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Abstract

Online and virtual teaching—learning has been a panacea that most educational insti-
tutions adopted from the dire need created by COVID-19. We provide a compre-
hensive bibliometric study of 9523 publications on virtual laboratories in higher
education covering the years 1991 to 2021. Influential bibliometrics such as publica-
tions and citations, productive countries, contributing institutions, funders, journals,
authors, and bibliographic couplings were studied using the Scientific Procedures
and Rationales for Systematic Literature Reviews (SPAR-4-SLR) protocol. A new
metric to complement citations called Field Weighted Citation Impact was intro-
duced that considers the differences in research behavior across disciplines. Findings
show that 72% of the research work was published between 2011-and 2021, most
likely due to digitalization, with the highest number of publications in 2020-2021
highlighting the impact of the pandemic. Top contributing institutions were from
the developed economies of Spain, Germany, and the United States. The citation
impact from publications with international co-authors is the highest, highlighting
the importance of co-authoring papers with different countries. For the first time,
Altmetrics in the context of virtual labs were studied though a very low correlation
was observed between citations and Altmetrics Attention Score. Still, the overall
percentage of publications with attention showed linear growth. Our work also high-
lights that virtual laboratory could play a significant role in achieving the United
Nations Sustainable Development Goals, specifically SDG4-Quality Education,
which largely remains under-addressed.
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1 Introduction

Experimentation in laboratories is vital in science, engineering, and technology
education. Traditionally, the experiments are done in hands-on labs, which involve
physical presence, procurement of equipment, and human resources to maintain
them (Gomes & Bogosyan, 2009). Progressive technological developments and the
ubiquity of the internet transformed lab experimentation in science, technology, and
engineering, aiding distance learning or e-learning through virtual reality, virtual
worlds, dynamics-based virtual systems, and virtual laboratories. Virtual experi-
ments delivered with computer technology add value to physical experiments by
allowing students to explore scientific phenomena; link observable and unobserv-
able phenomena; point out salient information; enable learners to conduct multiple
experiments in a short amount of time; and provide online, adaptive guidance (Ton
de Jong et al., 2013). Virtual laboratories direct students’ attention to variables and
the interaction of the variables that produce the outcomes (Toth, 2016). As such, this
technology has the potential for delivering a first-person experience that very closely
approximates not just that of a teaching laboratory (Vrellis et al., 2016). Virtual lab-
oratories allow students to put theory into practice in appropriate experiments at a
given level of advancement in a discipline or with specific topics within a course
of study (Ural, 2016). Compared to traditional hands-on laboratories, they can offer
reduced cost, greater accessibility, time-saving, safe environments, and flexibility for
self-regulated learning (Ali and Ullah, 2020; Alkhaldi et al., 2016).

Virtual laboratories can be considered an alternative to hands-on laboratories,
and they can be regarded as being as effective as hands-on laboratories (Kapici H.O.
et al., 2019). An extensive pedagogical study through the development of two instru-
ments towards assessing conceptual understanding and perception of platform effec-
tiveness that was conducted both on physical laboratory and remotely triggerable
Universal Testing Machine (RT-UTM) showed remote users conducted experiments
three times more frequently, completed assignments in 30% less time and had over
200% improvement in scores when RT-UTM platform was integrated into main-
stream learning (Achuthan et al., 2020). Virtual laboratories are generally accepted
as a viable alternative to traditional labs in imparting practical skills to students and
professionals and positively affecting students’ learning processes (Stegman, 2021).
As an innovation, virtual laboratories promote a resilient, inclusive, and sustainable
approach to supplementing knowledge and training resources and common limita-
tions to laboratory skill training (Achuthan et al., 2020).

The virtual laboratories are based on concepts of remote access to simulated
resource system. The researchers operate with an experimentation interface on a
virtual system through the internet, a simulated system accessible by several users
simultaneously (Heradio et al., 2016). There are several benefits of virtual labs in
higher education (Tawfik et al., 2012). First, available anytime, anywhere. Second,
multi-tasking and observability, for several researchers to work concurrently on an
investigation through virtual labs. Third, it provides safety compared to physical labs
due to non-exposure to the hazardous experimental setup. Finally, flexibility; is the
ability to change experimental configurations and study their impact with little or no
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downtime. The virtual labs played a crucial role in the higher education sector dur-
ing the COVID-19 pandemic. Using Google Analytics, Raman et al. (2021a, 2021b,
2021c) found that users increasingly adopted online labs during the pandemic as a
new learning pedagogy for performing lab experiments as indicated by parameters
such as the number of users; the number of unique pages viewed per session; time
spent on viewing content and bounce rate.

In the literature, a wide range of studies like the virtual and remote labs in educa-
tion (Heradio et al., 2016; Tzafestas et al., 2006; Balamuralithara & Woods, 2009,
Grosseck et al., 2019; Chandrashekhar et al., 2020; Sweileh, 2020; Meschede, 2020;
Ray & Srivastava, 2020; Raman et al., 2021b), Technology-enhanced learning (Shen
& J. Ho, 2020), e-learning (Jui-long Hung, 2012), medical education (Nedungadi &
Raman, 2016), and Virtual Reality in Higher Education (Shaista et al., 2021) have
been observed. Virtual labs have been studied as an alternative to in-person labs to
determine if students will learn from the virtual lab experience (Davenport et al.,
2018; Enneking et al., 2019; Miller et al., 2018). These studies highlighted that the
combined physical and virtual labs would be frequently needed, and a systematic
blending would be required to suit specific learning objectives and learners (Achu-
than et al., 2017).

