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ABSTRACT

Innovations in the field of natural sciences have significantly improved the quality of modern
everyday life. Yet, students commonly have a negative attitude towards the natural sciences due
to the abstract nature of the subject content and the receptive approach to learning. Affective
learning outcomes in this field can be improved through both hands-on and virtual laboratory
work. However, previous (quasi-)experimental studies comparing their effectiveness in this
regard have yielded highly conflicting results. To better understand which laboratory work type
more positively influences affective learning outcomes in the natural sciences, this meta-analysis
synthesized the results of 22 pertinent (quasi-)experimental studies published in the past 20
years. Virtual laboratory work proved to have statistically significantly higher effectiveness.
Furthermore, the meta-regression showed that virtual laboratories’ effectiveness was moderated
by the approach to experimental work and the type of Likert scale used to evaluate affective
outcomes. The results revealed a significantly higher effectiveness of guided versus open inquiry
and a significantly higher mean g value when using a four-point versus a five-point Likert scale.
These findings point to fruitful approaches to improving affective learning outcomes in the
natural sciences, along with modes of evaluating their achievement. They also highlight the
necessity of devoting special attention to the development of instruments for evaluating the
effects of different laboratory activity types on affective learning outcomes. Further research is
needed to examine the role of open versus guided inquiry in achieving these outcomes.
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INTRODUCTION

With the modern world characterized by ever-accelerating changes, the significance
of science and technology has certainly come to the foreground. Accordingly,
scientific literacy has become increasingly recognized as one of the key competences
for modern living that should be systematically developed during the education
process (Sevkusi¢ & Kartal, 2017). According to the definition provided by the OECD
(2016), a scientifically literate person can explain phenomena scientifically, evaluate
and design scientific research, interpret data scientifically, and thus actively engage
in reasoned discourse about science and technology. The definition also recognizes
the affective component of scientific literacy, which pertains to students’ motivation
and affinity for the natural sciences (OECD, 2016). In line with relevant authorities’
recommendations, the goal of science education is to equip all citizens with the skills
necessary to live and work in a knowledge society and support the development
of critical thinking and scientific reasoning, which constitute the basis for making
decisions grounded in reliable and adequate information (High Level Group on
Science Education, 2007). Hence, individuals can be considered scientifically literate
only if they are able to recognize the purpose and significance of the application of
scientific knowledge in diverse contexts (Milinkovi¢ et al., 2017).

Motivation and positive attitudes towards learning are crucial to the
development of students’ scientific literacy and permanent interest in science. They
decisively shape both the learning process and student achievement (Lali¢-Vuceti¢
& Mirkov, 2023). This is supported by the results of international TIMSS research in
Serbia, which highlighted students’ self-confidence and attitudes towards the natural
sciences as crucial predictors of their achievement in this field (Josi¢ et al., 2021).

The 21¢t century has witnessed natural science advancements that have greatly
improved the quality of everyday life. And yet, research has shown that most students
still exhibit negative attitudes towards this field (Hornsey, 2020; Rutjens et al., 2018).
Both research findings and teaching practice insights indicate that students find
natural science content to be distinctly challenging, primarily due to the complexity
of the concepts (Milanovi¢-Nahod et al., 2003). Some of the key causes of students’
struggles include the concepts’ abstract nature and the large number of variables
in scientific concepts, along with terminological issues often stemming from the
fact that many words have different meanings in everyday and scientific language.

Problems also arise due to incompatibility between the structure of scientific
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disciplines and students’ cognitive structure (Gabel & Bunce, 1994; Krajcik, 1991;
Stavy, 1995, as cited in Milanovi¢-Nahod et al., 2003). The aforementioned issues are
aggravated by the fact that natural science education still mainly relies on receptive
learning, which is not conducive to active cognitive engagement and a deep mastery
of the content (Osborne et al., 2003). Hence, it is clear that overcoming difficulties in
understanding complex scientific concepts hinges on the development of approaches
that encourage interaction, experimental activity, and critical thinking among
students.

