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Abstract—The present study compares the relative merits of virtual and real
educational laboratories in science and engineering education, in terms of their
educational effectiveness and if they were the most appropriate for learning.
The age of the students was also investigates as a possible factor affecting the
outcome. The authors of the present paper started by identifying 67 recent and
mutually compatible research papers (articles, doctoral theses, and reviews) and
reviewed their content performing a meta-study to discover their findings about
the most effective laboratory type. Web-based tools were used, such as e-
journals, databases, thematic guides, and portals, catalogues of other libraries
offered by a variety of universities. A critical analysis followed to compare
findings and reach decisions. In a corollary section of the study, the authors
conducted some semi-structured discussions with 25 experienced science teach-
ers of secondary, primary, and tertiary education, for verification purposes. Dis-
cussions followed, all participants being arranged in 5 different groups, focus-
ing on still open topics in need of further clarification. The present two-prong
analysis resulted in a number of interesting results, presented herein, on the
relative effectiveness of virtual and real laboratories as a factor of student age.

Keywords—Ilaboratory teaching, virtual labs, real labs, science teaching, meta-
analysis

1 Introduction

There is a wide variety of educational processes using experiments as a tool in
teaching— indeed these are as many as the detailed science and engineering objectives
to be taught. Practically, however, all these fall into two general approaches: virtual
experiments and real ones, both being in the centre of interest, didactically. Both cate-
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gories are considered important for teaching and learning, and both have been the
focus of many research efforts over the past years. Given the wide span of all subjects
taught, and the multitude of factors affecting educational effectiveness in each of
those, one cannot be surprised that detailed comparisons between these approaches
continue being investigated. Indeed, there seems to be a debate as regards the effec-
tiveness of the one over the other category, which is the focus of the present study.

The importance of teaching and learning Science cannot be overemphasized.
Teaching natural sciences to all levels of education means setting the aim for learners
to explore and study the phenomena that constitute the world around us [1]. Natural
sciences do nothing more than actually preparing students of all levels to be creative
within a society in which concepts and applications of scientific thinking play an
important role for the learners of today and the future [5]. By studying natural scienc-
es, learners can cultivate their knowledge for the world related to their own life con-
text, grow their everyday life skills, and enhance their capacity to acquire the
knowledge they will need to meet the challenges of a growing and demanding world
[8]. Natural science studies can then teach students the competencies they will need to
search for knowledge, encourage them to become scientists themselves and make
sense of their world both inside and outside the school walls and institutions. Investi-
gating the natural phenomena, learners learn to apply questions, search for answers,
draw conclusions based on data, and communicate their findings with other peers or
related audience [22]. Thus, they turn to active and critical thinkers and develop such
skills that will lead them to appreciate the accuracy of the observation and description
and the ability to plan and test their own solution to a problem while at the same time
being able to effectively practice their reasoning skills [31].

By working on natural sciences learners simply get in contact with the spirit of cu-
riosity and argumentation, removing themselves from any prejudiced ideas, thus lead-
ing the way to open-mindedness, tolerance, creativity and learning enlightenment [6].
However, in order to employ an appropriate scientific method that will lead to the
discovery of new knowledge and its evolution, it seems necessary to follow certain
steps and a certain course of action [63]. This begins with the creation of a scientific
question or hypothesis, designing and conducting an experiment that will test the case,
analyse the raw data acquired to get results, evaluate these results, and interpret them
to draw conclusions.

Experimental teaching is considered the most effective method to acquire the
above skills. The importance of experiments has been highlighted by many scientists
and educators, all of which praise the overall benefits of experiments in science teach-
ing [19]. Thus, according to scientists, experiments lead to acquiring: a) exploratory,
organizational and communication skills. b) The ability to process concepts, create
hypotheses and use scientific models. ¢) Cognitive skills, critical thinking, problem
solving, application, analysis, and synthesis. d) Understanding the nature of scientific
knowledge, the intricacies of the scientific method, as well as appreciating the rela-
tionship between science and technology. €) Challenge of interest, initiative support,
objectivity of thinking, accuracy of actions, persistence, assumption of responsibili-
ties, consensus, cooperation, communication, and interaction [25]. What is more,
scientists claim that experiments offer many benefits that help learners gain the neces-
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sary experience to study the scientific phenomena, deduce concepts of natural scienc-
es by altering or rebuilding their preconceptions, explore and solve everyday prob-
lems by developing scientific methodology processes in situations other than the ones
in schools [66].