Our study addresses the gaps in the existing body of scientific literature, regard-
ing virtual laboratories in higher education, in multiple ways. The earlier studies
focused on science mapping and performance analysis, exploring current trends and
critical issues in virtual laboratories. The three crucial gaps addressed in our work
include: Firstly, we have studied the intellectual structure of virtual laboratories for
over 30 years, giving comprehensive coverage to this important research topic. Sec-
ondly, we introduce new metrics like Field Weighted Citation Impact (Colledge &
Verlinde, 2014) and alternate metrics (Priem et al., 2010) based on social media plat-
forms that have not been studied before in the context of virtual laboratories. Finally,
we look at how virtual laboratories research contributes to the United Nations Sus-
tainable Development Goals and the recent impact of COVID-19. Virtual Labora-
tories had been in use for years before the pandemic started. Still, the user adop-
tion of virtual laboratories increased during the pandemic-imposed lockdowns, and
learners were minor instructor-dependent (Radhamani et al., 2021). These virtual
laboratories have been used as a complement learning resource to in-person labora-
tories for both teachers and students since the early 2000s (Vasiliadou, 2020). The
National Mission on Education through Information and Communication Technol-
ogy (NMEICT), an initiative of the Ministry of Education, Government of India,
launched in 2009, is an excellent example of the adoption of virtual laboratories pre-
pandemic. India’s Ministry of Human Resources Development initiative has sim-
ulation-based virtual labs in various science and engineering disciplines based on
multiple university syllabi. Another example of adoption is the EXPERES project in
Morocco from 2016 to 2018. Moroccan universities developed virtual laboratories
and implemented them in the 12 science faculties in Morocco. The study further
observed that virtual laboratories support adopting the proposed learning environ-
ment in laboratory educational procedures as an alternative to physical laboratories
(El Kharki et al., 2021).
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The analysis resulted in the key findings: SDG remains under-addressed, and
countries worldwide should focus on virtual labs in higher education to achieve
SDG, especially SDG4-Quality education. Virtual laboratories contribute the most
to achieving SDG 4, and other SDGs are addressed in a mere 7% of all publications.

From our understanding, this work is the first in the entire literature to do so.
Secondly, while prior work on virtual laboratories has shown its successful usage as
a supplement to physical laboratories, the COVID pandemic significantly reversed
this impetus for virtual laboratory usage. This reversal and its impact on various
disciplines are vital to monitor as it adds significant value to future design and usage
of virtual laboratories. Thirdly, our work is unique, while performance analysis has
been done in existing studies using citation analysis. It presents a more extensive
comprehensive overview using Altmetrics and Citation Impact that has not been
explored before.

In this work, we conduct a systematic literature review of 9523 articles related
to virtual laboratories in higher education published between 1991 and 2021. Our
methodology consists of bibliometrics and Altmetrics analysis (Raman et al.,
2021b), (Raman et al., 2022), and content analysis (Radhamani et al., 2021; Tibana-
Herrera et al., 2018).

Specifically, in our study following research questions (RQ) are explored regard-
ing virtual laboratories in higher education.

RQ1: What are the bibliometric trends in publications, citations, and Altmetrics?
RQ2: Which are the top contributing institutions?

RQ3: Who are the prolific authors and their networks?

RQ4: Which are the most productive countries in terms of publications?

RQ5: Which are the influential publications based on citations and Altmetrics?
RQ6: Which are the top citing journals and their networks?

RQ7: What are the intellectual structure’s major research themes, topics, and
keyphrases?

RQS8: How is research on virtual laboratories contributing to UN SDG?

RQ9: What has been the impact of COVID-19 on the adoption of virtual labora-
tories?

This study analyses the virtual laboratories’ research over three decades across
different regions of the world and how virtual laboratories’ research contributes to
UN SDG and the recent impact of COVID-19 has been studied. Hence this article
caters to an international readership. Most of the bibliometric studies in the area of
virtual laboratories have been done till 2015 and follow conventional science map-
ping and performance analysis methods exploring current trends. Through these
research questions, we are not only trying to measure the impact of research using
Altmetrics, which addresses social media attention but also contributing to the UN
SDG. This makes the study unique and essential to researchers. The other aspect is
the impact of a pandemic like COVID-19, a once-in-a-century phenomenon on vir-
tual laboratories. It is also explored, increasing the study’s significance for a wider
international readership.

@ Springer



Education and Information Technologies (2022) 27:11055-11087 11059

2 Bibliometric analysis

The field of bibliometrics studies publication and citation patterns by using quan-
titative techniques. Bibliometrics can be either descriptive, such as looking at how
many articles an organization has published, or evaluative, such as using citation
analysis to examine how those articles influenced subsequent research by others.
According to Narin and Hamilton (1996), Noyons et al. (1999) bibliometrics can
be characterized based on the type of analysis done i.,e. performance analysis and
science mapping analysis. Typical performance analysis utilizes the cumulative pub-
lications, citations, ratio, yearly trend, and journal quality indicated by SCImago
rank and impact factor. In this work, we have considered the h-index (Hirsch,
2005), a popular metric used in bibliometric research (Gaviria-Marin et al., 2019).
The h-index indicates the number of documents that have received an ‘h’ number of
citations or more.

We have introduced two new indicators as part of the performance analysis in
our study. The first is Field Weighted Citation Impact (FWCI), an article-level met-
ric from Scival. FWCI takes the form of a simple ratio: actual citations to a given
publication divided by the expected rate for publications of similar age, subject, and
type. It considers the differences in research behavior across disciplines. The second
indicator is Altmetrics which attempts to capture research impact through non-tradi-
tional means like social media (Priem et al., 2012a). The Altmetric Attention Score
(AAS) is a weighted count of all the online attention found for a publication. This
includes mentions in public policy documents and references in Wikipedia, main-
stream news, social networks, Twitter, blogs, and more (Williams, 2016). Most com-
ments on the benefits of Altmetrics relate to their potential for measuring the broader
impact of research, that is, beyond science (Priem et al., 2011, 2012b; Weller et al.,
2011).

