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Virtual reality (VR) has emerged as a promising tool for enhancing practical skills of students in science and engi-
neering education. However, the effectiveness of VR in this context remains unclear due to inconsistent findings
across studies. This meta-analysis aimed to synthesize the existing literature and investigate the overall impact of VR
on practical skills among science and engineering students. A comprehensive literature search was conducted, yield-
ing 37 empirical studies published between 2000 and 2022 that met the inclusion criteria. The analysis included 72
effect sizes, and the random-effects model was employed to account for heterogeneity among studies. The results
revealed a significant moderate positive effect of VR on practical skills (g=0.477). Moderator analyses indicated

that the disciplinary category significantly influenced the effect size, with medical students demonstrating the larg-
est improvement in practical skills. Additionally, using the practice approach combining with traditional methods
yielded the highest effect size among the instructional approaches. The study also considered potential reasons
behind the observed results and acknowledged certain constraints. Additionally, it proposed avenues for further
inquiry to advance the understanding of the subject matter.
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Introduction

Practical skills refer to the abilities that students need to
carry out practical work effectively and efficiently (Hay-
ward, 2003). In science and engineering education, these
skills primarily involve the proficiency in manipulating
apparatus and equipment, conducting experiments, and
analyzing data (Panuluh, 2022). Previous research has
established the vital role of practical skills in applying
theoretical knowledge to real-world scenarios; they serve
as a critical link between classroom learning and practi-
cal application (Jou & Wang, 2013). Moreover, practical
skills are essential for understanding and solving complex
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concepts in science and engineering disciplines. These
disciplines often require practical experience to fully
grasp complex concepts (Paszkiewicz et al., 2021), par-
ticularly for engineering students who are expected to
excel in designing and analyzing complex systems—a skill
traditionally honed through hands-on experience in labo-
ratory settings (Rio & Rodriguez, 2022).

Researchers have made various explorations into cul-
tivating the practical skills and learning outcomes of
science and engineering students. For instance, Chiu
and Li (2023) discussed the affordances and challenges
of emerging technologies in designing and implement-
ing STEM education. Wang et al. (2022) conducted a
systematic review of integrating STEM education into
K-12 curricula, providing valuable insights into this
educational approach. Additionally, Gui et al. (2023)
explored the effectiveness of digital educational games
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and game design in STEM learning. Webber et al. (2024)
examined the benefits of work-related experiences and
their impact on career competencies for STEM stu-
dents. Another notable approach is the utilization of
educational robots, as demonstrated by Ouyang and Xu
(2024), which integrates hands-on experience with the-
oretical knowledge to enhance students’ understanding
and application of STEM concepts. Nevertheless, due
to the limited access to specialized equipment, safety
concerns regarding hands-on experimentation, and
the escalating costs associated with maintaining labo-
ratories, some researchers have endeavored to enhance
students’ practical skills in virtual reality (VR) environ-
ments. These settings offer a virtual environment that
can simulate real-world conditions, providing students
with immersive experiences (Maksimenko et al., 2021;
Pottle, 2019). A paradigm shift in science and engineer-
ing education is underway, driven by the increasing
demand for skilled professionals in these fields and the
continuous evolution of VR technology.

Despite the growing interest in the use of VR in sci-
ence and engineering education, the existing litera-
ture on its impact on practical skills presents a mixed
picture. While many studies highlight VR’s positive
effects on enhancing students’ practical skills (Omori
et al, 2023; Park et al,, 2019; Ros et al,, 2021; Singh
et al,, 2015), others report no significant improvement
in VR environments (Darrah et al, 2014; Lorenzo-
Alvarez et al., 2019). This inconsistency in outcomes
suggests that a more comprehensive understanding of
VR’s effectiveness is needed to inform educational pol-
icy and practice. Accordingly, it is essential to obtain
definitive data from a novel quantitative perspective to
assess the comprehensive influence of VR on students’
proficiency in practical abilities.

This study makes two main contributions. First, it pre-
sents the most extensive compilation of data thus far
regarding the impact of VR technology on the enhance-
ment of practical skills among science and engineering
students. This evidence serves as valuable references for
educators and curriculum developers, as they offer evi-
dence-based insights into the conditions under which
VR is most beneficial. Second, this study delves into the
examination of various factors that could potentially
influence the correlation between the application of VR
and the development of practical skills. By exploring a
range of moderating variables, the research addresses
inconsistencies observed in previous studies, and it pro-
vides a clearer understanding of how different elements
can modify the effectiveness of VR in an educational
context.
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Previous works

VR on practical skills

VR is a computer-generated three-dimensional immer-
sive environment that can simulate a fictional universe
and the real world, thus making it applicable in various
fields (Elmqaddem, 2019). Currently, with the develop-
ment of technology, VR technology has penetrated highly
diverse fields and sectors, such as language learning (Hua
& Wang, 2023), surgical education (Singh et al., 2015),
cultural heritage (Chong et al., 2021), and sports train-
ing (Richlan et al., 2023). Powered by graphics technol-
ogy and specific devices (Lin, 2021), VR systems enable
egocentric navigation, in which the user observes the
virtual world from within the environment itself, foster-
ing a heightened sense of presence, immersion, and an
increased perception of reality as the scene dynamically
updates through head turns or body movements (Mas-
nadi et al., 2022; Slater, 2018). Leveraging these features,
an increasing number of higher education institutions are
adopting VR to improve practical skills among college
students (Soliman et al., 2021).

