Boettcher et al. Germany 2021 VR of Conservation Laws in Fluid Mechanics 12
Cosic Austria 2021 VR  VISIR Remote Lab Controlled via VR 2
Palmer et al. UK 2021 VR Virtual Reality based Digital Twin System for 3

remote laboratories and online practical learning

VOLUME 11, 2023 94799



IEEE Access

I. N. da Silva et al.: Extended RLs: A Systematic Review of the Literature From 2000 to 2022

TABLE 8. (Continued.) List of studies found on the period 2000-2022.

Virtual Reality for Remote Controlled Robotics

Rukangu et al. USA 2021 VR . . . . 10
in Engineering Education
Work in Progress Augmented Reality Smart
Racha et al. Australia 2022 AR Tele-Assisting Technology 1
for Enhancing Engineering Education
Reimagine Lab: Bridging the Gap Between Hands-On,
Alsaleh et al. Estonia 2022 VR Virtual and Remote-Control Engineering Laboratories 1
Using Digital Twins and Extended Reality
. Development Methodology for Immersive Home
Boettcheretal.  Germany 2022 VR Laboratories in Virtual Reality 1
Kreiter et al. Austria 2022 VR A Virtual Reality Prototype for the VISIR Remote Lab 1
Palmer et al. UK 2022 VR Digital Twinning remote laboratories for online practical learning 2

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.

REFERENCES

[1] (May 26, 2022). The 17
https://sdgs.un.org/goals

[2] W. Ali, “Online and remote learning in higher education institutes: A
necessity in light of COVID-19 pandemic,” Higher Educ. Stud., vol. 10,
no. 3, p. 16, May 2020, doi: 10.5539/hes.v10n3p16.

[3] H. Morgan, “Best practices for implementing remote learning during a
pandemic,” Clearing House, A J. Educ. Strategies, Issues Ideas, vol. 93,
no. 3, pp. 135-141, May 2020, doi: 10.1080/00098655.2020.1751480.

[4] L.Eutsler, “Pandemic induced remote learning increases need for mobile
game-based learning to engage learners,” Educ. Technol. Res. Develop.,
vol. 69, no. 1, pp.185-188, Feb. 2021, doi: 10.1007/s11423-020-
09861-7.

Goals.  [Online].  Available:

94800

[51

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

N. Pellas, A. Dengel, and A. Christopoulos, “A scoping review of immer-
sive virtual reality in STEM education,” IEEE Trans. Learn. Technol.,
vol. 13, no. 4, pp. 748-761, Oct. 2020, doi: 10.1109/t1t.2020.3019405.
J. Motejlek and E. Alpay, “Taxonomy of virtual and augmented reality
applications in education,” IEEE Trans. Learn. Technol., vol. 14, no. 3,
pp. 415-429, Jun. 2021, doi: 10.1109/t1t.2021.3092964.

(May 26, 2022). OECD. [Online]. Available: https://www.oecd.org/
QEdu. (May 26, 2022). Use Dados. Transforme a Educao. [Online].
Available: https://novo.qedu.org.br/

S. Dormido, H. Vargas, J. Sdnchez, R. Dormido, N. Duro, S. Dormido-
Canto, and F. Morilla, “Developing and implementing virtual and remote
labs for control education: The UNED pilot experience,” IFAC Proc.
Volumes, vol. 41, no. 2, pp. 8159-8164, 2008, doi: 10.3182/20080706-
5-kr-1001.01378.

R. Heradio, L. de la Torre, D. Galan, F. J. Cabrerizo, E. Herrera-
Viedma, and S. Dormido, ‘““Virtual and remote labs in education: A
bibliometric analysis,” Comput. Educ., vol. 98, pp. 14-38, Jul. 2016, doi:
10.1016/j.compedu.2016.03.010.

A. Maiti, A. Kist, and M. Smith, “Key aspects of integrating augmented
reality tools into peer-to-peer remote laboratory user interfaces,” in Proc.
13th Int. Conf. Remote Eng. Virtual Instrum. (REV), Feb. 2016, pp. 16-23.
S. Oh, H.-J. So, and M. Gaydos, “Hybrid augmented reality for participa-
tory learning: The hidden efficacy of multi-user game-based simulation,”
IEEE Trans. Learn. Technol., vol. 11, no. 1, pp. 115-127, Jan. 2018, doi:
10.1109/t1t.2017.2750673.

Y. Wen, “An augmented paper game with socio-cognitive support,” IEEE
Trans. Learn. Technol., vol. 13, no. 2, pp. 259-268, Apr. 2020, doi:
10.1109/t1t.2019.2924216.

M.-B. Ibdfiez, A. Di-Serio, D. Villardan-Molina, and C. Delgado-
Kloos, ““Support for augmented reality simulation systems: The effects
of scaffolding on learning outcomes and behavior patterns,” [EEE
Trans. Learn. Technol., vol. 9, no. 1, pp.46-56, Jan. 2016, doi:
10.1109/t1t.2015.2445761.

E. Rho, K. Chan, E. J. Varoy, and N. Giacaman, “An experiential learning
approach to learning manual communication through a virtual reality
environment,” IEEE Trans. Learn. Technol., vol. 13, no. 3, pp. 477-490,
Sep. 2020, doi: 10.1109/TLT.2020.2988523.

J. C. P. Chan, H. Leung, J. K. T. Tang, and T. Komura, “A virtual
reality dance training system using motion capture technology,” IEEE
Trans. Learn. Technol., vol. 4, no. 2, pp. 187-195, Aug. 2011, doi:
10.1109/t1t.2010.27.

P. Salamin, T. Tadi, O. Blanke, F. Vexo, and D. Thalmann, “Quanti-
fying effects of exposure to the third and first-person perspectives in
virtual-reality-based training,” IEEE Trans. Learn. Technol., vol. 3, no. 3,
pp. 272-276, Jul. 2010, doi: 10.1109/t1t.2010.13.