The second type of bibliometric study includes science mapping analysis, which
evaluates a research field’s cognitive and social structure (Small, 1999). Visualiza-
tion of Similarities (VOS) viewer is a software tool specifically designed for con-
structing and visualizing bibliometric networks (van Eck & Waltman, 2010) and has
been widely used in science mapping studies (Butt et al., 2020; Farooq et al., 2021;
Khan et al., 2020; Saleem et al., 2021). Such science mapping illustrates scientific
research’s structural and dynamic aspects (Cobo et al., 2011). With VOSviewer,
patterns of influence in co-citations have been illustrated. Co-citation occurs when
two documents receive a citation from the same third document (Small, 1973). An
author co-citation analysis (ACA) allows us to understand how authors, as topic
experts, connect ideas between published articles (Chen et al., 2010). Like co-cita-
tion, a similarity measure based on citation analysis, Bibliographical coupling is
also used in our study (Kessler, 1963).

The Dimensions tool from Digital Science, which is widely used in bibliometrics
studies, was used for retrieving the bibliographic data of Virtual Laboratories (Bode
et al., 2018; Herzog et al., 2020; Martin-Martin et al., 2021).
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2.1 SPAR-4-SLR protocol

For our study, we adopted the 3-stage Scientific Procedures and Rationales for Sys-
tematic Literature Reviews (SPAR-4-SLR) protocol developed by Paul et al. (2021),
as shown in Fig. 1. The 3-stages include:

2.2 Assembling

Assembling involves the identification and acquisition of publications for review.
The bibliographic data of publications were collected from the Dimensions data-
base, which is used in several bibliometric studies (Bornmann, 2018; Bornmann &
Marx, 2018; Singh et al., 2021). The search period was from 1991 to 2021, and
the following keywords were used; Virtual lab*, online lab*, remote lab*, virtual
experiment*, online experiment*, remote experiment*, UN SDG*, COVID-19* and
higher education. A total of 9762 publications were returned.

2.3 Arranging

The next stage is arranging, which involves the organization and purification of the
publications. Publications were organized using the publication title, journal title,
author name, country of affiliation, author & index keywords, funders, number of
citations, number of publications, h-index, FWCI, and attention score. In terms of
purification, only publication types were included: Articles, proceedings, book chap-
ters, and edited books; publications type preprint and monograph were removed.
After purification, 9523 publications were included for analysis.

2.4 Assessing

The final stage is assessing, which involves evaluation and reporting. SPAR-4-
SLR protocol provides valuable suggestions that can help scholars justify the logic
(rationale, reason) behind review decisions (Paul et al., 2021). The bibliometric
review has been done in this article using bibliographic modeling and topic mod-
eling, e.g., co-citation analysis, bibliographic coupling, and keyword co-occurrence
analysis, to ensure rigor. The agenda proposal method has been used to identify the
gaps based on a review of existing literature and suggest future research directions.
No ethics clearance was required since the study is predicated on secondary data
that can be accessed by anyone who has access to Dimensions. The reporting con-
ventions of the review include figures, tables, and words, whereas the limitations
and sources of support are acknowledged toward the end of this article.

2.5 List of Indicators
e TP: Total number of publications in dimensions database

e TC: Number of times a publication has been cited by other publications in the
dimensions database. The values per year are the citations received in each year.
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Identification

Review domain: Virtual laboratories in higher education

Research questions:

e What are the bibliographic trends regarding publications, citations, authors, countries, and
journals?

Which are the influential publications based on citations and Altmetrics?

What are the major research themes in the intellectual structure?

Is research on virtual laboratories contributing to UN SDGs?

‘What has been the impact of COVID-19?

Source type: Conceptual and empirical “articles”

Source quality: Dimensions.ai, Scival

Acquisition

Assembling

Search mechanism and material acquisition: Dimensions.ai, Scival

Search period: 1991-2021

Keywords: Virtual lab, online lab, remote lab, virtual experiment, online experiment, remote
experiment, UN SDG, and COVID-19, higher education, UN SDG, COVID-19

\4

Organization

Organizing codes: publication title, journal name, author name, country of affiliation, author
keywords, index keywords, funders, number of citations, number of publications, number of
publications with attention, attention score

Organizing frameworks: Not applicable

Arranging

Purification

Article type excluded: Preprint (218) & Monograph (21)
Articles included: 9523 publications from a total of 9762 of the type Articles, proceedings, book
chapter and edited books

!

Evaluation

Analysis methods: Bibliometric analysis using Performance indicators (Publications, Citations,
Journal quality) and VOSviewer software (co-citation and co-occurrence keyword), h-index,
Altmetrics, Scival Field-Weighted Citation Impact and Correlation

Agenda proposal method: Thematic analysis (implications, future research directions)

l

Reporting

Assessing

Reporting conventions: Figures (networks and graphs), tables, words(narratives).

Limitations: Data accessed from Dimensions.ai & SciVal. Review limited to bibliometric data based
on search keywords.

— Source of support: No funding received.

Fig. 1 The research design follows the SPAR-4-SLR protocol
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Fig.2 Year-wise trends of publications and citations

3

TC/TP: Ratio of Total Citations/Total Publications

h-index: maximum value of h such that the given journal has published at least h
papers that have each been cited at least h times.

TC/Year: Total Citations received in a year

SJR: SCImago Journal Rank. According to this Rank, prestige is transferred
between journals based on their citation links.

Impact Factor: is calculated as the average of the sum of the citations received in
a given year to a journal’s previous two years of publications, divided by the sum
of “citable” publications in the previous two year

TPA: Total publications with Altmetrics Attention Score. It is a weighted count
of all the online attention. The values per year represent the years in which the
publications were published.

TPA (%): Percentage of publications with Altmetrics Attention Score

FWCI: Field Weighted Citation Impact—the ratio of actual citations to a given
publication divided by the expected rate for publications of similar age, subject,
and type.