According to literature, experiments offer many benefits and help students learn
better, when they are actively involved in learning. This means that they are given the
opportunity to use all their senses especially in lab experimental activities that allows
them to base their knowledge on a multi-sensory level, enhancing their understanding
of concepts they are studying [62]. By engaging in experimental processes, students
perceive the phenomena under study and thus they remember better what they learn in
contrast to those who are passive listeners-observers, abstaining from the experiential
experience. Further to the above, in addition to technical and operational skills gained
through experimental tasks, students also have to opportunity to improve their com-
munication skills, given that they learn to cooperate in order to effectively solve a
particular problem [68].

There is a wide variety of experimental educational processes — as many as the de-
tailed science objectives to be taught. However, all these fall into two general ap-
proaches: virtual experiments and real ones, both being in the centre of interest herein,
although remote-online labs represent a separate distinct category. Both categories are
considered important for teaching and learning, and both have been the focus of much
research over the past years. Given the width of all the subjects taught, and the multi-
tude of factors affecting educational effectiveness in each of those, one cannot be
surprised that detailed comparisons between these approaches continue being investi-
gated. Indeed, there seems to be a heated discussion as regards the effectiveness of the
one over the other of the categories, which is precisely the focus of the present study.

2 Purpose of the Research

The importance of laboratory practice in science studies at all levels of education is
acknowledged by the educational research community, while the pedagogical value of
the experiments in science teaching is well established. An attempt to detect what
category of lab (real or virtual) has better learning outcomes and/or is preferable for
science teaching has been reflected in research worldwide. Adopting one method over
another has been a matter of heated debate and a great interest has been shown by
researchers all over the world regarding their relative educational effectiveness when
applied on different age groups, with often-ambiguous conclusions. Indeed, in their
final evaluation, some researchers deem imperative to consider not only the increased
in-depth knowledge on the Science or Engineering topic being taught, but also the
relevant skills students have acquired by performing the experiment — these last being
of varied practical relevance in student’s future life and profession. Focusing on all
these issues and on the need to detect the effectiveness of laboratory work, the authors
of the present study decided to investigate the way this heated debate is tilting, by
performing a comprehensive comparative meta-study between virtual and real labora-
tory educational experiments over the past decade.
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3 Methodology

To investigate and compare any detailed differences in the final effectiveness in
terms of learning outcomes of laboratory practice between real and virtual-simulated
educational environments, a two-prong approach was followed.

(A). Research papers of the last decade (articles, doctoral dissertations, reviews) re-
lated to the comparison of real and virtual workshops in science teaching were looked
into in some detail. The basic search tools were web-search tools (e.g. Google Scholar
Search Engine), online libraries, electronic journals, databases (EBSCOhost,
SCOPUS, Web of Science (Citation Indexes)), electronic books (HEAL- Link,
EBSCO), thematic guides and Portals, Catalogues of other Libraries and sites/libraries
offered to researchers by collaborating universities. To some extent, this study is a
sequel of a larger (albeit solely bibliographical) one examining the relative merits of
virtual and real experiments [63]. In that past study, we had focused on a meta-
analysis of 106 relevant papers, over a period of the past 40 years. This, however,
proved largely inconclusive, revealing no overall winner in the debate while display-
ing compatible results for either type. It was seen nevertheless, that mostly due to
changes in technology, many of the early papers studied might have been outdated,
thereby blurring the final conclusions. At the same time, it was suspected that practi-
cal educational reasons or other unexpected factors might have seriously affected the
final didactical outcome in many cases, hence the introduction of the focused inter-
viewing in the present study.