The absence of students’ active engagement during receptive learning
negatively reflects on student motivation for mastering natural science content (Tas
& Cakir, 2014). Compared to more active approaches, receptive learning results in
poorer understanding of the content, which causes increased anxiety in knowledge
evaluation situations (Nicol et al., 2022), along with low student self-efficacy (Tsai et
al., 2011). Furthermore, due to the lack of direct contact with chemical substances
and processes, students do not develop an awareness of the significance of their
application in everyday life, which reduces students’ interest in the natural sciences
and contributes to their perception of the content as abstract (Aikenhead, 2006).
Finally, the abstractness of natural science content is also related to the fact that fully
grasping physical, chemical, and biological processes requires their visualization
at the submicroscopic level, being that submicroscopic structures such as atoms,
electron beams, or cell organelles are invisible to the naked eye (Taber, 2013).

Building on the understanding that scientific literacy encompasses not only
cognitive dimensions but also attitudes, beliefs, and motivation (Lali¢-Vuceti¢ &
Mirkov, 2023), contemporary pedagogy has increasingly focused on the significance
of affective learning outcomes in the natural sciences. Affective learning outcomes
pertain to emotional components of the learning process and range from initial
readiness to receive information to integrating beliefs, ideas, and attitudes into stable
value systems. According to Bloom et al. (1964), the affective domain of learning
encompasses five levels, from directing attention to the content and readiness to
respond, through accepting and organizing values, to the highest level, which
involves building a stable system of attitudes, conscience, and self-awareness.

Experimental work in hands-on laboratories allows students to actively
manipulate chemicals and laboratory equipment and overcome most of the
aforementioned factors that negatively impact affective learning outcomes in

the natural sciences (George-Williams et al., 2018). However, equipping hands-
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on laboratories is financially demanding (Winkelman et al,, 2017), and there are
multiple reasons why this type of experimental work can give rise to negative
emotions. For instance, research has revealed that many students are afraid that
using toxic chemicals can jeopardize their health (Ali et al., 2022). Their uneasiness
can be further amplified by the fact that manual laboratory work requires keen focus
and precision in a range of fine motor activities (Taramopoulos et al., 2012). Students
also tend to feel great pressure because once they start a laboratory procedure,
they cannot pause it or undo several steps to correct mistakes made in the process
(Rutjens et al., 2018). Furthermore, hands-on experiments generally take a long time
to complete, which is why it is hardly ever possible to redo them within a single
laboratory session (Asiksoy, 2023). Finally, a relatively common situation in hands-
on laboratory work that causes a strong sense of dissatisfaction is one in which all
the experimental procedures are completed correctly, but the desired results are not
achieved due to the imprecision of certain measuring instruments (Rutjens et al.,
2018). It is also important to emphasize that hands-on laboratory work does not
allow for the visualization of submicroscopic structures (Potkonjak et al., 2016).
Thus, it does not remove a significant cause of abstractness and consequently,
students’ negative attitude towards natural science content.

On the other hand, in virtual laboratory experiments, students use equipment
and chemicals simulated on computers (Ma & Nickerson, 2006). Hence, experimental
activities that require expensive equipment and hazardous substances in hands-on
conditions can be conducted with minimal expenses and health risks (Winkelman
et al,, 2017). A great advantage of virtual laboratories is also reflected in the fact
that, in case of error, students can stop the experimental procedure at any point
and undo several steps (Nicol et al., 2022). Furthermore, the shorter duration allows
for experiments to be repeated multiple times within the allotted time (Daineko et
al., 2017). Laboratory work is also simplified by the fact that it does not require a
constant focus on executing fine manual movements, and there are no issues with
the precision of measurement instruments, which increases result accuracy (Pyatt
& Sims, 2012). All these characteristics of virtual experiments significantly reduce
the likelihood of failure, which facilitates the development of student self-efficacy,
makes laboratory work more enjoyable, and contributes to higher motivation for
learning natural science content (Husnaini & Chen, 2019). Moreover, the effective
visualization of submicroscopic structures allows virtual laboratories to significantly
reduce the abstractness of content in this field (Herga et al., 2016). On the other hand,
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virtual experiments can cause negative emotions in students who have insufficient
experience in using information and communications technology (Priest et al., 2014).
This type of laboratory work is also not suitable for tactile learners, who need direct
manual contact with substances and laboratory equipment in order to successfully
acquire new knowledge (Nicol et al., 2022). Finally, an insufficiently realistic virtual
laboratory environment and the absence of certain real-world stimuli (e.g., substance
scent and texture) can negatively affect student motivation and engagement in this
type of laboratory work (Ali et al., 2022).