Results

3.1 Trends of publications, citations, and Altmetrics

The bibliometric trends for 9523 publications and their citations for the period
1991 to 2021 are shown in Fig. 2. Increased focus on the digitalization of educa-
tion led to design, development, and usage of virtual laboratories in higher educa-
tion from 2011-to 2021 (T3). During T3, there were 6883 publications accounting
for more than 72% of the total publications. Specifically, the last two years had the
highest number of yearly publications due to the massive adoption and new online
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and virtual learning models induced by COVID-19. Correspondingly the research
influence of virtual laboratories as measured by citations also showed a significant
increase in T3, accounting for 85% of the total citations received from 1991-to 2021.

Table 1 shows the temporal evolution of virtual laboratories’ performance across
three time periods. The average TP showed a quantum jump from 31 in T1 to 626 in
T3. The average TC also increased exponentially from 45 in T1 to 4952 in T3. The
average TC/TP also has grown more than three times from T1 to T3.

In Table 2, we observe how different forms of collaborations have contributed to
citation impact (FWCI) of the publications. An FWCI of greater than 1.00 indicates
that the publications have been cited more than expected based on the world aver-
age for similar publications. Though institutional collaboration contributed the most
publications (51.1%), the citation impact from international collaborations is the
highest, highlighting the importance of co-authoring papers with different countries.

Finally, we looked at the percentage of publications with attention and Altmetric
Attention Scores (AAS) trend between 1991 and 2021 (Fig. 3). The mean value of
AAS shows a linear upward trend, with the highest value in 2018. Similarly, the
percentage of publications with attention shows a linear growth, possibly indicating
that authors are actively promoting their research work on social media platforms.

Table 1 Comparison of key Performance  1991-2000 2001-2010(T2)  2011-2021 (T3)

performance indicators across Indicators (T1)

T1, T2, T3
TP 31 233 626
TC 45 908 4952
TC/TP 2.4 35 7.6

3.2 Top contributing institutions

It is essential to recognize the top contributing institutions researching virtual labo-
ratories in higher education so that their work may be tracked to stay updated with
the developments in the field. Bibliometric citation analysis was used to identify top
institutions to address RQ2. Table 3 shows the leading institutions and their publi-
cations and citations. The results show these top institutions belong to the follow-
ing countries: Spain (3), Germany (4), United States of America (2), Portugal (2),

Table 2 Impact of collaboration

on citation impact Type of Collaboration % Share FWCI
International 12.2% 1.68
National 20.4% 0.94
Institutional 51.1% 0.72
Single authorship (no collabora- 16.3% 0.61

tion)
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Table 3 Top contributing institutions based on publications and citations

Name Country TP TC TC/TP TPA (%)
National University of Distance Education (UNED) Spain 177 2293 1295 7.3
University of Deusto Spain 125 1221 9.77 64
Slovak University of Technology in Bratislava (STU) Slovakia 65 392  6.03 -
Carinthia University of Applied Sciences (CUAS) Austria 60 305 5.08 33
University of Amsterdam (UvA) Netherlands 58 1201 20.71 17.2
Swiss Federal Institute of Technology in Lausanne Switzerland 54 769 1424 148
(EPFL)
Massachusetts Institute of Technology (MIT) United States 50 1403 28.06 12
Universidade Federal de Santa Catarina (UFSC) Brazil 48 137 2.85 8.3
Polytechnic Institute of Porto Portugal 46 361 785 65
TU Dortmund University Germany 46 224 487 65
Ilmenau University of Technology Germany 46 226 491 43
Transylvania University of Brasov (UTBv) Romania 45 146 324 22
Oregon State University (OSU) United States 44 1123 25.52 18.1
University of Stuttgart Germany 44 369 839 45
University of Porto Portugal 44 365 8.3 -
RWTH Aachen University (RWTH) Germany 43 269 6.26 2.3
Indonesia University of Education (UPI) Indonesia 42 69 1.64 -
Technical University of Madrid (UPM) Spain 40 346 8.65 10

Slovakia, Austria, Netherlands, Switzerland, Brazil, Indonesia, Romania (1 each).
The findings show that European countries lead the research on virtual labs in
higher education. There is a conspicuous absence of Asian countries and those from
the developing world.
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Spain United States

Fig. 4 Citation over the years—Spain and USA

Among the top contributing institutions, the National University of Distance
Education (UNED) has the most publications (TP:177) and citations (TC:2293),
followed by the University of Deusto (TP: 125, TC: 1221). Both the universities
are in Spain. Interestingly though the Massachusetts Institute of Technology, United
State,s has fewer publications (TP:50), they have got a higher number of citations
(TC:1403) than the University of Deusto (TC:1221), which has the second-highest
number of publications (TP:125). Though the number of top contributing institu-
tions is from Germany (4), the number of publications (TP) from these institutions is
more or less the same.

UNED has the highest TP (TP:2293) and TC (TC:2293), but the highest TC/
TP is for publications from the Massachusetts Institute of Technology (MIT) (TC/
TP:28.06). A different story is revealed when we analyze the top contribution insti-
tutions based on TPA (%). TPA (%) is the highest for publications from Oregon
State University (OSU) (TP:44, TC:1123). The TPA (%) is high for publications
from the Netherlands and Switzerland. The United States and the United Kingdom
are the countries with the most publications with AAS in Dimensions. Netherlands
and Switzerland feature among the top countries with a higher number of publica-
tions in Dimensions and AAS (Orduna-Malea & Lépez-Cézar, 2019).

On further analysis of the growth of publications, it was visible that the number
of publications from the USA was higher during the initial years, i.e. early 90 s com-
pared to other countries. However, a steeper trajectory in the growth of publications
between the period 2001 — 2021 was attributed to a larger contribution by Euro-
pean authors. Spain emerged as the country with the highest number of publications.
Considering the growth in citations, the average citation count for Spain was 53.1
over the last 10 year period while that for the USA was 72.9 over the same period
indicative of a larger research impact of publications from the USA as shown in
Fig. 4.