(B) During the corollary research phase, didactical observations, from 25 experi-
enced teachers from all educational levels, relevant to this long-standing debate con-
cerning the relevant effectiveness of real and virtual laboratory practices were record-
ed and analysed. All had at least 10 years teaching experience as a prerequisite to
participate, and were organised into 5 focus groups, these being suitably small to
facilitate free and stimulating discussions. From those, two expert-groups were Prima-
ry Education teachers, a further two were from Secondary Education, while a further
group was made up of 5 Higher Education teachers.

4 Main Research Results

The research, which was based on key words and critical analysis, resulted in 67
international research papers implemented from 2010 onward and concerned compar-
ative studies between real and virtual workshops investigating the most effective la-
boratory environment for the teaching and learning process [1-24], [26-60], [64-70]. It
should be noted that particular effort was made to ensure that the papers met the crite-
ria of comparison between groups with the same characteristics, the same methodo-
logical teaching approach, and the same duration of lab tasks. The research entailed a
meta-analysis of 67 studies that aimed at codifying the findings of each survey and
classifying them so that they could be grouped together and interpreted to be ready for
comparisons between them. Our research questions focused on: a) Which laboratory
environment is more effective in science teaching. b) Which laboratory environment
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is suggested as most appropriate for science teaching and c) Whether or not research
conclusions seemed to vary according to the educational level at which they were
conducted. In the present study, we will focus on four main categorizations concern-
ing the core of the educational process.

(A) Classification of surveys conducted from 2010 onwards, by education level for
the target group that participated in the survey. Specifically, 8 studies (11.9%) con-
cerned primary education, 22 (32.8%) secondary education, 31 (46.3%) higher educa-
tion and 6 (9.0%) secondary education with emphasis on teachers or other educational
structures. From what it is observed researchers have focused their interest mainly on
groups of secondary and tertiary students (79.1%), groups that constitute the core of
the educational process (Figure 1).
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Fig. 1. Classification of papers / surveys according to age of students

(B) Categorization of the most effective educational approach at all three educa-
tional levels i) real ii) virtual iii) similar results. It is observed that the majority of
researchers (55.2%) indicate similar results for both virtual and real labs as they are
seen to be equally effective during the learning process. From the rest, virtual labs are
seen by a percentage of 23.95% as the most effective experimental environments and
real labs by a percentage of 20.9% (Figure 2).

(C) Classification of the environment considered as most appropriate for the learn-
ing process into three categories

e Real
o Virtual
¢ Both labs (in combination).
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Fig. 2. The most effective experimental envi- Fig. 3. Experimental environment considered
ronment regarding learning outcomes as the most appropriate by researchers

It can be observed that the majority of researchers (61.2%) suggested as the most
appropriate experimental environment the combination of virtual and real environ-
ments, while 22.4% indicated virtual labs and 16.4% real labs (Figure 3).

An attempt was then made to investigate whether these last two differentiations
(i.e. b & c, above) are statistically significant, and furthermore whether or not they are
influenced by the level of education from which the survey sample originates.

The “chi-square” function can be used as a "goodness-of-fit" criterion, that is to in-
terpret if the frequency of occurrence of various (3 in this case) categories are compat-
ible with the differences being statistically insignificant. This being called the “null
hypothesis”, it investigates if it can be seen as likely to have occurred by chance
alone, according to a pre-determined threshold probability, i.e. the significance level.
By default, the alternative would be if, on the contrary, such distribution of frequen-
cies were unlikely to be due to mere chance. In the present case, as two different pa-
rameters are tested, we have two such “alternative hypotheses”:

Alternative hypothesis 1: The frequencies of the three levels of the Variable
“Most effective experimental environment” (Real, Virtual, Similar) are different from
each other, and not appearing so by chance.

Alternative hypothesis 2: The frequencies of the three levels of the Variable
“Most appropriate experimental environment” (Real, Virtual, Combination of both)
are different from each other. The results in relation to 2 (as they resulted from the
statistical package) are presented as:

o 1: More Effective: y2(2)=14.537, p=0.001
e 2: Most Appropriate: ¥2(2)=23.761, p<0.001

The values for both factors of 2 are statistically significant and we therefore ac-
cept the aforementioned alternative assumptions. In conclusion, the findings are suffi-
cient to support (albeit not to prove) that for both variables 1 and 2 the existence of
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maximum values is indeed significant. These are respectively “Similar” in terms of
effectiveness, results and “Combination of both labs” in terms of what is most appro-
priate.