Considering that both virtual and hands-on laboratories possess characteristics
that positively and negatively impact affective learning outcomes in the natural
sciences, it is not surprising that existing (quasi-)experimental studies comparing
their effects have yielded conflicting results. Whereas certain studies reported
significantly greater effectiveness of virtual laboratories (e.g., Akpan & Strayer,
2010; Gambari et al., 2013), some studies found the two laboratory approaches to be
equally effective (e.g., Oymak & Ogan-Bekrioglu, 2017; Ratamun & Osman, 2018),
and in several studies, hands-on laboratories proved significantly more effective
(e.g., Mutlu & Sesen, 2020; Waziri & Belel, 2023). To clarify the effects of virtual
and hands-on laboratories on affective learning outcomes in the natural sciences, it
is necessary to synthesize the results of previous (quasi-)experimental research on
this subject. However, certain limitations plague all existing systematic reviews and
meta-analyses synthesizing conclusions on the effects of the two laboratory types in
this field.

Firstly, Ma and Nickerson (2006) performed a systematic review that showed
that virtual laboratories had rarely been used in natural science education before
2005. Brinson (2015) detected the first noticeable increase in the number of studies
on this subject during the period between 2005 and 2015, with a significant portion
of research focusing on affective learning outcomes. However, in this systematic
review, hands-on laboratories were compared with nontraditional laboratories,
which included both virtual and remote laboratories, with 86% of studies focusing on
affective learning outcomes reporting equal or greater effectiveness of nontraditional
laboratories. Unlike Brinson’s study, certain systematic reviews only focused on one
natural science subject. In reviews in the fields of biology (Byukusenge et al., 2022)
and chemistry (Chan et al., 2021) that covered the period between 2000 and 2020,
only about 20% of included studies compared the effects of virtual versus hands-

on laboratories on affective learning outcomes. Based on their results, virtual



208 | KATARINA PUTICA and JELENA STANISIC

laboratories proved more effective than hands-on laboratories in the field of biology,
whereas no differences in effectiveness were observed in the field of chemistry.
Finally, Swastika et al. (2024) performed a systematic review of research published
between 2010 and 2023, but only focused on certain affective learning outcomes.
The review showed that virtual laboratories proved more effective than their hands-
on counterparts in nearly 60% of studies on encouraging students’ positive attitude
towards the natural sciences and around 65% of studies focusing on the development
of students’ self-efficacy in this field.

Due to reliance on quantitative data and the use of statistical methods to
synthesize research results, meta-analyses are generally considered more objective
than systematic reviews (Ahn & Kang, 2018). However, the few existing meta-
analytical studies in this field have mostly compared the overall effectiveness of
virtual versus hands-on laboratories. Tsihouridis et al. (2019) conducted a meta-
analysis of 106 studies published between 1978 and 2018 (most of them conducted
after 2005) and established that hands-on and virtual laboratories had equal total
effectiveness. On the other hand, Santos & Prudente (2022) analyzed the results of 15
studies published between 2015 and 2020, whereas Syhwin et al. (2022) synthesized
the results of 24 studies published between 2013 and 2021, and both meta-analyses
showed that virtual laboratories had a significantly greater total effectiveness, with
the former identifying a moderate effect and the latter reporting a large effect size.
Finally, Antonio and Castro (2023) conducted a meta-analysis of 15 studies on
student academic achievement in physics published between 2017 and 2020 and
found that virtual laboratories had a significantly greater effectiveness, reporting a
large effect size.