3.3 Prolific authors based on publications, citations and Altmetrics

The recognition of prolific authors is an accepted practice in bibliometrics (Marin
et al., 2018). The prolific authors in virtual labs were ranked based on publications
(TP), citations (TC), and percentage of publications with attention (TPA) (Table 4).
The top authors publishing on virtual laboratories are Javier Garcia Zubia
(TP:115) & Manuel Alonso Castro (TP:110). The research paper of Javier Garcia
Zubia with the highest citations (TC:35) is “VISIR: Experiences and challenges”
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which was published in the International Journal of Online Engineering in 2021 &
“State of art, initiatives and new challenges for virtual and remote labs” was pub-
lished in Proceedings of the 12th IEEE International Conference on Advanced
Learning Technologies, ICALT 2012 (TC:26). The research papers of Manuel
Alonso Castro with the highest citations (TC: 54) is “Integration view of web labs
and learning management systems” which was published in 2010 IEEE Education
Engineering Conference, EDUCON 2010, and “State of art, initiatives and new
challenges for virtual and remote labs” (TC:26) was published in Proceedings of the
12th IEEE International Conference on Advanced Learning Technologies, ICALT
2012.

Till a decade ago the quality of publications was recognized mostly by way of
citations, but this trend has changed with the popularity of social networking plat-
forms such as Facebook, Twitter, LinkedIn, Mendeley etc. The penetration of ICT
has given the emergence of a new area called Altmetrics. Priem and Hemminger
(2010) first coined the term “Altmetrics” and subsequently published a manifesto
(Priem et al., 2010). Bornmann (2014) proposed Altmetrics as an alternative and the
extension of the traditional bibliometric indicators (such as Journal Impact Factor or
h-index). Altmetrics enables to study the impact of a paper just a few days or weeks
after it has appeared and the techniques include both “intrinsic” measures linked to
the author’s scientific community, and “extrinsic” measures from the broader con-
text outside the research community (Poplasen & Grgi¢, 2017). When we look at
TC/TP to measure the research impact, Sebastian Dormido has the highest TC/TP
(21.05) but Glen EP Ropella has more publications with attention (TPA: 54%). This
indicates though an author may have more citations it does not necessarily mean
higher attention.

3.4 Most productive countries based on publications, citations, and Altmetrics

To address RQ4, we ranked the most productive countries based on publications
and citations (Table 5). Our analysis shows that the top five countries which have
published on the topic are the United States of America (TP:1406), China (TP:763),
Spain (TP:749), Germany (TP:572), and Italy (TP:351). The total citations are high-
est for the United States (TC:19658) followed by Spain (TC: 8216), Germany (TC:
5822), and the UK (TC: 5231). These top 4 countries account for more than 61% of
the total citations.

Alternate metrics called Altmetrics have been proposed to obtain, evaluate, and
characterize scientific information of most productive countries through data con-
tained in social media such as Twitter, Facebook, Google +, blogs, Mendeley Read-
ers, CiteULike, Reddit, and Wikipedia, among others (Priem et al., 2012a). The per-
centage of Total Publications with Attention (TPA) reveals a different picture. It can
be seen that New Zealand (TP:50, TC:183) and Israel (TP:2, TC:455) though have
a fewer number of publications and citations have a higher TPA percentage (New
Zealand TPA:50, Israel TPA: 48.2) which may be because of high visibility in social
media platforms but not necessarily scholarly relevance (Trueger et al., 2015; Veer-
anjaneyulu, 2018).
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3.5 Influential publications based on citations

Table 6 shows influential publications ranked based on citations. Among the top-
cited publications, the following studies are literature reviews or bibliometrics
reviews on the topic of virtual laboratories.

For example, the study of Ma and Nickerson (2006) is a detailed literature review
on the topic of hand-on, simulated, and remote laboratories and their role in science
education. They summarize, compare, and provide insights about literature related
to three types of laboratories. They concluded the boundaries among the three labs
i.e. hands-on, simulated and remote laboratories are blurred in the sense that most
laboratories are mediated by computers, and that the psychology of presence may be
as important as technology. de Jong et al. (2013) reviewed the literature to contrast
the value of physical and virtual investigations and to offer recommendations for
combining the two to strengthen science learning. Gomes and Bogosyan’s (2009)
study present the literature review and discusses virtual labs’ role in student educa-
tion. They provide the latest trends related to remote laboratories. In another study,
Heradio et al. (2016) conducted a bibliometric analysis of the topic on virtual and
remote laboratories. They provide an in-depth bibliometric analysis of virtual labs,
but their study covers the period only until 2015.

The development process of virtual labs is explained and discussed by the authors
(Ko et al., 2001a, 2001b; Nedungadi et al., 2018; Quesnel et al., 2009; Tetko et al.,
2005). The utilization of digital technologies in higher education has increased the
demand for virtual labs for sciences and engineering students (Achuthan et al., 2020;
Jara et al., 2011; Martin-Gutiérrez et al., 2017; Restivo et al., 2009; Sangeeth et al.,
2015). Virtual laboratories play a pivotal role in distance learning and the digital
education system in science and engineering (Dalgarno et al., 2009). The effect of
virtual laboratories is positive, and it results in higher learning outcomes of experi-
ments in sciences and engineering (Lindsay & Good, 2005; Koretsky et al., 2008;
Achuthan et al., 2011; Nedungadi et al., 2017a, 2017b, Post et al., 2019).

3.6 Influential publications based on Altmetrics

Citation-based metrics have some limitations such as the delay from publication to
bibliographic indexing into citation databases (Sud & Thelwall, 2014). As a comple-
ment to this traditional measure of scholarly impact (Thelwall et al., 2013), while
ranking the top ten influential publications, we also considered Altmetrics to address
RQS5. The potential advantages of Altmetrics for research evaluation cannot be
ignored and they may reflect impacts that may appear before citations.

