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Introduction

Computer simulation-based learning environments (e.g., virtual labs), particularly those
based on immersive virtual reality (hereafter, iVR; Lindgren & Johnson-Glenberg, 2013)
offer promising solutions to overcome challenges in the practical aspects of science
learning (e.g., lab safety) that rely heavily on hands-on and procedural experiences (Lamb
et al., 2018; Rosenblatt et al., 2013).

There is ample evidence in science education literature that desktop-based computer
simulations are more efficient and effective in terms of learning outcomes than traditional
text or lecture-based pedagogical methods (Coban et al., 2022; Smetana & Bell, 2012).
With the evolution and increasing ease-of-availability of head mounted devices (HMDs)
for iVR, there appears to be a general shift in the focus of media comparison research
measuring educational effectiveness towards understanding how HMD-based iVR
compares with desktop-based and/or text-heavy traditional pedagogies (Hew & Cheung,
2010; Makransky et al., 2019; Pande et al., 2021; Plass et al., 2022; Zhao et al., 2021). It is
important to know what extra value iVR can add to learning and in facilitating experiential
learning of science that desktop or text cannot; especially considering the political,
economic, logistical, and/or ethical limitations associated with implementing HMD-based
iVR at scale. The three media certainly differ in their affordances, and learning and
educational technology designers need to know how to build on each of their affordances
in meaningful ways (Holder et al., 2020).

However, existing work comparing the learning effectiveness of desktop with iVR is still
largely fragmented in terms of the levels of education investigated (e.g., school,
undergraduate; Jensen and Konradsen, 2018; Radianti et al., 2020); content being studied
(e.g., laboratory skills, visualization of abstract concepts; Checa et al., 2021; Makransky et
al., 2020), results (positive, mixed; Buttussi & Chittaro, 2018; Fabris et al., 2019; Luo et
al., 2021), the nature of the iVR experience (depending on aspects of learning design —e.g.,
the extent of interaction and use of body; sophistication of technology — e.g., hardware and
software), and the relationships between these (Luo et al., 2021).

In the context of higher science education, studies have indicated that iVR is effective in
improving several affective aspects of student learning (e.g., motivation, self-efficacy,
enjoyment) as well as knowledge-retention, either in isolation, or in comparison with other
media (e.g., Moro et al., 2017; Parong & Mayer, 2020; VVuchkova et al., 2011). However,
results related to conceptual and procedural learning are not conclusive (e.g., Azer & Azer,
2016; Klippel et al., 2020; Moro et al., 2017; Renken & Nunez, 2013; Zhao et al., 2021).
It is also not clear how applicable iVR is, in the light of these positive/inconclusive results,
to real university-level classrooms (ecological contexts; Hew & Cheung, 2010; Pande et
al., 2021; Wu et al., 2020; Zhao et al., 2021), as most studies test iVR learning applications
in controlled settings.
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We conducted a media-comparison study to contribute to the limited volume of research
on iVR’s instructional effectiveness in ecological settings in university science courses. In
this study, we tested how complementing regular science lab safety instruction with either
an interactive and immersive iVR simulation, an interactive desktop simulation, or the
reading of a text-heavy manual, compare with each other in terms of knowledge-related
and affective learning outcomes. We also tested if and how males and females differ in
terms of the learning benefits of each of these technologies in the context of undergraduate

science lab safety training.