E. Scott, A. Soria, and M. Campo, “Adaptive 3D virtual learning
environments—A review of the literature,” IEEE Trans. Learn. Technol.,
vol. 10, no. 3, pp. 262-276, Jul. 2017, doi: 10.1109/t1t.2016.2609910.

T. Terzidou, T. Tsiatsos, C. Miliou, and A. Sourvinou, “Agent supported
serious game environment,” IEEE Trans. Learn. Technol., vol. 9, no. 3,
pp. 217-230, Jul. 2016, doi: 10.1109/t1t.2016.2521649.

(Feb. 1, 2023). What is Remote Laboratory. [Online]. Available:
https://www.igi-global.com/dictionary/remote-laboratory/25042

(Feb. 1, 2023). Innovative Solutions for Online Learning. [Online]. Avail-
able: https://remotelaboratory.com/

VOLUME 11, 2023


http://dx.doi.org/10.5539/hes.v10n3p16
http://dx.doi.org/10.1080/00098655.2020.1751480
http://dx.doi.org/10.1007/s11423-020-09861-7
http://dx.doi.org/10.1007/s11423-020-09861-7
http://dx.doi.org/10.1109/tlt.2020.3019405
http://dx.doi.org/10.1109/tlt.2021.3092964
http://dx.doi.org/10.3182/20080706-5-kr-1001.01378
http://dx.doi.org/10.3182/20080706-5-kr-1001.01378
http://dx.doi.org/10.1016/j.compedu.2016.03.010
http://dx.doi.org/10.1109/tlt.2017.2750673
http://dx.doi.org/10.1109/tlt.2019.2924216
http://dx.doi.org/10.1109/tlt.2015.2445761
http://dx.doi.org/10.1109/TLT.2020.2988523
http://dx.doi.org/10.1109/tlt.2010.27
http://dx.doi.org/10.1109/tlt.2010.13
http://dx.doi.org/10.1109/tlt.2016.2609910
http://dx.doi.org/10.1109/tlt.2016.2521649

1. N. da Silva et al.: Extended RLs: A Systematic Review of the Literature From 2000 to 2022

IEEE Access

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

(May 26, 2022). Hype Cycle. [Online].
https://www.gartner.es/es/metodologias/hype-cycle
A.0O.J. Kwok and S. G. M. Koh, “COVID-19 and extended reality (XR),”
Current Issues Tourism, vol. 24, no. 14, pp. 1935-1940, Jul. 2021, doi:
10.1080/13683500.2020.1798896.

N. Xi, J. Chen, F. Gama, M. Riar, and J. Hamari, “The challenges of
entering the metaverse: An experiment on the effect of extended reality
on workload,” Inf. Syst. Frontiers, vol. 25, pp. 659—-680, Feb. 2022, doi:
10.1007/s10796-022-10244-x.

S. Mystakidis, “Metaverse,” Encyclopedia, vol. 2, no. 1, pp. 486-497,
2022, doi: 10.3390/encyclopedia2010031.

J. L. Siewert, M. Wolf, B. Bhm, and S. Thienhaus, “Usability study
for an augmented reality content management system,” in Cross Reality
and Data Science in Engineering. Cham, Switzerland: Springer, 2021,
pp. 274-287.

S. M. E. Sepasgozar, “Digital twin and web-based virtual gaming
technologies for online education: A case of construction management
and engineering,” Appl. Sci., vol. 10, no. 13, p. 4678, Jul. 2020, doi:
10.3390/app10134678.

F. Dembski, U. Wssner, and M. Letzgus, “The digital twin tackling urban
challenges with models, spatial analysis and numerical simulations in
immersive virtual environments,” in Blucher Design Proceedings. So
Paulo: Editora Blucher, 2019.

L. C. Tagliabue, F. R. Cecconi, S. Maltese, S. Rinaldi, A. L. C. Ciribini,
and A. Flammini, “Leveraging digital twin for sustainability assess-
ment of an educational building,” Sustainability, vol. 13, no. 2, p. 480,
Jan. 2021, doi: 10.3390/su13020480.

A. Liljaniemi and H. Paavilainen, “Using digital twin technology in
engineering education—course concept to explore benefits and barriers,”
Open Eng., vol. 10, no. 1, pp. 377-385, May 2020, doi: 10.1515/eng-
2020-0040.

V. V. Vikhman and M. V. Romm, ““‘Digital twins’ in education: Prospects
and reality,” Vysshee Obrazovanie v Rossii Higher Educ. Russia, vol. 30,
no. 2, pp. 22-32, Feb. 2021, doi: 10.31992/0869-3617-2021-30-2-22-32.
A. S. Pillai and G. Guazzaroni, Extended Reality Usage During COVID
19 Pandemic. Cham, Switzerland: Springer, 2022.

P. S. Mathew and A. S. Pillai, “Extended reality based remote learning
experience during pandemic: Effectiveness and barriers,” in Intelligent
Systems Reference Library. Cham, Switzerland: Springer, 2022, p. 1538.
K. MacCallum and D. Parsons, “Teacher perspectives on mobile aug-
mented reality: The potential of metaverse for learning,” in Proc. World
Conf. Mobile Contextual Learn., 2019, p. 2128.

I. N. Silva, J. Pereira, J. B. Silva, and S. Bilessimo, ‘“Remote laboratories
for engineering education: Experience of a Brazillian public university
with project VISIR+,” in Engineering Education Trends in the Digital
Era. Hersheypark, PA, USA: IGI Global, 2020, pp. 177-195.

J. Cuadros, V. Serrano, J. Garcfa-Zubia, and U. Hernandez-Jayo,
“Design and evaluation of a user experience questionnaire for
remote labs,” [EEE Access, vol. 9, pp.50222-50230, 2021, doi:
10.1109/access.2021.3069559.

R. A. Abumalloh, S. Asadi, M. Nilashi, B. Minaei-Bidgoli, F. K. Nayer, S.
Samad, S. Mohd, and O. Ibrahim, ““The impact of coronavirus pandemic
(COVID-19) on education: The role of virtual and remote laboratories
in education,” Technol. Soc., vol. 67, Nov. 2021, Art. no. 101728, doi:
10.1016/j.techsoc.2021.101728.