The top ten influential publications based on Altmetric Attention Score (AAS)
are highlighted in Table 7. AAS gives the real-time impact of papers by including
mentions on the internet and on social media (Dinsmore et al., 2014). We observe
that the publication titled Education online: The virtual lab published in Nature jour-
nal has the highest AAS (278). Ranked second is Simulated Interactive Research
Experiments as Educational Tools for Advanced Science with an AAS of 110
though its citations are only 5. However, the publication titled Compiling and using
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input—output frameworks through collaborative virtual laboratories has more cita-
tions (TC:146) but its AAS is only 32. Some publications like Remote Laboratory
Exercise to Develop Micro pipetting Skills have zero citations, but the AAS is 53
which confirms that there may be a low correlation between AAS and citations
(Haustein et al. 2013, 2015).

Going one step further, we studied correlation between TC and AAS (Torres-
Salinas et al. (2013)). Top 500 publications based on citations and their correspond-
ing AAS scores were identified. Correlation analysis was performed with Micro-
soft Excel, and findings were interpreted using a predetermined p-value threshold
of <0.05. There were several publications with no AAS Score and we assigned a
value of zero to them. The correlation between TC and AAS was found to be low
(r=0.12). Studies in the past have also reported a weak or negligible relationship
between citations and Altmetrics attention score (Costas et al. 2014).

3.7 Topciting journals and their Altmetrics

To address RQ6, we ranked the top citing journals based on publications and cita-
tions (Table 8). International Journal of Online Engineering (iJOE) has the most
publications (TP:215) followed by Lecture Notes in Computer Science (TP:200).
Though IEEE Transactions on Education has only 69 publications, the number of
citations is highest (TC:2423) compared to other journals.

Once again we looked at alternate metrics—Total Publications with Atten-
tion (TPA). We observed that Journal of Chemical Education got the highest TPA
(70.5%) though its publications (TP: 61) and citations (TP: 504) were far less com-
pared to Lecture Notes in Computer Science (TP: 239 and TC: 881). The TPA of the
Lecture Notes in Computer Science which has got the highest publications is only
0.9 percent. The journal which has the highest citations (TC:2513) has got lower
TPA (19.7%) when compared to the Journal of Chemical Education (TC: 504).

3.8 Co-occurrence of keywords

There are several approaches to studying the network structure of a research topic
such as bibliographic coupling (Boyack & Klavans, 2010), co-words analysis (Igami
et al., 2014), and co-authorship analysis (Huang et al., 2015).

We used VOSviewer for co-word analysis to get an insight into RQ7 i.e., the major
research themes, topics, and keywords in the intellectual structure of our research
topic. The main objective of the co-words analysis is to identify the research pro-
gress that has been achieved by previous researchers and future directions explored
by researchers. The keyword of an article can represent its main content, and the
frequency of occurrence and co-occurrence can reflect themes focused on a special
field to some extent (Zong et al., 2013). We used VOSviewer to visualize clusters
with high similarities between nodes (van Eck & Waltman, 2007, 2010, 2011).

Table 9 shows that the total number of keywords in the period 1991-2000 (T1)
was 1738, increasing eight times to 12,020 during 2001-2010 (T2) and then more
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than two times to 31,725 in 2011-2021. Setting a threshold of 15 occurrences for
each keyword resulted in cluster formation as detailed in Table 11.

During T1, there was a single cluster of 15 keywords like computer-aided instruc-
tion, computer simulation, engineering education, virtual laboratories, multime-
dia systems which correspond to the research theme of Computer-aided learning
(Fig. 5).

During T2, number of clusters increased to four as seen in Fig. 6. We see clus-
ter 1 (red) having 52 keywords laboratories; distance education; e-learning; remote
laboratories; experiments leading to the research theme of Laboratories in the dis-
tance learning. cluster 2 (green) has 50 keywords like virtual laboratories, virtual
reality, education, computer simulation, and problem solving leading to theme of
virtual laboratories for problem solving. Cluster 3 (blue) with 30 keywords inter-
net; computer software; user interface; multimedia systems; distance learning maps
to research theme of Internet and computer software for distance learning. Finally,
cluster 4 (yellow) with 19 keywords students; engineering education; teaching;
learning systems; computer aided instruction Computer aided instruction in engi-
neering education.

Finally, during T3, number of clusters increased to seven as seen in Fig. 7. We see
Cluster 1 (red) with 136 keywords such as virtual laboratory, internet computer, sim-
ulation, and world wide web leading to the theme of computer simulation and virtual
laboratory. Cluster 2 (green) has 108 keywords like students; e-learning; engineering

Table 8 Top citing journals according to publications, citations and Altmetrics

Journal TP TC TPA (%)
Lecture Notes in Computer Science 239 881 34
International Journal of Online Engineering 215 1215 0.9
Advances in Intelligent Systems and Computing 185 266 11.4
IFAC Proceedings Volumes 152 600 33
Journal of Physics Conference Series 148 231 14
Lecture Notes in Networks and Systems 138 245 44
Computer Applications in Engineering Education 94 1301 7.5
IEEE Transactions on Education 71 2513 19.7
Journal of Chemical Education 61 504 70.5
IFAC-PapersOnLine 61 289 33
Communications in Computer and Information Science 60 85 1.7
IOP Conference Series Materials Science and Engineering 51 36 0.0
Applied Mechanics and Materials 49 14 0.0
AIP Conference Proceedings 41 66 7.3
IEEE Transactions on Industrial Electronics 40 1733 12.5
Procedia—Social and Behavioral Sciences 40 258 5.0
Lecture Notes in Electrical Engineering 40 49 0.0
Advances in Social Science, Education and Humanities Research 39 29 0.0
FASEB Journal 39 6 0.0
International Journal of Online and Biomedical Engineering 37 45 2.7
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education; teaching; curricula mapping to the theme of teaching—learning in engi-
neering education using e-learning. Cluster 3 (blue) has 90 keywords like remote
laboratories; remote laboratory; user interfaces; remote experiments; labview which
leads to the theme of remote access to the equipment in the labs. Cluster 4 (yellow)
has 77 keywords like virtual laboratories; computer software; robotics; matlab; finite
element method leading to the theme of computer software and virtual laboratories;
Cluster 5 (purple) has 67 keywords like distance education; remote control; distance
learning; automation; electrical engineering which leads to the theme distance learn-
ing and automation in engineering education. Cluster 6 (light blue) has 47 keywords
with main keywords being virtual reality; virtual experiments; multimedia systems;
information technology; java programming language mapping to the theme of vir-
tual reality and virtual laboratories and cluster 7 (orange) has 12 keywords like vir-
tual laboratory, remote laboratory, virtual reality, automation, virtualization leading
to the theme computer programming and virtualisation.