Having in mind the need for a synthesized conclusion regarding the effects of
virtual and hands-on laboratories on affective learning outcomes, the fact that such
conclusions are more objective when derived via meta-analysis, and the absence of
existing meta-analytical studies on this subject, the first aim of this research was
to meta-analytically determine whether virtual laboratories are more effective than
their hands-on counterparts in terms of improving affective learning outcomes
in the natural sciences. The second aim was to employ meta-regression to identify

variables moderating the effectiveness of virtual laboratories.
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B METHOD
Literature search and study relevance criteria
As shown in Figure 1, studies included in this meta-analysis were selected with the

application of the PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) protocol (Moher et al., 2009).

FIGURE 1. PRISMA flow chart
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Firstly, during May 2025, a literature search was performed that encompassed
peer-reviewed papers in English published in scientific journals between 2005 and
2025. The search was limited to literature in English due to its easy accessibility to
international researchers, whereas the timespan was determined based on the rarity
of virtual laboratory use in natural science education before 2005 (Ma & Nickerson,
2006). Considering that the use of at least two electronic information sources
significantly reduces the likelihood of potentially relevant studies going undetected
(Ewald et al., 2022), the literature search relied on the Education Resources and
Information Center (ERIC), a database specializing in educational research, and the
Google Scholar academic search engine. The keywords pertained to the laboratory
approaches whose effectiveness was compared (virtual laboratories AND real
laboratories OR hands-on laboratories), natural science subjects (chemistry OR
physics OR biology OR science), and the most commonly explored affective factors in
pedagogical research in this field (attitude OR motivation OR interest OR enjoyment
OR self-efficacy OR anxiety). As recommended by Escueta et al. (2020), relevant
studies were also sought within the reference lists of already identified studies of
interest. This allowed for the identification of 843 potentially relevant papers (829
using electronic databases and 14 via reference search).

In the subsequent step, the identified studies’ titles, abstracts, and keywords
were screened to eliminate duplicates, papers describing the development of virtual
laboratories aimed at improving affective learning outcomes, and studies that
qualitatively compared the effectiveness of virtual versus hands-on laboratories.
After also eliminating studies, whose full texts were not retrieved, the remaining
306 papers were analyzed in their entirety in order to identify studies relevant to this
meta-analysis. Relevant studies were characterized by a (quasi-)experimental design,
data collection relying on valid and reliable instruments, precisely reported sample
sizes, and sufficient statistical parameters (arithmetic means and standard deviations,
or the values of the t-, F-, or y*-test) necessary to calculate effect size. It was likewise
important to determine whether control group participants personally conducted
experiments in a hands-on laboratory (i.e., that they did not merely observe the
teacher’s demonstration, which is often the case due to efforts to reduce the cost of
chemicals and equipment used), as well as whether experimental and control groups
performed an identical set of laboratory activities. Finally, the application of these

criteria resulted in the identification of 22 relevant studies.
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Data coding

For all studies included in this meta-analysis, data were collected for the following
variables, which were treated as potential moderators of virtual laboratories’
effectiveness:
1. Geographical location;
. Education level;
. Natural science subject;
. Sample size;
. Laboratory work duration in weeks;
. Virtual laboratory design (2D or 3D);
. Work mode (individual or group work);

. Approach to experimental work (open inquiry or guided inquiry);

O 00 N O U1 A~ W DN

. Mode of evaluating affective outcomes (only after or both before and after
laboratory work);
10. Likert scale type (four-point or five-point scale).

An overview of the aforementioned data is provided in Supplement 1.