J. Garcia-Zubia, Remote Laboratories: Empowering STEM Education
With Technology. Europe: World Scientific, 2021.

J. V. Nickerson, J. E. Corter, S. K. Esche, and C. Chassapis, “A model
for evaluating the effectiveness of remote engineering laboratories and
simulations in education,” Comput. Educ., vol. 49, no. 3, pp. 708-725,
Nov. 2007, doi: 10.1016/j.compedu.2005.11.019.

C. Palmer, B. Roullier, M. Aamir, L. Stella, U. Diala, A. Anjum,
F. Mcquade, K. Cox, and A. Calvert, ““Virtual reality based digital twin
system for remote laboratories and online practical learning,” 2021,
arXiv:2106.09344.

S. M. Zandavi and V. Chung, “Augmented reality for remote laboratory
improving educational learning: Using elevated particle swarm optimiza-
tion in object tracking scheme,” in Proc. Int. Joint Conf. Neural Netw.
(IJCNN), Jul. 2018, pp. 1-6.

(Feb. 1, 2023). Labster. [Online]. Available: https://www.labster.com/

Available:

VOLUME 11, 2023

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

R. Raman, K. Achuthan, V. K. Nair, and P. Nedungadi, *Virtual
laboratories—A historical review and bibliometric analysis of the past
three decades,” Educ. Inf. Technol., vol. 27, no. 8, pp. 11055-11087,
Sep. 2022, doi: 10.1007/s10639-022-11058-9.

V. Potkonjak, M. Gardner, V. Callaghan, P. Mattila, C. Guetl,
V. M. Petrovic, and K. Jovanovid, “Virtual laboratories for education in
science, technology, and engineering: A review,” Comput. Educ., vol. 95,
pp. 309-327, Apr. 2016, doi: 10.1016/j.compedu.2016.02.002.

N. M. Mamani, F. J. Garcia-Pefialvo, M. A. Conde, and J. Gongalves,
“A systematic mapping about simulators and remote laboratories using
hardware in the loop and robotic: Developing STEM/STEAM skills in
pre-university education,” in Proc. Int. Symp. Comput. Educ. (SIIE),
Sep. 2021, pp. 1-6.

J. A. G. Ramos, B. Albertini, and J. Solis-Lastra, “‘A systematic literature
review on laboratory as a service (LaaS),” in Proc. IEEE XXIX Int. Conf.
Electron., Electr. Eng. Comput. (INTERCON), Aug. 2022, pp. 1-4.

E. K. Faulconer and A. B. Gruss, “A review to weigh the pros and
cons of online, remote, and distance science laboratory experiences,” Int.
Rev. Res. Open Distrib. Learn., vol. 19, no. 2, p. 3386 May 2018, doi:
10.19173/irrodl.v19i2.3386.

B. Kitchenham and S. Charters, “Guidelines for performing systematic
literature reviews in software engineering,” Keele Univ., Durham Univ.
Joint Rep., Durham, U.K., Tech. Rep. EBSE 2007-001, 2007.

J.D. Harris, C. E. Quatman, M. M. Manring, R. A. Siston, and D. C. Flani-
gan, “‘How to write a systematic review,” Amer. J. Sports Med., vol. 42,
no. 11, pp. 2761-2768, Nov. 2014, doi: 10.1177/0363546513497567.
C. N. Tulha, M. A. G. D. Carvalho, and V. R. Coluci, “Educational digital
games integrated into remote labs: Systematic and mapping reviews,”
Revista Brasileira de Informdtica Na Educagdo, vol. 29, pp. 547-562,
Jun. 2021, doi: 10.5753/rbie.2021.29.0.547.

J. Bailey, D. Budgen, M. Turner, B. Kitchenham, P. Brereton, and
S. Linkman, “Evidence relating to object-oriented software design: A
survey,” in Proc. Ist Int. Symp. Empirical Softw. Eng. Meas. (ESEM),
Sep. 2007, pp. 482-484.

S. W. Tho, Y. Y. Yeung, R. Wei, K. W. Chan, and W. W.-M. So, “A
systematic review of remote laboratory work in science education with
the support of visualizing its structure through the HistCite and CiteS-
pace software,” Int. J. Sci. Math. Educ., vol. 15, no. 7, pp. 1217-1236,
Oct. 2017, doi: 10.1007/s10763-016-9740-z.
(Feb. 1, 2023). EPPI-Centre.
https://eppi.ioe.ac.uk/cms/

J. Solis-Lastra and B. Albertini, “A light systematic literature review on
remote laboratories for engineering,” in Proc. IEEE Sci. Humanities Int.
Res. Conf. (SHIRCON), Nov. 2021, pp. 1-4.

D. Fadda, C. Salis, and G. Vivanet, “About the efficacy of virtual and
remote laboratories in STEM education in secondary school: A second-
order systematic review,” J. Educ., Cultural Psychol. Stud., no. 26,
p- 5172, Dec. 2022, doi: 10.7358/ecps-2022-026-fadd.

A. M. Arshad, L. Halim, and N. M. Nasri, “Impact of integrating science
and engineering teaching approach on students achievement: A meta
analysis,” Jurnal Pendidikan IPA Indonesia, vol. 10, no. 2, pp. 159-170,
Jun. 2021, doi: 10.15294/jpii.v10i2.29839.

N. Anita, R. Rosli, A. Sham, and L. Halim, “Mathematics teachers’
practices of STEM education: A systematic literature review,” Eur. J.
Educ. Res., vol. 10, no. 3, pp. 1541-1559, Jul. 2021, doi: 10.12973/eu-
jer.10.3.1541.