3.9 Bibliographic couplings - country analysis

Clusters representing countries were created using VOS viewer (Table 10). Start-
ing with 42 countries with publications on virtual laboratories in 1991-2000
(T1) it went up to 186 in 2001-2010 (T2) and further went up to 253 countries in
2011-2021 (T3) showing broad participation in the recent decade. We set a thresh-
old of 20 publications which resulted in a single cluster in T1, two clusters with 25
countries in T2, and 58 countries with 5 clusters in T3.

Figures 8, 9, and 10 show the network of countries based on TP in T1, T2 & T3.
United States had the highest number of publications in all three time periods—T1
(TP: 145), T2 (TP: 527), and T3 (TP:1382). The other countries with a high number
of publications in T2 and T3 include Germany, Spain, Italy, and the Netherlands. In
T3 we can see more developing countries joining the network and specifically there
is an increase in the number of publications from Asian countries like China, India,
Indonesia, Taiwan, and Japan. The figures also demonstrate the increasing number
of countries contributing to the area of virtual laboratories which gives an indication
of the faster adaption of virtual laboratories in T3.

3.10 Virtual laboratory’s research related to UN SDG

At the UN Sustainable Development Summit in September 2015, the world leaders
adopted a new 2030 Agenda for Sustainable Development which is “a plan of action

Table 9 Results of

N 1991-2000 (T1) 2001-2010 (T2) 2011-2021 (T3)
co-occurrence of keyword

z‘?g sis for the period T1, T2 Keywords 1738 12,020 31,725
Keywords 15 151 546
(thresh-
old=15)
Clusters 1 4 7
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for people, planet, and prosperity designed to “shift the world onto a sustainable and
resilient path (UN, 2015). This agenda is mainly represented by the so-called sus-
tainable development goals (SDGs) that encompass “grand challenges” for society
at all its levels (George et al., 2016).

Contemporary technologies have been integrated into socio-economic, environ-
mental, sustainable, and climate research applications to enhance the productivity
and efficiency of a given system (Balogun et al., 2020; Ceipek et al., 2021). Infor-
mation and communication technologies are an enabler to more efficient resource
usage, education, and business operations which is a critical success factor for
achieving the SDGs (Tjoa et al., 2016). Virtual laboratories accessible through the
internet anytime anywhere can play a very crucial role in achieving United Nations
Sustainable Development Goals (SDG), specifically UN SDG4 Quality Education
(Benetazzo et al., 2000). Ahmed & Hasegawa (2021) in their study found a positive
relationship between the online virtual platform (OVLP) and SDG related to educa-
tion. Another example of using educational technology in achieving SDG 4 is the
Amrita Rural India Tablet enhanced Education which utilizes multilingual virtual
labs that are adapted for rural areas to work with low-bandwidth Internet (Nedun-
gadi et al., 2017a, Menon et al., 2021).

Table 11 shows the virtual laboratory’s research related to UN SDG. It can be
seen that virtual laboratories contribute the most to achieving SDG 4 (Quality Edu-
cation), both in terms of TP and TC.

The findings give a new insight into that virtual laboratories are essential to
attain the United Nations Sustainable Development Goals (Grosseck et al., 2019;
Meschede, 2020). Quality education is predominantly addressed in 19% of the
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Table 10 Clusters of countries 1991-  2001-2010 (T2) 2011-2021 (T3)
using VOS viewer 2000
(TD)
Countries 42 186 253
Countries (thresh- 21 25 58
old=20 publica-
tions)
Clusters 1 2 5
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A
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Fig. 8 Bibliographic network of countries during 1991-2000 (T1)

papers that reflect the important features virtual labs deliver towards SDG. The other
SDG are addressed in a mere 7% of all publications. Thus, SDG remains under-
addressed and countries worldwide should focus on virtual labs in higher education
to achieve SDG, especially to attain SDG4-Quality education.

3.11 Impact of COVID-19

COVID-19 has sparked the importance of virtual labs substantially in higher edu-
cation due to sporadic shutdowns, online coverage of technical content, and inac-
cessibility of physical labs. In this health-induced economic crisis, virtual labs play
a crucial role in the experimentation, analysis, and higher education of students in
the sciences field (Ray & Srivastava, 2020; Raman et al., 2021b). Initially, before
COVID, behavioral analysis on university students indicated the substantial popular-
ity of virtual laboratories in education for skill training and instructor dependency.
Usage adoption of virtual laboratories increased during the pandemic-imposed lock-
downs and learners were being less instructor dependent (Radhamani et al., 2021).
Therefore, it is vital to analyze the role of virtual labs in higher education during
COVID-19. By applying bibliometric citation analysis on the literature on virtual
labs in higher education, we identified the top 10 influential publications thereby
answering RQ9. Table 12 shows the details and list of these publications.

The top three influential studies which explore the role of virtual labs in higher
education during COVID-19 were Ray and Srivastava (2020), Klein et al. (2021),
and Vasiliadou (2020). These recent studies explored research questions like—what
role virtual labs play in science and engineering education during COVID-19.