In science and engineering education, VR technology
is increasingly being adopted to act as virtual simulations
or virtual labs to enhance the practical skills of college
students. For instance, Paxinou et al. (2020) present the
integration of three different teaching scenarios during
biology laboratory lessons. They highlight the potential
predominant effectiveness of teaching and improvement
in students’ learning through the use of the three-dimen-
sional VR educational tool, Onlabs. The study provides
evidence in favor of the application of VR. Similarly,
Omori et al. (2023) used VR and lectures as two different
learning methods for hand hygiene and personal protec-
tive equipment training for medical students. They found
that VR could be a useful tool for learning and practic-
ing infection control procedures. Furthermore, Wells
and Miller (2020) studied the effect of VR technology
on welding skills” performance in gas metal arc welding
training. They found that VR training group improved
their welding skill, as measured by American Weld-
ing Society standards. They suggested that VR has great
potential in welding training. Despite the benefits, chal-
lenges such as usability issues with low-cost VR headsets
may negatively affect the overall user experience. None-
theless, the immersive and authentic nature of VR experi-
ences is preferred by students and is seen as a valuable
addition to higher education curricula.

Previous reviews and meta-analyses

While previous reviews and meta-analyses have evalu-
ated the impact of VR on science and engineering
learning outcomes, many have focused narrowly on cog-
nitive or affective results like knowledge, attitudes, and
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motivation (Asad et al.,, 2021; Cromley et al., 2023; Ham-
ilton et al., 2020; Yu & Xu, 2022; Zhou & Li, 2019). Fur-
thermore, most reviews and meta-analyses focusing on
practical skills concentrate on a single discipline, such as
medicine (Chen et al., 2020; Lau et al., 2023), agriculture
(Wells & Miller, 2020), engineering (Di Lanzo et al., 2020;
Huang & Roscoe, 2021), and science (Durukan et al.,
2020; Wang, 2021).

Two meta-analyses have investigated the impact of VR
on practical skills among science and engineering stu-
dents, but they have certain limitations. Angel-Urdinola
et al. (2021) found an overall positive impact, attributed
this to VR’s capacity for immediate feedback, engage-
ment, and real-world transfer. However, their analysis
lacked an examination of key moderating factors such as
immersiveness of VR during VR training. In contrast, Ma
et al. (2022) considered moderators like measurement
methods, prior experience, and supplementary tech-
niques, and also found a significantly positive effect. Nev-
ertheless, their focus was solely on one aspect of practical
skills—technical proficiency—and did not provide a com-
prehensive discussion of practical skills as a whole.

In summary, current meta-analytic perspectives on
VR’s effectiveness for building practical skills among
college science and engineering students are limited.
Although offering initial positive indicators, the existing
reviews have yet to comprehensively account for factors
like instructional design variations. A more rigorous,
expansive synthesis accounting for key moderators would
provide vital clarity regarding how VR instruction ampli-
fies technical abilities.

Moderator variables

This study considered identifying a set of moderator vari-
ables that could serve as a direct reference for educators
in the use of VR for enhancing practical skills. The selec-
tion of moderator variables was rigorously grounded in
the existing literature, drawing extensively from prior
research (Di & Zheng, 2022; Ma et al.,, 2022). We pin-
pointed level of immersion, instructional approach,
disciplinary category, learning cycle duration, and pre-
training as moderators. These variables were chosen
because of their frequent examination in the experimen-
tal designs of the selected literature and their relative
ease of quantification.

Level of immersion

The level of immersion in VR environments plays a cru-
cial role in determining the effectiveness of VR appli-
cations for various purposes. Lin (2021) classified VR
into low immersion VR (LiVR) and high immersion VR
(HiVR) based on the level of immersion experienced by
users. HiVR typically involves the use of head-mounted
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displays (HMDs) that provide a more immersive experi-
ence by allowing users to interact with the virtual envi-
ronment in a more realistic and engaging manner. On the
other hand, LiVR utilizes devices such as PC monitors,
tablets, or mobile phones, which offer a less immersive
experience compared to HMDs.

Instructional approach

Instructional approach has been the focus of previous
studies (Scherer et al., 2020). Three main approaches
have been identified: practice, presentation, and inde-
pendent (Mayer, 2008). The practice approach involves a
combination of traditional learning methods followed by
practical exercises using VR technology. The presentation
approach utilizes VR to demonstrate complex concepts
or knowledge to aid student learning. The independent
approach entails students learning solely through VR
without the integration of traditional methods. These
instructional approaches are crucial as they align with
evidence-based principles for designing effective multi-
media instruction. The relationship between theory and
practice in instructional methods is essential for ensur-
ing that teaching strategies are consistent with research-
based theories of learning.

Disciplinary category

VR has shown promise in enhancing education across
disciplines. According to Ma et al. (2022), the disciplinary
category comprising biology, geography, mathematics,
physics, and chemistry is classified under ‘Natural Sci-
ence! Engineering and architecture are combined into
‘Engineering Technology, while medicine, nursing, and
anatomy fall under 'Medical Science. Another group is
agriculture. The effectiveness of VR teaching has also
been studied in various disciplines, such as science (Hu
et al, 2021; Paxinou et al., 2020), engineering (Singh
et al., 2020), agriculture (Wells & Miller, 2020), and medi-
cine (Omori et al., 2023). The variations in disciplines
may contribute to different experimental outcomes. Fur-
thermore, studies differ significantly in their learning
cycle duration.