Furthermore, a valid research question would be to investigate if the educationally
“optimum practice” may appear to depend on the age of the students (i.e. educational
level). To this effect, table 3 contains the primary data concerning the number of rele-
vant papers that are choosing the “most suitable experimental environment”, as per
the educational level of their survey:

Table 1. The Crossover Table of the Variables “Research educational level” and the “Most
Appropriate” and “Most Effective Experimental Approach”

Most Effective Most Appropriate

Types of -

Education Real Virtual Similar Real Virtual Co;?:rl]na- sum
Primary 4 (50%) | 1(12.5%) | 3 (37.5%) 4 (50%) 1(12.5%) | 3(37.5%) | 8
Secondary 2(9.1%) | 6(27.3%) | 14 (63.6%) 1 (4.5%) 6 (27.3%) | 15(68.2%) | 22
Higher 7(22.6%) | 8(25.8%) | 16 (51.6%) 5 (16.1%) 7(22.6%) |19(61.3%) | 31
Non specific| 1 (16.7%) | 1 (16.7%) 4 (66.7%) 1 (16.7%) 1(16.7%) | 4(66.7%) | 6
Total 14 (20.9%) | 16 (23.9%) | 37 (55.2%) | 11(16.4%) | 15(22.4%) |41(61.2%) | 67

From the above table it can be observed that from a total of 67 researchers 55.2%
concluded that the educational effectiveness of real and virtual to be similar. Further-
more, 61.2% consider that combining both lab types during teaching as the most ap-
propriate approach. This result is seen to be consistent irrespective of student age.
When “pressed to choose” researchers are split 23.9 versus 22.4% in favour of the
virtual labs, i.e. roughly equal. A similar, albeit less conclusive, draw (i.e. 23.9 versus
22.4% in favour of the virtual) is recorded, when researchers choose the “most appro-
priate” lab. In terms of age variation, the “combination of both” appears to predomi-
nate, with notable exception the primary education level, where real experiments still
capture researchers favour by a very slim margin. Finally, analysing the “non-
specific” category (i.e. age-independent studies) from the 6 researchers traced, 4 of
them have found the combination of the labs to be both effective and appropriate,
whereas one of researcher favours real labs, while another discusses virtual labs as
being both most effective and most appropriate. (Fig. 4 and 5 respectively).
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5 Corollary Research Results

As aforementioned, 25 experienced teachers participated, teaching to students of
different ages, which were interviewed split in 5 suitably sized expert-groups.

Practical detail considerations relating to everyday use of ICT in education was the
first line of information emphatically offered by these participants — strongly based on
historic developments. According to them, before 2000 only limited use was made of
software in the educational process, as primary and secondary school teachers were
not properly trained in ICT use, and ICT equipment in school laboratories was also
scarce. Even so, mainly demonstration type software was utilised by a few of the
participating teachers acting on their own initiative to improve variety and student
interest. From 2000 onwards, as teacher digital retraining gathered momentum, educa-
tional software use increased. Discovering their effectiveness in science learning they
gradually began using them in teaching, starting with relatively simple applications,
and even trying to adapt them to the needs of their students. Educational ICT use was
not specified but freedom to the use of “other tools” was offered, all the time having
to abide with curricula limitations. Relative lack of suitably organised and supported
laboratories persisted in most schools, while software of that period was still some-
what hard to use and complicated, and it therefore remained unpopular. These find-
ings refer to both Secondary and Primary education. Furthermore, software use in
primary education was further hampered by the widespread (yet unsupported and
irrational) belief that children’s experience of the real world should (unquestionably)
precede that of the virtual one. Conversely, helped by the fact that adolescents are
more enthusiastic and even passionate with digital technology, secondary education
science-teachers found it easier to choose and use suitable software in their classes, in
parallel to real labs. From 2010 onwards, which the present study investigates, partic-
ipants claimed that software use was integrated in both primary and secondary educa-
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tion. Its real use gradually increased as curricula clearly encouraged its use in primary
and secondary science teaching. In some cases, their use was actively promoted (e.g.
in vocational education, mechanical engineering, electronics, electricians, science
teaching for special needs education). Gradually, a wide range of software material-
ised, incorporating digital 3D environments, for all educational levels, in addition to
real labs. University students were already familiar with ICT and software use long
before their induction in primary and secondary education, but this was mainly true
for Engineering and Science departments. Their use expanded in many other depart-
ments, even Arts ones (e.g. literature, education pedagogical departments etc.), with
ICT courses in all academic curricula. Furthermore, participating university teachers
reported both real and virtual lab types being used at universities, for teaching, as well
as to offer examples for professional experience.