Calculating effect size

In pedagogical research, the most common effect size indices are Cohen’s d and
Hedge’s g (Kraft, 2020). Whereas the application of Cohen’s d leads to effect size
overestimation in studies with up to 50 participants, the value of Hedge’s g does not
depend on sample size (Hedges & Olkin, 1985). Considering that this meta-analysis
encompassed 17 studies with more than 50 participants and five studies with smaller
samples, Hedge’s ¢ was used as the effect size index. For each study, one g value was
calculated and interpreted following the principles also applied to Cohen’s d (Cohen,
1992). Thus, a value under 0.2 indicated a negligible effect, 0.2 to 0.49 a small effect,
0.50 to 0.79 a moderate effect, and 0.80 and over a large effect.

Assessing heterogeneity and selecting the model for calculating
the mean Hedge’s g value

Heterogeneity indicates that differences in effect size values for the studies included
in the meta-analysis are not mere consequences of sampling errors, but reflect actual

differences in the ways the studies were designed and conducted (Higgins et al.,
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2009). In the present meta-analysis, the heterogeneity of the obtained g values was
assessed using the Q test and the I” index. If the statistically significant Q test and
the I?value greater than 50% indicate heterogeneity, as is most commonly the case,
the mean effect size values are calculated using the random-effects model. Based on
this model, due to the actual between-study differences, the true effect size values are
not identical for all studies encompassed by the meta-analysis, which further means
that differences between the calculated effect size values are not exclusively caused
by sampling errors (Borenstein et al., 2010). On the other hand, in the absence of
heterogeneity, the mean effect size value is calculated using the fixed-effect model.
According to this model, differences in the calculated effect size values emerge
exclusively due to sampling errors, and the true effect size value is equal for all
included studies (Borenstein et al., 2010). To conduct this meta-analysis, including
heterogeneity testing and the consequent application of the adequate model for
computing the mean Hedge’s g value, the JASP (JASP Team, 2025) statistical software

was used.

Publication bias

Publication bias constitutes one of the main factors that negatively affect the validity
of meta-analysis results. It occurs due to the fact that papers are far more rarely
published in scientific journals if they report no significant differences in the
effectiveness of experimental versus traditional approaches or prove the traditional
approach to be significantly more effective (Higgins et al.,, 2009). In this study,
publication bias was tested using a funnel plot with the application of Egger’s
(Egger et al,, 1997) and Begg-Mazumdar (Begg & Mazumdar, 1994) statistical
tests. The symmetrical funnel plot and the statistically nonsignificant results of the

aforementioned tests indicated the absence of publication bias.

Meta-regression

A single-variable meta-regression analysis was conducted to establish which of the 10
previously defined variables significantly affected the heterogeneity of the calculated
g values, that is, which of them moderated the effectiveness of virtual laboratories.
This analysis type requires a minimum of 10 studies per variable (Higgins et al.,
2019). According to Borenstein et al. (2017), the significance threshold should be set
at p<0.100.
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RESULTS AND DISCUSSION

Out of the 22 studies included in this meta-analysis, eight were conducted in Africa,
eight in Europe, four in Asia, and two in North America. A total of 13 studies
were conducted at secondary schools, seven were conducted at the university level,
and two focused on primary school students. The meta-analysis encompassed
studies with a total sample size of 2,967 students. In 50% of the studies, samples
ranged between 51 and 100 participants. Eleven studies focused on physics, six on
chemistry, four on biology, and one on several natural science subjects. Laboratory
work duration ranged between one and 16 weeks, with the most common duration
(14 studies) being one to four weeks. In 20 studies, 2D virtual laboratories were
used, whereas two studies involved the use of 3D virtual laboratories. In thirteen
studies, laboratory activities were performed individually, and in nine studies, they
were conducted through group work. In 15 studies, students engaged in step-by-step
guided inquiry projects, whereas the open-inquiry method was employed in seven
studies. Finally, 18 studies evaluated affective learning outcomes both before and
after the completion of laboratory work, whereas four studies only conducted the
evaluation after laboratory activities were completed. For the evaluation of affective
learning outcomes, 14 studies used a five-point Likert-type scale and eight studies
used a four-point Likert scale.