Z. Pordanjani and K. Salehi, “A systematic review of outcomes, benefits,
and limitations of using distance and virtual laboratories in engineering
education,” Iranian J. Eng. Educ., vol. 24, no. 95, p. 5788, 2022, doi:
10.22047/ijee.2022.342948.1913.
(Feb. 1, 2023). PRISMA.
https://www.prisma-statement.org/
M. J. Page, J. E. McKenzie, P. M. Bossuyt, I. Boutron, T. C. Hoffmann, C.
D. Mulrow, and D. Moher, “The PRISMA 2020 statement: An updated
guideline for reporting systematic reviews,” BMJ, vol. 372, p. n71,
Mar. 2021, doi: 10.1136/bmj.n71.

M. Gusenbauer and N. R. Haddaway, “Which academic search systems
are suitable for systematic reviews or meta-analyses? Evaluating retrieval
qualities of Google scholar, PubMed, and 26 other resources,” Res. Synth.
Methods, vol. 11, no. 2, pp. 181-217, Mar. 2020, doi: 10.1002/jrsm.1378.

[Online]. Available:

[Online].  Available:  website:

94801


http://dx.doi.org/10.1080/13683500.2020.1798896
http://dx.doi.org/10.1007/s10796-022-10244-x
http://dx.doi.org/10.3390/encyclopedia2010031
http://dx.doi.org/10.3390/app10134678
http://dx.doi.org/10.3390/su13020480
http://dx.doi.org/10.1515/eng-2020-0040
http://dx.doi.org/10.1515/eng-2020-0040
http://dx.doi.org/10.31992/0869-3617-2021-30-2-22-32
http://dx.doi.org/10.1109/access.2021.3069559
http://dx.doi.org/10.1016/j.techsoc.2021.101728
http://dx.doi.org/10.1016/j.compedu.2005.11.019
http://dx.doi.org/10.1007/s10639-022-11058-9
http://dx.doi.org/10.1016/j.compedu.2016.02.002
http://dx.doi.org/10.19173/irrodl.v19i2.3386
http://dx.doi.org/10.1177/0363546513497567
http://dx.doi.org/10.5753/rbie.2021.29.0.547
http://dx.doi.org/10.1007/s10763-016-9740-z
http://dx.doi.org/10.7358/ecps-2022-026-fadd
http://dx.doi.org/10.15294/jpii.v10i2.29839
http://dx.doi.org/10.12973/eu-jer.10.3.1541
http://dx.doi.org/10.12973/eu-jer.10.3.1541
http://dx.doi.org/10.22047/ijee.2022.342948.1913
http://dx.doi.org/10.1136/bmj.n71
http://dx.doi.org/10.1002/jrsm.1378

IEEE Access

I. N. da Silva et al.: Extended RLs: A Systematic Review of the Literature From 2000 to 2022

[62]

[63]

[64
[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

94802

M. Zappatore, A. Longo, and M. A. Bochicchio, “The bibliographic refer-
ence collection GRC2014 for the online laboratory research community,”
in Proc. 12th Int. Conf. Remote Eng. Virtual Instrum. (REV), Feb. 2015,
pp. 24-31.

(Feb. 1, 2023). Boolean Search Operators.
https://Columbia.edu

(Feb. 1, 2023). SLR-Tool. [Online]. Available: https://www.slr-tool.com/
J. M. Andujar, A. Mejias, and M. A. Marquez, “Augmented reality for
the improvement of remote laboratories: An augmented remote labora-
tory,” IEEE Trans. Educ., vol. 54, no. 3, pp. 492-500, Aug. 2011, doi:
10.1109/te.2010.2085047.

A. M. Borrero and J. M. A. Marquez, “A pilot study of the effectiveness
of augmented reality to enhance the use of remote labs in electrical engi-
neering education,” J. Sci. Educ. Technol., vol. 21, no. 5, pp. 540-557,
Oct. 2012, doi: 10.1007/s10956-011-9345-9.

H. Hoyer, A. Jochheim, C. Rohrig, and A. Bischoff, “A multiuser virtual-
reality environment for a tele-operated laboratory,” IEEE Trans. Educ.,
vol. 47, no. 1, pp. 121-126, Feb. 2004, doi: 10.1109/te.2003.822263.

B. Scheucher, P. H. Bailey, C. Giitl, and J. V. Harward, “Collabo-
rative virtual 3D environment for internet-accessible physics experi-
ments,” Int. J. Online Biomed. Eng., vol. 5, no. 5, p. 6571, 2009, doi:
10.3991/ijoe.v5i5.1014.

W. Hu, G.-P. Liu, and H. Zhou, “Web-based 3-D control laboratory for
remote real-time experimentation,” IEEE Trans. Ind. Electron., vol. 60,
no. 10, pp. 4673-4682, Oct. 2013, doi: 10.1109/tie.2012.2208440.

P. Trentsios, M. Wolf, and S. Frerich, “Remote lab meets virtual reality—
enabling immersive access to high tech laboratories from afar,” Proc.
Manuf., vol. 43, pp. 25-31, 2020, doi: 10.1016/j.promfg.2020.02.104.
K. Boettcher and A. Behr, “Using virtual reality for teaching the deriva-
tion of conservation laws in fluid mechanics,” Int. J. Eng. Pedagogy,
vol. 11, no. 4, p. 4257, 2021, doi: 10.3991/ijep.v11i4.20155.

A. Rukangu, A. Tuttle, and K. Johnsen, “Virtual reality for remote
controlled robotics in engineering education,” in Proc. IEEE Conf. Vir-
tual Reality 3D User Interfaces Abstr. Workshops (VRW), Mar. 2021,
pp. 751-752.

K. Boettcher and A. Behr, “Usage of a virtual environment to improve
the teaching of fluid mechanics,” Int. J. Online Biomed. Eng., vol. 16,
no. 14, p. 5468, 2020, doi: 10.3991/ijoe.v16i14.16997.