Learning cycle duration

The duration of the learning in VR has been a topic of
interest in educational research. Dai et al. (2022) dis-
cussed varying perspectives on the optimal duration for
learning in VR, with some studies suggesting longer dura-
tions may be beneficial for learning, particularly in con-
texts like surgical skill performance, while other research
proposes that shorter durations could be more effective
(Jensen & Konradsen, 2018). By reviewing the empirical
studies and meta-analyses, we categorized learning cycle



Yang et al. International Journal of STEM Education (2024) 11:28

duration into five groups: 0 to 1 day, 1 to 15 days, 15 to
30 days, and over 1 month.

Pre-training

Pre-training in VR has been a subject of interest in
enhancing practical skills for college students in sci-
ence and engineering education. Previous studies have
examined the moderating role of pre-training, but have
not reached a consistent conclusion. Meyer et al. (2019)
found positive effects of pre-training principles in immer-
sive VR, suggesting its potential to improve learning out-
comes. Pre-training can reduce students’ cognitive load
to a certain extent, which may also positively impact their
learning results. Therefore, we recorded whether there is
pre-training in the included literature.

Purpose of this meta-analysis

The burgeoning field of VR holds substantial promise for
augmenting practical skills in science and engineering
education. Despite this potential, there are inconsistent
research findings about the effectiveness of VR on practi-
cal skills, and there is also a lack of systematic review to
shed light on the inconsistent findings from these empiri-
cal studies. Therefore, this study aimed to thoroughly
examine the effect sizes of VR on practical skills among
science and engineering students from 2000 to 2022. By
serving as a robust reference for both researchers and
educators, this work endeavors to bridge the existing
knowledge gap.

To achieve this objective, we employ a meta-analysis
approach to synthesize the results of existing studies.
Meta-analysis synthesizes data across studies address-
ing the same conceptual question by extracting each
study’s effect size (Glass, 1976). Additionally, our analysis
of moderators contributed to an exploration of the rela-
tionships between potential variables and practical skills.
Therefore, this study employed a meta-analysis method
to investigate the impact of VR on practical skills. The
two research questions are as follows.

1. How effective is VR in enhancing the practical skills
of students in science and engineering?

2. How do various moderator variables, such as level of
immersion, instructional approach, disciplinary cate-
gory, learning cycle duration, and pre-training, influ-
ence the effects of VR?

Method

This study utilized meta-analysis as the research method
to examine the impact of VR on the practical skills of col-
lege students in science and engineering. We collected
data from controlled experiments by employing com-
parative methods, sample sizes, and p values to assess the
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impact of VR on practical skills. This study followed a rig-
orous research process to collect, analyze, and summa-
rize empirical evidence related to the research questions.
In particular, the analysis followed the meta-analysis cri-
teria proposed by Glass (1976) and referred to the proce-
dure outlined by Page et al. (2021).

Literature search

To conduct the meta-analysis on the role of practi-
cal skills in VR and immersive learning environments,
we conducted a comprehensive search across multiple
databases, including Educational Resource Information
Center, Springer Link, Web of Science, Science Direct,
and China National Knowledge Infrastructure. The key-
words included “virtual realityy “immersive learning
environment,” and “practical skills” In addition, these
keywords were also searched in the databases using the
Boolean operator “AND” in combination with the term
“meta-analysis” This approach helped us to find relevant
literature in some meta-analysis articles that were con-
sistent with our study, thus further ensuring the com-
prehensiveness of the literature search. The search was
limited to studies published between 2000 and 2022.
After screening the titles and abstracts, we included rel-
evant studies that met the predefined inclusion criteria.

Literature selection and inclusion criteria

Through the literature search, we identified that VR
teaching has gained significant traction in K-12 and
higher education, particularly in the context of practi-
cal simulation training. To ensure objective conclusions,
we established specific exclusion rules for the literature
screening process:

(1) It must have no duplication.

(2) It must include the impact of VR-based teaching on
the learning effect of practical skills.

(3) It must be an empirical research article and a con-
trolled experiment.

(4) Participants must be college students of science and
engineering.

(5) Complete data that can be used to calculate effect
sizes must be provided.

Ultimately, 37 articles met the inclusion criteria and
were included in the analysis. The selection process
flowchart for the entire search process and outcomes is
shown in Fig. 1.

Coding framework

Several salient characteristics, as described under “Mod-
erator variables’, were coded into different levels based
on the possibility that they could have influenced the



Yang et al. International Journal of STEM Education (2024) 11:28

Records identified
through database searching
(n=1524)

Records after duplicates removes
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Read the title, abstract and key

(n=1197)

l

Literature assessed for eligibility

words before deleting irrelevant literature
(n=698)

Didn't belong to experimental

(n=499)

Belonged to

research designs
(n=367)

Excluded the articles with no available data

experimental research designs
(n=132)

Literature included in the meta-
analysis
(n=37)

[ Included ] [ Eligibility ] [ Screening ] [Identiﬁcation]

Fig. 1 Flowchart of literature screening

findings across the primary studies. To ensure the reli-
ability of the coding, three researchers independently
coded 25 randomly selected primary studies (20% of all
studies). The coding consistency coefficient among the
three coders was calculated and the coding results were
highly reliable (x=0.81). Differences arising in the pro-
cess of coding were negotiated among the three coders by
consulting the original literature. Once the coding pro-
cedures were established, differences among the coders
were resolved, and the coding reliability established, the
remaining studies were then randomly divided into three
groups, with each coder independently coding one group
of the studies.