Altmetric Attention Score (AAS) was also retrieved to get a different perspective
based on social media presence. AAS was highest (AAS:13) for the publication by
Klein et al. (2021) published in Physical Review Physics Education Research. Inter-
estingly the top-cited publication had the least AAS.
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4 Conclusion

Laboratory experimentation plays an essential role in engineering and scientific edu-
cation. Virtual and remote labs reduce the costs associated with conventional hands-
on labs due to their required equipment, space, and maintenance staff besides the
additional benefits such as supporting distance learning, improving lab accessibility
to handicapped people, and increasing safety for dangerous experimentation (Hera-
dio et al., 2016). This study uses bibliometrics to develop a comprehensive overview
of the research contributions in Virtual Laboratories in higher education and uses
bibliometric indicators (Garfield, 1956) to represent the bibliographic data, includ-
ing the total number of publications and citations (Ding et al., 2014).

Our bibliometric analysis highlighted significant insights through analysis of
9523 publications over 30 years between 1991 and 2021. The Scientific Procedures
and Rationales for Systematic Literature Reviews (SPAR-4-SLR) protocol was used
in the study. Research on Virtual labs intensified between the period 2010 to 2021
due to the increased focus on digitalization of education. The highest number of
yearly publications happened during the last two years between 2019 and 2021 with
COVID-19 motivating researchers to study impact of online learning. Among the
top contributing institutions in publications and citations, the National University
of Distance Education (UNED) has the largest number of publications and citations
followed by the University of Deusto. Our study shows that European researchers
dominated as key authors in terms of the number of publications and citations. The
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Table 11 Most researched UN

SDG according to publications SDG T e
and citations 4 Quality Education 1824 12273
7 Affordable and Clean Energy 201 1069
13 Climate Action 89 554
3 Good Health and Well Being 63 433
11 Sustainable Cities and Communities 24 145
9 Industry, Innovation, and Infrastructure 13 186
12 Responsible Consumption and Production 13 125
8 Decent Work and Economic Growth 9 57
6 Clean Water and Sanitation 7 55
14 Life Below Water 7 60
2 Zero Hunger 5 33
15 Life on Land 5 135
1 No Poverty 3 1
16 Peace, Justice and Strong Institutions 3 1
10 Reduced Inequalities 1 17
17 Partnerships for the Goals 1 0

TP indicates Total Publications, TC indicates Total Citations and
TPA indicates Total Publications with Attention
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top authors publishing on virtual laboratories are Javier Garcia Zubia (TP:115) &
Manuel Alonso Castro (TP:110) with top influential publication coming from Ma
& Nickerson (TC:517). Among the countries associated with the author’s contribu-
tions to the field of study, the United States had the most authors followed by China
and Spain. Major funding organizations were the European Commission (EC) fol-
lowed by National Natural Science Foundation of China (NSFC) and Ministry of
Economy, Industry, and Competitiveness (MINECO). The Field Weighted Citation
Impact indicated a high impact for publications with international collaborations.
The top citing journal source on virtual labs is the International Journal of Online
Engineering (EOE). For the first time, in the context of virtual laboratories, Alt-
metrics has been included in this study and Altmetrics Attention Score (AAS) and
Total Publications with Attention (TPA) have been used as an alternative and exten-
sion of the traditional bibliometric indicators. Top 500 publications on virtual labs
with citation scores (TC) and AAS were identified and a low correlation was found
between TC and AAS, similar to results from other studies. On analysis on virtual
labs addressing the UNSDGs, SDG4 (Quality Education) had the highest number of
publications and citations. However, only 25% of all publications addressed SDGs,
which is quite low considering its significant contribution to accessibility, personal-
ized learning and minimizing laboratory resources in a scalable environment.

The co-occurrence of keywords analysis highlights the evolution of virtual labo-
ratories as a field of study exposing the research emphasis over the three decades.
Initially, the novel concept of computer-based instruction was explored followed
by research in enhancements of methods especially in multiple disciplines towards
designing and building these virtual laboratories. During 1991-2000, the studies
were focused on simulation and computer aided instruction but the research focus
in 2001-2010 shifting to remote access to the equipment’s in the engineering labs.
During 2010-2021, we see a gradual shift towards virtual reality in virtual laborato-
ries, computer programming and virtualisation.

This study has some limitations. Some articles on virtual laboratories research
may have been missed in case virtual laboratories are not mentioned in the title,
abstract, or keywords. This could have resulted in some discrepancies in the sta-
tistical analysis. Moreover, the citation analysis tool which we have used in this
study focuses only on the magnitude of the impact of the cited papers, and highly
cited papers are not necessarily high-quality papers (Thompson & Walker, 2015).
There are some limitations with the tools used in this study as well i.e., Scival Field
Weighted Citation Impact, h-index, Dimensions & Altmetrics. The main limita-
tion of Citation-based metrics like Field Weighted Citation Impact is that it should
not be interpreted as a direct measure of research quality and only the publications
included in Scopus have FWCI. H-index is meaningless without a context within the
author’s discipline, and it should be used with care to make comparisons because
of its bias against early career researchers and those who started late or had career
breaks. It also discriminates against disciplines. As Dimensions is a relatively new
database, many publishers have not indexed their publications with it. This might be
impacting the total size of the corpus. And finally, the limitation of Altmetrics is that
Attention does not necessarily indicate that the article is important or even of quality
and may indicate popularity with the public.
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Complementing virtual labs with digital and classroom resources will provide
comprehensive educational outcomes that will allow students to understand theoreti-
cal aspects and develop practical skills (Bencomo, 2004). Studies show that “digital
storytelling” and its associated components such as “virtual reality,” “critical think-
ing,” and “serious games” are the emerging themes of the smart learning environ-
ments, and they need to be further developed to establish more ties with “smart
learning” (Agbo et al., 2021). In the future, studies may be carried out on the impact
of Virtual Reality (VR) and Augmented Reality (AR) based virtual laboratories.
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