A. U. Yerden and N. Akkus, “Virtual reality remote access
laboratory for teaching programmable logic controller topics,” Int.
J. Eng. Educ., vol. 36, no. 5, p.1721, 2020. [Online]. Available:
https://avesis.marmara.edu.tr/yayin/ee8e90e2-5dal-4f66-9894-

24b8a6¢ 1bff6/virtual-reality-remote-access-laboratory-for-teaching-
programmable-logic-controller-topics

E. Hosoya, M. Kitabata, H. Sato, I. Harada, H. Nojima, F. Morisawa,
S. Mutoh, and A. Onozawa, “A mirror metaphor interaction system:
Touching remote real objects in an augmented reality environment,”
in Proc. 2nd IEEE ACM Int. Symp. Mixed Augmented Reality, 2003,
pp. 1-15.

A. M. M. Borrero and J. M. A. Rquez, “Interaction of real
robots with virtual scenarios through augmented reality: applica-
tion to robotics teaching/learning by means of remote labs,” Int. J.
Eng. Educ., vol. 29, no. 3, pp. 788-798, 2013. [Online]. Available:
https://dialnet.unirioja.es/servlet/articulo?codigo=7367193

J. Cubillo, S. Martin, M. Castro, and R. Meier, “Control of a remote
laboratory by augmented reality,” in Proc. IEEE Int. Conf. Teaching,
Assessment, Learn. Eng. (TALE), Aug. 2012, pp. W2B-11-W2B-15.

S. Odeh, S. A. Shanab, M. Anabtawi, and R. Hodrob, ‘“Remote aug-
mented reality engineering labs,” in Proc. IEEE Global Eng. Educ.
Conf. (EDUCON), Apr. 2012, pp. 1-6, doi: 10.1109/EDUCON.2012.
6201162.

S. Odeh, S. A. Shanab, M. Anabtawi, and R. Hodrob, “A remote engineer-
ing lab based on augmented reality for teaching electronics,” Int. J. Online
Biomed. Eng., vol. 9, no. S5, p. 6167, 2013, doi: 10.3991/ijoe.v9iS5.2496.
S. Odeh, S. A. Shanab, and M. Anabtawi, “Augmented reality internet
labs versus its traditional and virtual equivalence,” Int. J. Emerg. Technol.
Learn., vol. 10, no. 3, p. 49, 2015, doi: 10.3991/ijet.v10i3.4354.

S. Abu Shanab, S. Odeh, R. Hodrob, and M. Anabtawi, “Augmented
reality internet labs versus hands-on and virtual labs: A comparative
study,” in Proc. Int. Conf. Interact. Mobile Comput. Aided Learn. (IMCL),
Nov. 2012, pp. 17-21, doi: 10.1109/IMCL.2012.6396444.

[Online]. Available:

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

H. Vargas, G. Farias, J. Sanchez, S. Dormido, and F. Esquembre,
“Using augmented reality in remote laboratories,” Int. J. Comput. Com-
mun. Control, vol. 8, no. 4, p. 622, Aug. 2013, doi: 10.15837/ijccc.
2013.4.42.

I. Pasc, L. Csokmai, F. Popentiu-Vladicescu, and R. Tarca,
“Augmented reality used for robot remote control in educational
laboratories,” Appl. Mech. Mater., vol. 658, pp. 672-677, Feb. 2014.
[Online]. Available: https://doi.org/10.4028/www.scientific.net/amm.
658.672

Z. Chaczko, W. Alenazy, L. Carrion, and A. Tran, “Augmented reality
based monitoring of the remote-lab,” in Proc. Inf. Technol. Based Higher
Educ. Training (ITHET), 2014, pp. 1-5.

M. T. Restivo, J. Rodrigues, and M. de Fitima Chouzal, “Let’s work with
AR in DC circuits,” in Proc. Int. Conf. Interact. Collaborative Learn.
(ICL), Dec. 2014, pp. 884-885.

M. Smith, A. Maiti, A. D. Maxwell, and A. A. Kist, “Augmented
and mixed reality features and tools for remote laboratory experi-
ments,” Int. J. Online Eng., vol. 12, no. 7, p.45, Jul. 2016, doi:
10.3991/ijoe.v12i07.5851.

A. Maiti, A. D. Maxwell, and A. A. Kist, “Using marker based augmented
reality and natural user interface for interactive remote experiments,” in
Proc. 4th Exp. Int. Conf., Jun. 2017, pp. 159-164.

A. Maiti, M. Smith, A. D. Maxwell, and A. A. Kist, “Augmented reality
and natural user interface applications for remote laboratories,” in Cyber-
Physical Laboratories in Engineering and Science Education. Cham,
Switzerland: Springer, 2018, pp. 79-109.

M. Smith, A. Maiti, A. D. Maxwell, and A. A. Kist, “Using unity 3D
as the augmented reality framework for remote access laboratories,” in
Smart Industry & Smart Education. Cham, Switzerland: Springer, 2019,
pp. 581-590.

J. Rodrigues, T. Andrade, P. Abreu, and M. T. Restivo, “Adding aug-
mented reality to laboratory experimentation,” in Proc. 4th Exp. Int.
Conf., Jun. 2017, pp. 135-136.

P. C. Nicolete, F. Herpich, E. T. D. O. Jinior, L. M. R. Tarouco, and
J. B. D. Silva, “Analysis of student motivation in the use of a physics
augmented remote lab during the COVID-19 pandemic,” in Proc. IEEE
Global Eng. Educ. Conf. (EDUCON), Apr. 2021, pp. 1040-1047.

M. Racha, S. Chandrasekaran, and A. Stojcevski, “Work in progress—
augmented reality smart tele-assisting technology for enhancing engi-
neering education,” in Proc. IEEE Global Eng. Educ. Conf. (EDUCON),
Mar. 2022, pp. 2127-2130.

A. Bischoff and C. Rohrig. (Feb. 1, 2023). Remote Experimen-
tation in a Collaborative Virtual Environment. [Online]. Available:
https://drbischoff.de/research/pdf/Bischoff01aicde2001.pdf

H. Hoyer, A. Jochheim, C. Rhrig, and A. Bischoff, “Multiuser envi-
ronment for a teleoperated laboratory,” IFAC Proc., vol. 34, no. 9,
pp. 503-507, 2001, doi: 10.1016/s1474-6670(17)41758-7.