This coding scheme was developed through two steps.
The first step was to select super dimensions based on
the analysis framework of previous studies (Di & Zheng,
2022; Ma et al, 2022). The second step was to refine
subdimensions through the research method sections
of the selected articles. In this coding scheme, there are
five potential moderators identified, since they might
lead to a variance in effect sizes. Therefore, information
extracted from the literature includes authors’ names,
year of publication, number of participants, and research
result data. In addition, moderator variables, such as
level of immersion, instructional approach, disciplinary
category, learning cycle duration, and pre-training, also
needed to be extracted and coded from the literature
(see Table 1). To ensure the objectivity of the coding

(n=95)

process, two researchers in this study independently con-
ducted the coding for the 37 empirical research articles
included in the meta-analysis. The consistency of the
coding results was assessed using SPSS 25, and the cal-
culated kappa value was 0.860, exceeding 0.8, indicating a
high level of coding consistency. Any discrepancies were
resolved through discussion and, if necessary, mediated
by a third author to achieve consensus.

Data analysis

To assess publication bias, the funnel plot method was
employed for qualitative analysis. The funnel plot can
detect possible bias in a more intuitive way, but the anal-
ysis of results is subjective, so Egger et al’s (1997) test, the
trim-and-fill method, and the fail-safe N test were used
for quantification. The intercept term in Egger analysis
represents the relationship between effect size and pre-
cision. If the intercept term is not equal to zero, it indi-
cates the presence of publication bias. The trim-and-fill
method (Duval & Tweedie, 2000) was utilized to identify
potential asymmetry possibly caused by publication bias.
Additionally, this study employed the fail-safe N, as sug-
gested by Rosenthal (1979). When the fail-safe N exceeds
5K+ 10, insignificant results are unlikely to impact the
average effect size of the meta-analysis conducted in
this study. Here, K denotes the total number of articles
included.



Yang et al. International Journal of STEM Education (2024) 11:28 Page 6 of 15
Table 1 Characteristics of studies included in the meta-analysis
Authors (year) N Level of Instructional Disciplinary category  Learning cycle duration Pre-training
immersion approach
ismailoglu et al. (2020) 60 L D Medicine 0-1day Y
Al-Azawei et al. (2019) 32 H 1D Engineering 0-1day N
Baser and Durmus (2010) 80 L D Science 15 days to 1 month N
Bayram and Caliskan (2019) 86 L PT Medicine 1-15 days Y
Chauetal. (2013) 105 L PT Engineering >1 month Y
Chu et al. (2020) 151 H PT Medicine >1 month Y
Crochet et al. (2011) 22 H D Medicine >1 month Y
Cruz et al. (2013) 20 L PT Medicine 0-1day N
Darrah et al. 2014) 49/45/ L ID/PT Science >1 month Y
51/47
Dubovi et al. (2017) 129 L D Medicine 0-1day N
Goderstad et al. (2020) 23/21 H ID Medicine >1 month Y
Hu et al. (2021) 53 H D Science 0-1day Y
Liu etal. (2021) 51 H D Science 0-1day Y
Loetal. (2022) 77 L PS Medicine 0-1day Y
Lorenzo-Alvarez et al. (2019) 156 L PS Medicine 15 days to 1 month Y
Madan and Frantzides (2007) 31/33 L ID Medicine 1-15 days N
Mansoory et al. (2022) 50 H PS Medicine >1 month Y
Meyer et al. (2019) 57/61 H D Science 1-15 days Y/N
Miller et al. (2021) 203 H PS Science >1 month Y
O'Connor and Rainford (2023) 191 H D Medicine > 1 month N
Okutsu et al. (2013) 136 L D Engineering >1 month Y
Omlor et al. (2022) 101 H PS Medicine 1-15 days N
Omori et al. (2023) 42 H PS Medicine 0-1day Y
Park et al. (2019) 72 H D Medicine >1 month N
Parong and Mayer (2018) 55 H D Science 0-1day N
Paxinou et al. (2020) 54/53 L ID Science 0-1day Y
Qietal. (2021) 60 H PS Medicine 1-15 days N
Ros et al. (2021) 89 H PS Medicine 0-1day Y
Singh et al. (2015) 16 H D Medicine 1-15 days Y
Singh et al. (2020) 65 L PS Engineering 0-1day Y
Smith and Hamilton (2015) 20 L PT Medicine >1 month N
Sultan et al. (2019) 169 H PS Medicine >1 month N
Wells and Miller (2020) 51/50 H ID/PT Agronomy >1 month Y
Youngblood et al. (2005) 30/33 H D Medicine 1-15 days N
Yuetal. (2021) 50 H D Medicine >1 month N
Zhang et al. 2021) 30 L ID/PT Medicine 1-15 days Y
Zhou et al. (2011) 48 L D Engineering 0-1 day Y

N sample size, L LiVR, H HiVR, PT practice, PS presentation, /D independent, Y yes, N no

We assessed the homogeneity of effect sizes by cal-
culating the Q statistics and determined an I* statistic
to indicate the proportion of variability between stud-
ies attributable to true heterogeneity rather than sam-
pling error (Higgins & Thompson, 2002). This step was
essential for subsequent analyses. We employed the
random-effects model for the entire calculation. Larger
Q statistics indicate greater heterogeneity in effect sizes,

with threshold values of P for low, medium, and high
heterogeneity set at 0.25, 0.50, and 0.70, respectively. All
quantitative analyses were performed using CMA 3.0.

As previously mentioned, the objective of a meta-
analysis is to synthesize the quantitative information col-
lected from different studies. This meta-analysis intended
to estimate the impact of VR on practical skills for stu-
dents in science and engineering education and, with this
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aim, a pooled estimate of effect size was stated as Hedges’
g Hedges’ g is a slightly more conventional derivative of
Cohen’s d (Cohen, 1992), and it contains a correction for
biases due to sample size (Hedges, 1981). Cohen (1992)
established benchmarks in which effect sizes of 0.2, 0.5,
and 0.8 are interpreted as small, medium, and large,
respectively.