Presented in Figure 2 is a forest plot of Hedge’s g values and corresponding 95%
confidence intervals for all studies included in this meta-analysis. Hedge’s g values

were negative for six studies and positive for the remaining 16.
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FIGURE 2. Forest plot
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Given the statistically significant Q test (p=0.007) and the I” value of 89.36%, which
indicated heterogeneity, the mean Hedge’s g value was computed using the random-
effects model. The obtained results (Table 1) showed that, on average, virtual
laboratories had a small, positive, and statistically significant effect on affective

learning outcomes in the natural sciences.

TABLE 1. Meta-analysis results after applying the random-effects model

95% confidence interval

Hedge’s g SE z p
Lower bound

0.101

Upper bound
0.639

0.370 0.137 2.695 0.007

As previously emphasized, existing meta-analyses of virtual and hands-on
laboratory application in natural science subjects have only compared the
overall effectiveness of these approaches and their effects on students’ academic
achievement, with most meta-analyses reporting a moderate (Santos & Prudente,
2022) or large (Antonio & Castro 2023; Syahwin et al.,, 2022), positive, and
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statistically significant effect of virtual laboratories. The present study’s results
expand on previous findings, showing that although the identified positive effect
was somewhat smaller, virtual laboratories proved to have a significantly greater
potential for improving affective learning outcomes in the natural sciences
compared to hands-on laboratories.

The symmetrical funnel plot (Figure 3) and the statistically nonsignificant
results of Egger’s (p=0.850) and Begg-Mazumdar (p=0.178) tests indicated the
absence of a negative impact of publication bias on the validity of the results of this

meta-analysis.

FIGURE 3. Funnel plot
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Finally, the results of the meta-regression revealed that virtual laboratories’
effectiveness was not moderated by geographical location (p=0.105), sample size
(p=0.306), education level (p=0.825), natural science subject (p=0.816), laboratory
work duration (p=0.432), individual versus group work (p=0.674), virtual laboratory
design (p=0.278), or the mode of evaluating affective learning outcomes (p=0.298).

However, the scale type used to evaluate affective learning outcomes did emerge as
a moderator (p<0.001). The expected mean Hedge’s g value for studies employing
a five-point Likert scale was lower by 0.817 than the expected mean Hedge’s g

value for studies that used a four-point Likert scale. A possible explanation for this
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finding can lie in the fact that a four-point scale only contains positive and negative
responses, whereas a five-point scale also features a neutral response. Namely,
research has shown that students whose attitudes are not neutral often choose the
neutral option if they believe that their true responses are not socially desirable
(Kankara§ & Capecchi, 2024). Considering that teachers and other education
authorities constantly emphasize the significance of hands-on laboratory work as
the cornerstone of high-quality natural science education, it is possible that some
students who had positive attitudes towards virtual laboratories tried to moderate
their attitudes by choosing the neutral option, which decreased virtual laboratories’
mean effect size when a five-point Likert scale was used.

The second moderator identified in this study was the approach to experimental
work (p=0.031). The expected mean Hedge’s g value for studies based on open
inquiry (with students independently determining the order of experimental steps)
was lower by 0.589 than the expected mean Hedge’s g value for studies based on
guided inquiry. This result is in line with the findings of a previous study in the field
of chemistry that found that students preferred guided to open inquiry and believed
that it more greatly contributed to the acquisition of new knowledge (Chatterjee et al.,
2009), as well as the results of a study in the field of biology in which guided inquiry
proved significantly more successful than open inquiry in terms of supporting the
development of students’ self-efficacy (Gormally et al., 2009). In great part, these
results can be explained by the fact that experimental activities based on open
inquiry are far more cognitively demanding compared to guided laboratory work
(Kang & Keinonen, 2018). Likewise, when independently determining the correct
sequence of experimental steps, students are more than likely to experience failure at
some point, which can lead to disappointment and fear of the negative consequences
of not completing the experiment within the designated timeframe. On the other
hand, when the teacher provides the correct sequence of experimental steps, students
find it far easier to achieve the desired outcomes of laboratory work, which results in
positive emotions, but can also lead to an unjustified sense of superiority (Gormally
et al., 2009).
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CONCLUSION