C. Rohrig and A. Bischoff. (Feb. 1, 2023). A Multiuser Environment
for Remote Experimentation in Control Education. [Online]. Available:
https://dr-bischoff.de/research/pdf/Bischoff01bibce2001.pdf

A. Bischoff, M. Gerke, H. Hoyer, 1. Ivanov, and C. Mashrig, *“Virtual
laboratory for real-time control of inverted pendulum/gantry crane,”
Tech. Rep., 2003.

A. Bischoff and C. Rohrig, “Streaming audio/video and multiuser vir-
tual reality based environment for collaborative remote experimenta-
tion,” in Proc. 21st World Conf. Open Learn. Distance Educ., 2004,
pp- 1-9.

A. Bischoff, Virtual Reality Environment With Shared PC and Live Video
Streaming for Computer-Supported Collaborative Learning.

U. Borgolte and A. Bischoff. (Feb. 1, 2023). Distributed Collaborative
Learning With Open Source Software. [Online]. Available: https://dr-
bischoff.de/research/pdf/borgolte AAOUfinalpaper2.pdf

F. W. Bruns and H.-H. Erbe, “Mixed reality with hyper-bonds—A means
for remote labs,” IFAC Proc., vol. 37, no. 4, pp. 551-556, 2004, doi:
10.1016/s1474-6670(17)36172-4.

C. Mashrig, A. Biscboff, M. Gerke, and H. Hoyer, “A virtual laboratory
for an inverted pendulum and crane control,” IFAC Proc., vol. 37, no. 7,
pp. 141-146, 2004, doi: 10.1016/s1474-6670(17)32138-9.

I. Masr, A. Bischoff, and M. Gerke. (Feb. 1, 2023). Remote Experimen-
tation in Distance Education for Control Engineers. [Online]. Available:
https://dr-bischoff.de/research/pdf/Masar04cVUO04.pdf

VOLUME 11, 2023


http://dx.doi.org/10.1109/te.2010.2085047
http://dx.doi.org/10.1007/s10956-011-9345-9
http://dx.doi.org/10.1109/te.2003.822263
http://dx.doi.org/10.3991/ijoe.v5i5.1014
http://dx.doi.org/10.1109/tie.2012.2208440
http://dx.doi.org/10.1016/j.promfg.2020.02.104
http://dx.doi.org/10.3991/ijep.v11i4.20155
http://dx.doi.org/10.3991/ijoe.v16i14.16997
http://dx.doi.org/10.1109/EDUCON.2012.6201162
http://dx.doi.org/10.1109/EDUCON.2012.6201162
http://dx.doi.org/10.3991/ijoe.v9iS5.2496
http://dx.doi.org/10.3991/ijet.v10i3.4354
http://dx.doi.org/10.1109/IMCL.2012.6396444
http://dx.doi.org/10.15837/ijccc.2013.4.42
http://dx.doi.org/10.15837/ijccc.2013.4.42
http://dx.doi.org/10.3991/ijoe.v12i07.5851
http://dx.doi.org/10.1016/s1474-6670(17)41758-7
http://dx.doi.org/10.1016/s1474-6670(17)36172-4
http://dx.doi.org/10.1016/s1474-6670(17)32138-9

1. N. da Silva et al.: Extended RLs: A Systematic Review of the Literature From 2000 to 2022

IEEE Access

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116

[117]

[118]

[119]

[120]

[121]

M. Gerke, I. Mas, and A. Bischoff. (Feb. 1, 2023). Practical Education of
Control Systems Engineers in a Virtual University. [Online]. Available:
https://dr-bischoff.de/research/pdf/fernuniinvitedtalkabstract-1.pdf

A. Tsakiris, I. Filippidis, N. Grammalidis, D. Tzovaras, and
M. G. Strintzis. (Feb. 1, 2023). Remote Experiment Laboratories
Using Virtual Reality Technologies: The VRLab Project. [Online].
Available: https://www.emis.de/journals/ AUA/pdf/45705vrlabpaper.pdf

F. M. Schaf and C. E. Pereira, “Virtual learning environment with
flexible mixed reality remote experiments architecture,” IFAC Proc.
Volumes, vol. 40, no. 3, pp. 99—-104, 2007, doi: 10.3182/20070523-3-es-
4908.00017.

F. M. Schaf and C. E. Pereira, “Integrating mixed-reality remote exper-
iments into virtual learning environments using interchangeable com-
ponents,” IEEE Trans. Ind. Electron., vol. 56, no. 12, pp. 4776-4783,
Dec. 2009, doi: 10.1109/tie.2009.2026369.

B. Scheucher, P. H. Bailey, C. Giitl, and J. V. Harward, “CrossRef listing
of deleted DOIs,” Int. J. Online Eng., vol. 5, no. 5, p. 6571, Aug. 2009,
doi: 10.3991/ijoe.v5i5.1014.

K. W. Lee, N.-V. Truong, B. Rhodes, J. Mclaren, and L. Wang, “Devel-
opment of a remote access control laboratory using xPC target and
virtual reality modeling language,” in Proc. Int. Conf. Intell. Adv. Syst.,
Jun. 2010, pp. 1-6.

R. Marcelino, J. B. D. Silva, G. R. Alves, and L. Shaeffer, “Extended
immersive learning environment: A hybrid remote/virtual laboratory,”
Int. J. Online Biomed. Eng., vol. 6, no. 5, p.46, Aug. 2010, doi:
10.3991/ijoe.v6s1.1386.

R. Marcelino, J. B. Silva, V. Gruber, and M. S. Bilessimo, ““3D virtual
worlds using open source platform and integrated remote experimen-
tation,” in Proc. 9th Int. Conf. Remote Eng. Virtual Instrum. (REV),
Jul. 2012, pp. 1-2.

M. M. K. Tavares, F. N. Formanski, and J. B. Silva, “The complemen-
tation of teaching using the remote experimentations integrated with the
3D virtual worlds,” in Proc. 9th Int. Conf. Remote Eng. Virtual Instrum.
(REV), Jul. 2012, pp. 1-4.