To address the first research question of how VR
enhances the practical skills of science and engineering
students, this study incorporated 72 effect sizes from
37 empirical research papers and assessed them using
Hedges’ g values. Regarding the second research ques-
tion, which explores how potential moderating variables
affecting the effectiveness of practical skills, disciplinary
category, learning cycle duration, and pre-training were
identified as sources of heterogeneity that may lead to
differences in effect sizes. Moreover, the level of immer-
sion and instructional approach are crucial for under-
standing the impact of VR-based science and engineering
education on students’ practical skills.

Results

The results are presented in two parts. The first part
focuses on the overall effect size, while the subsequent
part delves into moderator analysis, considering the vari-
ables level of immersion, instructional approach, disci-
plinary category, learning cycle, and pre-training. These
moderators are essential factors in empirical research
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(Wu & Zumbo, 2008) as they influence the effectiveness
of VR in enhancing the practical skills of science and
engineering students.

Overall effectiveness

This study included 72 different effect sizes from 37
empirical research papers. As shown in Fig. 2, the effect
sizes of most of these studies are clustered in the fun-
nel plot, with a few studies that are slightly skewed to
the right. Egger analysis revealed an intercept of 2.49531
(p=0.00356<0.05), thus suggesting publication bias.
Nevertheless, the combined effect sizes before and after
using the random-effects model remained unchanged
after employing the trim-and-fill method. The effect
sizes based on the fixed-effect model were 0.35498 and
0.22851, respectively. These results indicated that the
random-effects model can effectively reduce potential
publication bias. The fail-safe N, which was larger than
“5K+10” (K=72), was 3234, thus suggesting that an
additional 3234 unpublished studies would be needed to
reverse the results (Rothstein et al., 2005). Therefore, this
study did not have significant publication bias.

The meta-analysis included 37 literature sources pub-
lished between 2000 and 2022. Figure 3 presents the
forest plot, which displays the effect sizes and their 95%
confidence intervals for each paper. The forest plots
showed significant heterogeneity with I*=83.691%
(>75%) and Q=435.350 (p <0.001), thus indicating a high

Funnel Plot of Standard Error by Hedges's g
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Fig. 2 Publication bias funnel plot
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Study name Stafisticsforeach study
Hedges's Standard Lower Upper

g emor Variance limit limit ZValue
?smailo?u et al. (2020) 0462 0262 0089 0051 0975 1764
2smeailo?u et al.2 (2020) 0.518 0.263 0069 0003 1033 1972
A-Azawei et dl. (2019) 0.82 0371 0138 -1.549 -00%6 2217
Ba?er & Dumus (2010) -0.020 0.224 0050 0458 0419 -0.088
Ba’er & Dumnus2 (2010) 0.197 024 0050 0637 0243 0877
Ba’%er & Dummus3 (2010) 0.32%5 025 0051 0117 0767 1440

Bayram & Caliskan (2019) 0.163 0216 0047 0260 0587 07%

Bayram&Caiska2(019) 0534 020 0048 0104 0965 2431
Crauet al. (2013) 055 019 000 0135 0915 2638
Chuet al. (2020) 058 016 008 0212 083 3240
Chuet al.2 (2020) 054 016 008 0198 089 31%
Qrochet et dl. (2011) 092 0457 0209 006 188 2106
Qrochet et a2 (2011) 1463 049 0243 04% 2428 2970
nzetd. (013) 1201 04% 0245 0281 2171 247
Dameh et al. (2014) 002 0285 0082 049 063 0217
Darrzh et al. 2 (2014) 012 029 0089 0454 0718 0441
Darrzh et .3 (2014) 0076 0282 0079 068 0476 0271
Darreh et .4 (2014) 0243 0293 0086 032 0877 088
Dubov et al. (2017) 250 0243 00 202 3016 10432
Goderstad et . (2020) 0989 047 020 0113 185 2212
Goderstad et dl.2 (2020) 123 0485 0235 0282 2185 2502
Huet dl. (2021) 0250 0276 0076 0800 0282 -09%7
Huet dl.2 (2021) 0766 0285 0081 0206 135 263
Livet al. (2021) 0161 0281 007 038 0711 0573
Liuet .2 (2021) 031 0282 0080 0212 085 1210
Loetd. (2022) 0519 022 0054 0064 0974 2285

Lorenzo-Aherez et al. (2019)  0.128 0169 002 0203 0460 0.759
Medzan & Frantzides (2007)  -1.914 0445 0198 2786 -1.042 4302
Maden & Frantzides2 (2007)  6.984 0980 090 5083 894 7126