To proceed further, teacher preferences for each lab type needed to be specifically
investigated - for all three educational levels. These were further analysed. Although
the majority of primary and secondary education science teachers did not much use
virtual labs in the past they started using them during the past few years, helped by
their training, curricula flexibility, and their own and their learners’ digital familiari-
zation. This was for a variety of science subjects such as physics, chemistry, biology,
geography, astronomy, botany, or zoology. In primary education, the majority of
teachers argued that, real labs always fascinate young learners, and are easy to be
done in class. This, they argue, is because young learners are familiar with real ob-
jects in their real life. They, therefore, make the necessary associations to understand
the simple phenomena they study: ... they like to bring materials from home when
we ask them to and then they go home to show their parents what we did in school”,
“I always try to link the experiments to things they have in the house ... it’s easier for
them to understand..” “I like to do experiments with the kids with whatever available
in school. Sometimes we use the state software included in our material, and other
times we use simple things, real things, like things from the school canteen”. Howev-
er, primary schoolteachers also stated that they also use virtual labs in their classes.
This evolved with their own gradual digital familiarization, helped by the ever-
increasing use of digital technology by young learners. Virtual experiments were
selected for the “study of the environment” (age 11-12), involving zoology, and bota-
ny, amongst other topics: “We discussed the whales and I took them on a virtual tour
to the British Museum of Natural Sciences and we also worked on some interactive
software tasks which they enjoyed”.

In secondary education both labs are used, but as teachers argue, their students
seem to prefer virtual labs rather than real ones. This is “because teens are mainly
digitally oriented and like whatever is technology-based”. However, although teachers
like to be popular, they face a lack of adequate number of computer laboratories in
some schools. This problem is further compounded by increased demand for comput-
er-lab use from teachers of other disciplines, creating serious scheduling backlogs.
Secondary education students like to work on virtual experiments, paying more atten-
tion to them than to real ones. Teachers argue that virtual labs enhance learners’ inter-
est, creativity, and curiosity as they see them like their electronic video games. “We
do a number or experiments in the school lab but they prefer those virtual ones we do
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in the computer lab...”, “I believe they are more satisfied when they do the virtual lab
tasks, they are more familiarized with computer instructions and computers in gen-
eral”, “They handle software tasks remarkably! It’s more like their games to them...”.
However, the teachers also mention technology fatigue on behalf of their older teen
students (i.e. those in Upper Secondary). As “familiarity breeds contempt”, there is a
renewed curiosity for real/natural phenomena: “Experiments must follow the theory
behind what they study... Students are sometimes bored with software tasks and are
curious to see how the experiments work with real equipment; it makes them feel like
young scientists”.

In tertiary education, on the other hand, university teachers report the use of both
types of labs without practical hindrance (adequate equipment, large enough laborato-
ries etc.). Their decision on the type of lab relates to the topic of experimentation
while their aim is to use both as a way to supplement each other. They stress that
virtual laboratories are common practice in universities although students prefer to
have an overview of both types of labs. They also argue that virtual labs are preferred
when costly apparatuses are needed, or “dangerous” experiments are involved, but
real labs are also needed to familiarize learners with real life future professional tasks
and equipment (e.g. mechanics/engineers etc.). In general, teachers report that they do
not differentiate one lab from the other and support the fact that both labs are essential
to achieve a holistic view of reality as they both display interesting and useful fea-
tures, suitable for learning.