As one of the key competences for lifelong learning, scientific literacy does not only
refer to the understanding and knowledge of scientific conceptsand processes, butalso
encompasses critical thinking, understanding the nature of science, and developing
affective aspects, including attitudes, beliefs, and motivation to engage with science.
This study employed meta-analysis to establish whether virtual laboratories are
more effective than their hands-on counterparts in terms of improving affective
learning outcomes in the natural sciences. Another aim was to use meta-regression
to identify variables moderating virtual laboratories’ effectiveness.

The meta-analysis revealed that, on average, virtual laboratories had a
small, positive, and statistically significant effect on affective learning outcomes
in the natural sciences. Compared to hands-on laboratories, virtual laboratories
showed a significantly higher potential for improving affective learning outcomes.
These findings indicate that a well-designed and pedagogically integrated digital
environment can more greatly contribute to the development of students’ interest,
motivation, and positive attitudes towards the natural sciences. Still, it should
be emphasized that virtual laboratories are not meant to replace but supplement
traditional laboratory activities. Students’ direct, hands-on experience with the
subject matter is a prerequisite to fully achieving learning outcomes, particularly
in the affective domain. It is necessary to create a stimulating learning environment
that simultaneously contributes to the development of both cognitive and affective
aspects of students’ scientific literacy.

The meta-regression results revealed that virtual laboratories™ effectiveness
was not moderated by geographical location, sample size, education level, natural
science subject, laboratory work duration, work mode (individual or group), virtual
laboratory design, or mode of evaluating affective learning outcomes. However,
the type of Likert scale for evaluating affective outcomes and the approach to
experimental work emerged as significant moderators that could affect the obtained
results.

Meta-analyses allow both researchers and teachers to rely on the synthesis of the
results of a vast number of studies to reach reliable conclusions on the effectiveness
of different teaching methods. Furthermore, these analyses reveal inconsistencies
in research findings and highlight topics and problems that merit further research.

Our study findings indicate that researchers should particularly focus on devising
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instruments for evaluating the effects of certain types of laboratories on affective
learning outcomes. They further point to the need for further research on
experimental activities, that is, the roles of open and guided inquiry in achieving
affective learning outcomes.

Finally, when interpreting the obtained results and recommendations, it is
important to bear in mind certain limitations of this meta-analysis. First of all,
the literature search relied on only two electronic data sources (the ERIC database
and the Google Scholar academic search engine). Hence, it is possible that the
analysis did not encompass a certain number of relevant studies indexed in
other electronic sources, such as Scopus and Web of Science. Furthermore, the
set criteria limited the search to high-quality, peer-reviewed literature that was
easily available to an international audience. However, this may have resulted in
the exclusion of some relevant studies within gray literature, as well as studies in
languages other than English. Finally, another limitation stemmed from treating
affective learning outcomes as a single, unitary construct due to the fact that the
paucity of available relevant studies currently precludes meta-analysis of virtual
and hands-on laboratories’ effects on distinct affective learning outcomes in the

natural sciences.

Note. This research was funded by the Ministry of Science, Technological Development, and
Innovation of the Republic of Serbia (Contract No. 451-03-136/2025-03/200288 and 451-03-136/2025-
03/200018). The research pertained to the United Nations’ Sustainable Development Goal 4 (Quality
Education), defined in the 2030 Agenda for Sustainable Development.
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