Mensoory et dl. (2022) 059 0288 0083 0065 1073 1769
Meyer et al. (2019) 0469 0209 0072 0068 096 1746
Meyer et al.2 (2019) 0426 0268 0072 009 082 150
Meyer et al.3 (2019) 0449 0209 0072 0077 0975 1673
Meyer et al.4 (2019) 0372 0267 0072 0152 08% 1391
Meyer et .5 (2019) 052 0262 0069 -1.106 -0078 -2259
Meyer et al.6 (2019) 0430 0259 0067 098 0078 -1660
Meyer et al.7 (2019) 026 027 006 0740 0268 -0918
Meyer et al.8 (2019) 0091  02% 006 0412 058 0354
Miler et . (2021) 0177 0141 000 009 0453 1260
OComor &Rairford (2023) 0263 0445 0021 002 0548 1807
Okutsu et dl. (2013) 0087 010 0086 0459 0285 -0459
Okutsu et dl.2 (2013) 0187 010 0086 059 018 -094
Orior et dl. (2022) 0177 0225 0051 0265 0618 078
Omoi et dl. (2022) 0512 0314 009 0104 117 1629
Park et dl. (2019) 0461 0242 0059 0013 09% 1905
Park et .2 (2019) 2014 0295 0087 14% 252 680
Parong & Mayer (2018) 0904 0284 0081 -1461 0347 3181
Paxinou et . (2020) 0684 0282 0080 0130 1237 242
Paxinou et al.2 (2020) 0623 0283 0080 0069 1178 2202
Qeta. 2021) 058 0264 0069 0041 1074 2116
Ros et al. (2021) 056 0216 0047 0949 0108 2439
Ros et a2 (2021) 0060 0212 0045 0365 0466 0257
Singh et dl. (2015) 0388 052 0273 0636 1412 0743
Singhet . (2021) 0950 0263 0069 0435 1464 3617
Singh et dl.2 (2015) 154 0604 0365 037 275 250
Singh et .3 (2015) 055 057 0278 0508 1589 09%
Singh et dl.4 (2015) 201 0660 043 077 3316 3061
Smith & Harilton (2015) 0351 0451 0204 0534 12% 0778
Suitanet dl. (2019) 052 0166 007 0237 0886 3391
Suiten et dl.2 (2019) 0741 0168 0028 0412 1080 4416
Wells & Miller (2020) 032 0282 0080 022 0905 1246
Wels & Miler2 (2020) 0387 0286 0082 0947 0173 -1.3%
Youngblood et dl. (2006) 1178 048 0162 0388 1%7 293
Youngblood et al 2 (2005) 1024 0373 0130 022 175%6 2743
Yuetd. (2021) 0072 0283 0080 0482 067 0256
Zhang et al. (2021) 0404 039 013% 030 1128 108
Zhang et al.2 (2021) 0167 036 013% 051 08% 045
Zhang et .3 (2021) 243 0497 0247 1463 3412 4901
Zhang et al 4 (2021) 2414 049 0245 1444 3385 4876
Znang et 8.5 (2021) 206 0467 0218 1182 3011 44%
Zhang et .6 (2021) 3214 0556 0331 2085 4322 558

Zhouet d. (2011) 0184 0290 0084 038 0751 0635

-1.00 0.50 0.00 0.50 1.00

FavoursA FavoursB

Fig. 3 Forest plot of selected studies

degree of variability among the samples. Consequently,
a random-effects model was employed for correlation
analysis to account for the heterogeneity. The potential
sources of heterogeneity might include factors, such as
level of immersion, instructional approach, disciplinary
category, learning cycle duration, and pre-training. These

findings highlighted the need for moderator analysis to
examine the impact of VR on practical skills.

This study included 72 effect sizes from 37 empirical
research papers, as shown in Table 2. The comprehensive
effect size of VR on the practical skills learning of science
and engineering students was 0.477, thus indicating that
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Table 2 Main effect test
Model Number of ES SE o2 95% Cl Two-tailed test Heterogeneity
studies (k)
Lower Upper z P Q df(Q) p
Fixed 72 0.355 0.101 0.001 0.295 0415 11.580 0.000 254.181 33 0.000
Random 72 0477 0.031 0.010 0.322 0.632 6.035 0.000
Table 3 The effect sizes of categories and their related significance (Qp=2.817, p>0.05). Therefore, there were
moderator variables no significant differences in effect sizes between LiVR
Moderator k g z 95% ClI Qs and HiVR.
Level of immersion 2817
1.LIVR 31 0615  5039%*[0.376,0.854] Instructional approach
2.HVR 41 0377 3.586™%[0.171,0583] Instructional approach is categorized into three types.
Instructional approach 4822 Among them, the practice approach (g=0.842, 95% CI
1. Practice 140842 456070480, 1.204] [0.480, 1.204], p<0.001) and the independent approach
2.Presentation 12 0357 1936 [-0.004,0.719] (g=0.406, 95% CI [0.208, 0.604], p<0.001) both reach
3.Independent 46 0406  4.023***[0.208, 0.604] the requirement of statistical significance. The pres-
Disciplinary category 204477%  entation approach (g=0.357, 95% CI [-0.004, 0.719],
1. Science 230113 0864 [-0.1420365] p>0.05) did not have statistical significance. Meanwhile,
2.Engineering 6 0115 0457 [-0377,0607] the Qg did not achieve statistical significance (Qp =4.822,
3. Agronomy 2 -0017 -0038 [-08880854] p>0.05), indicating that the average effect sizes did not
4. Medicine 41 0790  76287%[0.587,0.993] differ significantly among the three types of instructional
Learning cycle duration 4.072 approach.
-1 day 18 0.385 2.444* [0.076,0.695]
-15 days 26 0675  4.795%%[0.399,0.951]
3.15-30days 4 0060 0187 [-0.568,0.688] Disciplinary category
4. More 24 0443 3.758* [0.175,0.710] The data revealed that the practical skills of medical
than 1 month students had the highest effect size with VR (g=0.790,
Pre-training 0723 95% CI [0.587, 0.993], p<0.001), followed by engineer-
1.Yes 48 0527 537277(0335,0719] ing students (g=0.115, 95% CI [—0.377, 0.607], p>0.05),
2.No 24 0.383 2.788** [0.114,0.653]

*p < 0,05, **p < 0.01, ***p < 0.001

the overall effect was significant and moderately positive
(Cohen, 1992).