R. Marcelino, J. B. da Silva, V. Gruber, and S. M. Bilessimo, ‘“‘Immersive
learning environment using 3D virtual worlds and integrated remote
experimentation,” Int. J. Online Biomed. Eng., vol. 9, no. S1, p. 3134,
2013, doi: 10.3991/ijoe.v9iS1.2353.

C. P. Antonio, J. P. C. De Lima, J. B. da Mota Alves, R. Marcelino,
J. B. da Silva, and J. P. S. Simdo, “A remote experimentation and 3D
virtual world for basic education,” in Proc. 3rd Exp. Int. Conf., Jun. 2015,
pp. 157-158.

C. P. Antonio, J. P. C. De Lima, J. B. da Mota Alves, R. Marcelino,
J. B. da Silva, and J. P. S. Simdo, “Remote experiments and 3D
virtual world in education,” in Proc. 3rd Exp. Int. Conf., Jun. 2015,
pp. 65-70.

C. P. Antonio, J. P. Lima, J. B. Alves, J. B. Silva, and J. P. Simao,
“Merging a remote microscope and virtual worlds: Teaching kingdom
plantae on basic education,” Int. J. Online Eng., vol. 12, no. 4, p. 27,
Apr. 2016, doi: 10.3991/ijoe.v12i104.5095.

(Feb. 1, 2023). RExLab Laborat Remota. [Online]. Available:
https://rexlab.ufsc.br/
B. Jailly, C. Gravier, M. Preda, and J. Fayolle, “Interactive mixed reality

for collaborative remote laboratories,” in Proc. 3rd Int. ACM Work-
shop Multimedia Technol. Distance Learn. New York, NY, USA: ACM,
Dec. 2011, pp. 1-9.

D. T. Costa, G. R. Alves, P. D. Ferreira, and J. B. Silva,
“Remote labs accessible through 3D environments: A case study
with open wonderland,” in Proc. 8th Int. Conf. Remote Eng.
Virtual Instrum. (REV), 2011, pp.191-197. [Online]. Available:
https://recipp.ipp.pt/handle/10400.22/9758

X. Hu, X. Wang, and L. He, “The construction and development of remote
virtual laboratory based on virtools,” in Proc. Int. Conf. Comput. Sci.
Netw. Technol., vol. 3, Dec. 2011, pp. 1951-1954.

L. Lei, J. Liu, and X. Yang, “‘Research of the remote experiment system
based on virtual reality,” Phys. Proc., vol. 24, pp. 1199-1206, 2012, doi:
10.1016/j.phpro.2012.02.179.

D. Miiller, A. Chilliischi, and S. Langer, “Integrating immersive 3D
worlds and real lab equipment for teaching mechatronics,” in Proc. 9th
Int. Conf. Remote Eng. Virtual Instrum. (REV), Jul. 2012, pp. 1-6.

VOLUME 11, 2023

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

M. Casini, A. Garulli, A. Giannitrapani, and A. Vicino, “A remote
lab for multi-robot experiments with virtual obstacles,” IFAC Proc.
Volumes, vol. 45, no. 11, pp. 354-359, 2012, doi: 10.3182/20120619-3-
ru-2024.00052.

Y. Liang and G. P. Liu, “Design of remote 3D virtual laboratory for edu-
cation on control system experimentation,” IFAC Proc. Volumes, vol. 46,
no. 17, pp. 327-332, 2013, doi: 10.3182/20130828-3-uk-2039.00071.
D. C. Lo, K. Qian, G. Quan, and L. Hong, “Work in progress:
Enhance CS/CE student learning in computer architecture and organiza-
tion through a remote instrument control lab with mixed reality,” in Proc.
Frontiers Educ. Conf., Oct. 2012, pp. 1-2.

M. T. Restivo, D. Urbano, and F. Chouzal, “Hi kids: That’s funny!
Mechanics 3D virtual lab,” in Proc. Int. Conf. Interact. Mobile Commun.
Technol. Learn. (IMCL), Nov. 2015, pp. 232-235.

S. Lopez, A. Carpeno, and J. Arriaga, “Remote laboratory eLab3D:
A complementary resource in engineering education,” [EEE Revista
Iberoamericana de Tecnologias del Aprendizaje, vol. 10, no. 3,
pp. 160-167, Aug. 2015, doi: 10.1109/rita.2015.2452711.

J. Garcia-Zubia, J. Irurzun, I. Angulo, U. Hernandez, M. Castro,
E. Sancristobal, and J. Ruiz-De-Garibay, “SecondLab: A remote labo-
ratory under second life,” in Proc. IEEE EDUCON Conf., Sep. 2010,
pp. 351-356.

M. J. Callaghan, A. G. Eguiluz, G. McLaughlin, and N. McShane,
“Opportunities and challenges in virtual reality for remote and virtual
laboratories,” in Proc. 12th Int. Conf. Remote Eng. Virtual Instrum.
(REV), Feb. 2015, pp. 235-237.

M. J. Callaghan, G. Bengloan, J. Ferrer, L. Cherel, M. A. El Mostadi,
A. G. Egb-Luz, and N. McShane, Voice Driven Virtual Assistant Tutor in
Virtual Reality for Electronic and Electrical Engineering Remote Labo-
ratories. Cham, Switzerland: Springer, 2017.

A. Carpeiio, D. Contreras, S. Lopez, M. Ruiz, D. Sanz, G. de Arcas,
S. Esquembri, J. Vega, and R. Castro, ““3D virtual world remote laboratory
to assist in designing advanced user defined DAQ systems based on
FlexRIO and EPICS,” Fusion Eng. Design, vol. 112, pp. 10591062,
Nov. 2016, doi: 10.1016/j.fusengdes.2016.02.052.

D. Galan, R. Heradio, L. D. L. Torre, S. Dormido, and F. Esquem-
bre, “Virtual control labs experimentation: The water tank sys-
tem,” IFAC-PapersOnLine, vol. 49, no. 6, pp.87-92, 2016, doi:
10.1016/j.ifacol.2016.07.158.