Finally, teachers at all three educational levels insist that both labs have something
different to give and really complement each other and they therefore suggest com-
bined use [65] or sequential one, even switching the order of use from real to virtual
and vice versa [67], [69]. This holds not only for a variety of purposes but also for a
variety of perspectives of viewing the world: “Students respond to both of them really
well and I think with the same interest”, “I could not exclude one or the other. I feel
they are both important”, “There are cases where virtual labs can give us more infor-
mation when we cannot do an experiment in the real lab but real experiments are also
important for student better familiarization with the real world”, “Students like variety
to maintain their interest”. Based on their belief for the superiority of combining both
labs, teachers wonder whether virtual reality might be the next step, as it potentially
enables learners to view the “deeper reality” through a virtual world, provided that
they have features that can simulate natural phenomena as best as possible [61], [62].

6 Conclusion

In the present study, the relative educational effectiveness of real versus virtual ex-
periments was examined, using two different research approaches. A comprehensive
meta-analysis of 67 compatible papers published during the last 10 years was first
performed, comparing real and virtual experimental environments. As a corollary to
this, focused semi-structured discussions took place involving groups of expert teach-
ers, experienced in teaching science and engineering subjects (from primary up to
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tertiary level), to gain first-hand knowledge on the practical aspects (and didactic
observations) of using both virtual and real lab approaches at school and university.

Based on the findings of the present meta-analysis it may be argued (albeit not
conclusively) that young learners of primary education show a preference towards
real labs. Virtual labs, on the other hand, outbalance real labs in the interest of teenag-
ers who, although enjoying experimenting with real objects, they are impressed by
virtual experiments and simulations that enhance their active participation in learning.
Both virtual and real labs seem to be equally preferred by university students, though
there is a growing tendency for virtual labs and simulations. In terms of new research
in the area, an increasing “trend” of new learning studies (or results) involving virtual
environments, from primary to higher education, can be observed. On one hand, this
trend derives, from the gradual familiarization and integration of new technologies in
schools. Furthermore, this trend “produces” new virtual environments that replace
those difficult to implement ones from the past. These cost-effective improvements
are largely technology-driven and simulate with increased faithfulness, to the extent
that the underlying newer “game technology” allows.

At a corollary level, the present study took into consideration the views of experi-
enced teachers of all three educational levels, not just to investigate practical issues
concerning the implementation of various lab types, but to also get their views. Such
focus groups discussions (section 5), concur with and confirm the findings of the
primary meta-analysis (section 4), presented herein.

Teachers consider that a balanced use amongst both lab types might be the best
choice. This is because, on the one hand, real experiments arouse learners’ interest in
the real and natural world, while on the other hand virtual experiments fascinate them
as they now appear familiar with ICT and/or often see them as games. Future stu-
dents, better acquainted with advanced digital skills, would certainly encourage teach-
ers to alter teaching approaches. Indeed, this would better equip students deal with the
augmented-reality or even virtual-reality aspects of their (increasingly remote) work-
place tasks. In the near future, nevertheless, teachers (of all levels) will probably con-
tinue to use any mix of available laboratory types, in accordance to their educational
needs. The exact subject taught, and practical considerations like lab scheduling and
suitable software availability will predominate in such decisions.

Looking further into the future, virtual reality with its deep sensory immersion
(perhaps involving haptic feedback) is the probable development to today’s virtual lab
simulations. When combined with artificial intelligence, these could be used for per-
sonalized learning to suit the individual cognitive and learning profile of any student
(be they from highly gifted ones, and up to special needs). Future development from
real labs, on the other hand, is likely to involve augmented reality applications, aided
by a variety of sensors embedded in real lab equipment, offering explanations and
making suggestions, all the while allowing students to manipulate real equipment.
Remote-online labs will probably further improve their human-lab interface using
such equipment-embedded sensors, by offering augmented-reality haptics and 3D
visuals, thereby merging the educational (and practical) advantages of both approach-
es. Despite these projected exciting developments for each of the two lab types, the
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question about whose type relative merits prevails still remains in balance, while ac-
cording to present findings combining both is currently educationally preferable.
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