Moderator analysis

This study analyzed how personalized learning was mod-
erated by five variables, including level of immersion,
instructional approach, disciplinary category, learn-
ing cycle duration, and pre-training. Table 3 shows the
results of five moderator variables analyzed by the ran-
dom-effects model. The following sections illustrate the
moderator variables one by one.

Level of immersion

The results show that the use of LiVR has a greater impact
on students’ practical skills (g=0.615, 95% CI [0.376,
0.854], p<0.001) than HiVR (g=0.377, 95% CI [0.171,
0.583], p<0.001). However, Qp did not reach statistical

and science students (g=0.113, 95% CI [-0.142, 0.365],
p>0.05). However, there was no positive promotion
effect observed for agronomy students (g=—0.017, 95%
CI [-0.888, 0.854], p>0.05). In the field of medicine, the
results were statistically significant. Additionally, the Qp
analysis indicated statistical significance (Qp =20.447,
p<0.001), suggesting that the average effect sizes differed
significantly among the four disciplinary categories.

Learning cycle duration

With respect to learning cycle duration, the effect sizes,
which were ranked from high to low, were 1-15 days
(g=0.675, 95% CI [0.399, 0.951], p<0.001), more than
1 month (g=0.443, 95% CI [0.175, 0.710], p<0.01),
0-1 day (g=0.385, 95% CI [0.076, 0.695], p<0.05), and
15-30 days (g=0.060, 95% CI [—0.568, 0.688], p>0.05).
The effect of 15-30 days did not reach a statistically sig-
nificant level. The Qp did not achieve statistical signifi-
cance (Qp =4.072, p>0.05), indicating that the average
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effect sizes did not differ significantly among different
learning cycle duration.

Pre-training

Finally, the effect size for students with pre-training was
0.527 (95% CI [0.335, 0.719], p<0.001). For students
without pre-training, the size was 0.383 (95% CI [0.114,
0.653], p<0.01). Both cases demonstrated significant dif-
ferences. However, Qp did not reach statistical signifi-
cance (Qg=0.723, p>0.05).

Discussion

How effective is VR in enhancing the practical skills

of students in science and engineering?

This meta-analysis corroborates the effectiveness of VR
as a significant tool for improving practical skills among
students in science and engineering disciplines. The
findings indicate a moderate, positive impact of VR on
practical skills. This aligns with findings from previous
reviews showing the benefits of immersive VR technol-
ogy for procedural training across medical, technical, and
scientific domains (Angel-Urdinola et al., 2021; Ma et al.,
2022).

In line with conclusions by Angel-Urdinola et al.
(2021), the findings here also highlight the nuanced fac-
tors influencing experimental outcomes and demon-
strate the vital ability of VR technology to complement
traditional teaching and expand practical skills training
in more cost-effective and scalable ways. This explora-
tion aims to identify diverse strategies for integrating VR
optimally, thereby unlocking its enhanced potential. This
could indicate even greater potential for realistic, sce-
nario-based VR experiences to enable science and engi-
neering students to bridge conceptual knowledge with
tangible skills’ mastery.

The present study expands on this prior work by
focusing specifically on college students in science and
engineering fields. The aggregated results across 72
randomized-controlled trials show that VR training
consistently improves skills performance compared to
more traditional teaching methods. This suggests that
meaningful learning gains can be achieved by incorpo-
rating VR tools as supplements to standard lab work,
experimentation, and knowledge application in techni-
cal coursework. Further research can continue to explore
optimal integration of VR tools in science and engineer-
ing curricula to drive positive learning outcomes.

How do the features of studies, such as level of immersion,
instructional approach, disciplinary categories, learning
cycle duration, and pre-training, moderate the effect?
With regard to level of immersion, LiVR and HiVR
experiences have been found to have positive effects on
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student learning. However, it is worth noting that the
effect size of LiVR surpasses that of HiVR in the context
of learning. A possible reason for this difference is that
LiVR and HiVR have distinct technical features and usage
conditions. As mentioned by Hamilton et al. (2020), the
novelty of HMDs and immersive VR might hinder learn-
ing outcomes and classroom applications, especially for
individuals unfamiliar with or new to this technology.
The accessibility and lower interface burdens of LiVR sys-
tems potentially lessen extraneous cognitive load during
complex psychomotor tasks, enabling heightened focus
on skills practice itself. Conversely, despite their supe-
rior realism, HiVR may overwhelm working memory
resources. Further research should continue investigating
specific VR features and implementation methods that
optimize practical skill training without overburdening
student working memory.

In terms of instructional approach, VR demonstrated
optimal practical skill improvements as a supplementary
tool for reinforcing concepts initially introduced via tra-
ditional teaching, consistent with the findings of Ma et al.
(2022). This suggests that when the use of VR is com-
bined with the traditional teaching method, it promotes
effective student learning (Xu et al., 2018). Such a strategy
allows students to form foundational knowledge through
traditional means before engaging in immersive practice
sessions, thereby fostering a more seamless integration
and consolidation of knowledge (Villena-Taranilla et al.,
2022). Using VR tools independently as primary teach-
ing platforms was less impactful, suggesting full substitu-
tion remains premature. Additionally, passively viewing
VR content rarely surpasses gains from participatory
simulations and physical learning. Findings indicate that
VR’s flexibility allows variability in usage from expansive
labs to focused reinforcement. Yet exclusively relying
on synthetic environments or passive observation risks
disconnect from grounded learning contexts. Further
research should continue investigating optimal integra-
tion techniques.