L. Rodriguez-Gil, J. Garcia-Zubia, and P. Orduiia, “An architecture for
new models of online laboratories: Educative multi-user gamified hybrid
laboratories based on virtual environments,” in Proc. 13th Int. Conf.
Remote Eng. Virtual Instrum. (REV), Feb. 2016, pp. 202-203.

L. Rodriguez-Gil, J. Garcia-Zubia, P. Ordufia, and D. Lépez-de-Ipifia,
“Towards new multiplatform hybrid online laboratory models,” IEEE
Trans. Learn. Technol., vol. 10, no. 3, pp.318-330, Jul. 2017, doi:
10.1109/t1t.2016.2591953.

J. Mora and D. Amaya. (Feb. 2, 2023). Virtual and Remote
Labs Using Windows Server and Unity 3D. [Online]. Available:
https://www.ripublication.com/ijaer18/ijaerv13n1659.pdf

J. Alvarez, G. Diaz, and M. Macfias, ‘“Programming logical controllers
using remote labs and virtual reality,” in Proc. IEEE Int. Conf. Eng.
Veracruz (ICEV), Oct. 2019, pp. 1-4.

K. Boettcher, A. Behr, and C. Terkowsky, “Development methodol-
ogy for immersive home laboratories in virtual reality,” Int. J. Online
Biomed. Eng. (iJOE), vol. 18, no. 14, pp. 114-132, Nov. 2022, doi:
10.3991/ijoe.v18i14.35099.

D. Cosic, VISIR Remote Lab Controlled via VR. Carinthia, Austria:
Carinthia University of Applied Sciences, 2021.

C. Kreiter, D. Cosic, and T. Klinger, “A virtual reality prototype for the
VISIR remote lab,” in New Realities, Mobile Systems and Applications.
Cham, Switzerland: Springer, 2022, pp. 874-884.

C. Palmer, B. Roullier, M. Aamir, F. McQuade, L. Stella, and A. Anjum,
“Digital twinning remote laboratories for online practical learning,”
2021, arXiv:2112.00649.

S. Alsaleh, A. Tepljakov, A. Kose, J. Belikov, and E. Petlenkov,
“Relmagine lab: Bridging the gap between hands-on, virtual and
remote control engineering laboratories using digital twins and
extended reality,” IEEE Access, vol. 10, pp. 89924-89943, 2022, doi:
10.1109/access.2022.3199371.

94803


http://dx.doi.org/10.3182/20070523-3-es-4908.00017
http://dx.doi.org/10.3182/20070523-3-es-4908.00017
http://dx.doi.org/10.1109/tie.2009.2026369
http://dx.doi.org/10.3991/ijoe.v5i5.1014
http://dx.doi.org/10.3991/ijoe.v6s1.1386
http://dx.doi.org/10.3991/ijoe.v9iS1.2353
http://dx.doi.org/10.3991/ijoe.v12i04.5095
http://dx.doi.org/10.1016/j.phpro.2012.02.179
http://dx.doi.org/10.3182/20120619-3-ru-2024.00052
http://dx.doi.org/10.3182/20120619-3-ru-2024.00052
http://dx.doi.org/10.3182/20130828-3-uk-2039.00071
http://dx.doi.org/10.1109/rita.2015.2452711
http://dx.doi.org/10.1016/j.fusengdes.2016.02.052
http://dx.doi.org/10.1016/j.ifacol.2016.07.158
http://dx.doi.org/10.1109/tlt.2016.2591953
http://dx.doi.org/10.3991/ijoe.v18i14.35099
http://dx.doi.org/10.1109/access.2022.3199371

IEEE Access

I. N. da Silva et al.: Extended RLs: A Systematic Review of the Literature From 2000 to 2022

ISABELA NARDI DA SILVA received the bach-
elor’s and master’s degrees in information and
communication technologies from the Federal
University of Santa Catarina (UFSC), Santa Cata-
rina, Brazil, in 2017 and 2019, respectively, and the
dual degrees in pedagogy and English language,
specializing in distance learning. She is currently
pursuing the Ph.D. degree with the University of
Deusto, Spain, where she studies engineering for
the information society and sustainable develop-

ment. She studies engineering and management of knowledge with UFSC.

94804

JAVIER GARCIA-ZUBIA (Senior Member, IEEE)
received the Ph.D. degree in computer science
from the University of Deusto, Bilbao, Spain. He is
currently a Full Professor with the Faculty of
Engineering, University of Deusto. He is also the
Leader of the WebLab-Deusto Research Group.
His research interests include remote laboratory
design, implementation, and evaluation.

UNAI HERNANDEZ-JAYO (Member, IEEE)
received the M.S. and Ph.D. degrees in telecom-
munications engineering from the University of
Deusto, Bilbao, Spain, in 2001 and 2012, respec-
tively. In 2004, he joined the University of Deusto,
where he is currently an Assistant Professor with
the Faculty of Engineering, teaching classes in the
area of electronics. His current research interests
include the use of information and communication
technologies in the educational process.

JOAO BOSCO DA MOTA ALVES received the
bachelor’s degree in electrical engineering from
the Federal University of Parda (UFPA), in 1971,
the master’s degree in electrical engineering from
the Federal University of Santa Catarina (UFSC),
in 1973, and the Ph.D. degree in electrical engi-
neering from the Coordination of Postgraduate
Courses in Engineering, Federal University of Rio
de Janeiro (COPPE/UFRYIJ), in 1981. He was a Full
Professor with the UFSC, from 1996 to August
2008, where he retired. He is currently with the Graduate Program in Engi-
neering and Knowledge Management (PPGEGC) and the Graduate Program
in Information and Communication Technologies (PPGTIC), Ararangud
Campus, UFSC. He has experience in the areas of computer science, intel-
ligent robots, remote experimentation, remote systems, distance education,
accessibility, informatics in education, general theory of systems, interdisci-
plinary, and systemic view in organizations.

VOLUME 11, 2023