Concerning the disciplinary category, a substantially
larger effect size was found for VR practical skills train-
ing in medicine compared to science, engineering, and
agronomy, aligning with the conclusions of Shen et al.
(2020) and Zhou and Li (2019). The early prioritization
of immersive simulation in medicine for high-risk proce-
dural development has led to a more mature pedagogical
use of VR in this field. Conversely, technical limitations
around implementing complex mechanical/chemical
reactions likely constrain VR’s impact in emerging areas
like engineering and agriculture. However, the negligi-
ble effect found for agronomy learning warrants careful
interpretation due to the very limited sample size. Simi-
larly, the smaller science/engineering effect size, while
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significant, still indicates supplementary value for VR
incorporation and is likely to grow with improving tech-
nology and increased research on optimal integration
techniques. While application gaps persist in some fields,
sustained investigation of discipline-specific design prin-
ciples can unleash VR’s skill-building potential across
spheres.

With respect to learning cycle duration, the study
found that the largest effect size for the experimental
period is 1-15 days, followed by periods lasting more
than 1 month (¢g=0.443) and periods ranging from 0
to 1 day. The initial efficacy of short<1-day trials likely
reflect curiosity spikes, while insufficient time training
with the VR interface may constrain outcomes. Mean-
while, the non-significant impact of 15-30-day periods
could stem from declining novelty without yet achieving
mastery. For sustained skills reinforcement, pairing inter-
active VR activities with targeted feedback and bench-
marks appears vital. Additionally, the smallest sample of
long-term studies may have underpowered detection of
effects from prolonged engagement. Overall, tailoring
VR supplement duration to scaffold progressive exper-
tise while maintaining student motivation seems crucial.
Findings illuminate the double-edged sword of captiva-
tion, which can inspire early participation but requires
careful upkeep and alignment to pedagogical aims over
time.

In terms of pre-training, both scenarios positively
affect students’ practical skills, with present pre-training
outperforming the absence of it. This finding is consist-
ent with the research conducted by Meyer et al. (2019).
Pre-training serves to familiarize students with the VR
environment and the equipment that they will be using,
thus enabling learners to acquire the foundational skills
necessary for subsequent learning activities (Meyer et al.,
2019). By reducing cognitive load during subsequent
learning tasks, pre-training allows students to allocate
their cognitive resources effectively toward acquiring the
intended content and skills. Additionally, pre-training
enhances students’ confidence and motivation, thereby
promoting their engagement and performance in sub-
sequent learning activities. To advance our understand-
ing of the role of pre-training, future research should
delve into exploring the optimal duration and content of
pre-training sessions, considering variations in student
backgrounds and familiarity with VR technology. Addi-
tionally, investigating the sustained impact of pre-train-
ing on long-term skill retention and transferability to
real-world applications would provide valuable insights.
By exploring these aspects, researchers can refine pre-
training strategies and maximize their effectiveness in
VR-based educational settings.
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Implications for theory and practice

This study confirmed that VR can effectively promote
practical skills among science and engineering students.
Theoretically, these results underscore VR’s substantial
role in educational psychology and technology-enhanced
learning, providing robust evidence that VR interven-
tions can meaningfully improve practical skills. The
nuanced analysis of moderator variables, such as level of
immersion, instructional approach, and disciplinary cate-
gory, contributes to a deeper understanding of the design
and utilization principles of VR in skill development. By
elucidating the specific conditions that maximize the
effectiveness of VR, this study not only confirms its value
in educational settings but also sheds light on the mecha-
nisms that facilitate learning through VR.

As for practical implications, the findings provide valu-
able guidance for educators and curriculum develop-
ers on how to effectively integrate VR for practical skills
training. When considering immersion levels, it seems
that LiVR systems may be beneficial for the acquisition of
practical skills. Regarding instructional approach, using
VR as a supplementary tool to reinforce concepts initially
taught through traditional methods appears most effec-
tive, allowing students to establish foundational knowl-
edge frameworks before applying immersive practice.
Moreover, disciplinary differences should be considered,
as fields like medicine have more mature VR pedagogical
practices due to their early adoption of immersive simu-
lations. Regarding the learning cycle duration, an optimal
duration of 1-15 days seems most beneficial, balancing
initial curiosity with sustained skill reinforcement. Addi-
tionally, incorporating pre-training sessions to familiarize
students with the VR environment and equipment may
be more effective in promoting practical skills. Therefore,
educators and curriculum developers are encouraged to
determine a thoughtful integration of VR in education,
leveraging its strengths to enhance practical skills while
being mindful of the variability in its effectiveness across
different contexts and learner needs.

Conclusions and limitations

The purpose of this meta-analysis was to consolidate
findings from various studies examining the impact of
VR on practical skills among science and engineering stu-
dents. By synthesizing data from 37 high-quality empiri-
cal studies, this study offers insights into the impact of
VR. Overall, VR had a moderate effect on practical skills,
with an effect size of 0.477. Furthermore, the disciplinary
category emerged as a significant moderator of the effect
size, revealing that it differed significantly when compar-
ing medical, engineering, science, and agronomy stu-
dents. Notably, among different instructional approaches,
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the practice approach demonstrated the largest effect
size.

This meta-analysis has two limitations. First, only
articles published in English were included, which may
exclude relevant studies in other languages and introduce
language or cultural bias. In addition, several experimen-
tal studies were omitted due to insufficient and unana-
lyzable statistical information, which may affect the
meta-analysis results. In summary, while recognizing
these limitations, this meta-analysis represents an impor-
tant step in synthesizing quantitative evidence regarding
impacts of VR on practical skills.
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