Previous research on virtual and iVR labs in science education

Computer simulation-based learning environments offer great potential for university
laboratory training and education, particularly in the context of science, as they may allow
the learners to: run the same experimental activity multiple times without requiring extra
resources (or requiring minimal resources such as electricity; Brinson, 2015; Heradio et al.,
2016); complete the activities much more quickly and/or easily (e.g., in comparison to the
real world; Pyatt & Sims, 2012; West & Veenstra, 2012); and perceive, generate, and/or
control different phenomena, and experimental conditions and states (even those that are
not plausible in the real world) at will, facilitating more effective observation,
interpretation, and shared communication (e.g., between a teacher and their students).
Literature has shown that desktop-based virtual labs (also sometimes referred to as
desktop VR, or ‘low-immersion’ VR; (Merchant et al., 2014) are effective science learning-
teaching tools, especially in comparison to traditional text-intensive, lecture or
demonstration-based methods (e.g., Flint & Stewart, 2010; Slotta & Linn, 2009; Su &
Cheng, 2013). Research has also shown that desktop virtual labs are equally effective when
compared with hands-on learning activities performed in actual labs (e.g., Ma & Nickerson,
2006; Mione et al., 2013); although, a significant strand of research argues and
demonstrates that learning-teaching is more efficient when such virtual labs are used to
prepare students for real laboratory experiments (Dalgarno et al., 2009; Dyrberg et al., 2017,
Flint & Stewart, 2010; Hurtado-Bermldez & Romero-Abrio, 2020; Koretsky et al., 2011;
Makransky et al., 2016); thus, arguing for a supplementary use of learning technology that
helps students ‘remember’, for instance, the various procedure-steps in lab exercises.
Despite their demonstrated teaching efficiency, however, desktop-based virtual labs do not
support the development of hands-on skills required to navigate labs and operate lab
equipment and material (Gibbons et al., 2004). This is largely because these labs fail to
provide students with body-based (e.qg., tactile) experiences, and realistic bodily interaction
often deemed necessary for such learning (Potkonjak et al., 2016; Sorgo & Spernjak, 2012).
In comparison, iVR offers the possibility of more real-life-like practice in simulated

environments, where one can physically interact with, and bodily experience operating,
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equipment and material to run experiments. Though the literature provides a range of
definitions for iVR (Radianti et al., 2020), it has been widely demonstrated that iVR affords
the generation of novel transformations of abstract scientific representations, models, and
visualizations into highly realistic interactive, engaging, and body-based experiences
(Daughrity et al., 2024; Johnson-Glenberg, 2018; Zacharia et al., 2012). This paper
identifies iVR as realistic 3-dimensional virtual environments, accessible via HMDs, that
simulate and/or model elements of the world (e.g., a lab), and that isolate the user sensorily
from their surroundings (e.g., in terms of visual perception) and hence induce into the user
a subjective experience of being present and immersed in those environments (Biocca &
Delaney, 1995; Dede, 2009; Han, 2020; Radianti et al., 2020). Elements in such iVR
environments can be interacted with via controllers of different types, and to varying
degrees, depending on the hardware and software. iVR also affords real-time availability
of perceptual input (e.g., as a 3-dimensional visual display) to the user as a response to
their interaction. Further, iVR could be easily coupled with other technology (e.g., haptic
devices, gesture-based input devices) to further enhance the interactive experience, making
the simulated interaction more like ‘real’ interaction, but with less constraints (e.g., on
material, economical, and human resources). These characteristics distinguish iVR from
desktop VR tools in terms of its cognitive and affective effects (Klippel et al., 2020).

However, as captured in the following two subsections, research on the learning
effectiveness of iVR-based instruction in science and allied disciplines is relatively new
and fragmented, in terms of the nature of results (e.g., positive learning effects, downsides),
the cognitive (e.g., recall/retention, procedural and conceptual understanding) and/or
affective aspects (e.g., motivation and interest) of learning under investigation, the
topic/domain in which iVR-based instruction is implemented, and the designs of iVR
environments (e.g., Coban et al., 2022; Johnson-Glenberg et al., 2021).

Conceptual and procedural learning with iVR in higher education

Recent research in medical education - where most of the iVR-related science education
literature is found (Luo et al., 2021) - has shown that instruction and training in iVR help
improve procedural and manual skills, and associated affective experience (Parkhomenko
et al., 2019; Wismer et al., 2021). Experiencing iVR, as opposed to observing computer
tomography scans of kidney stone anatomies, has been found to improve surgeons’
procedural skills such as planning surgical approaches (Parkhomenko et al., 2019). iVR, in
this study, also led to significantly higher perceived understanding post intervention than
scan-viewing. The iVR environment used in this study, however, afforded only viewing
detailed anatomical visualizations as 3D spatial models (e.g., of individual variations in the
location of kidney stones), and did not involve the participants acting on/practicing virtual
surgery, thus suggesting that the practice aspects of iVR training (and hence, body-
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movement/action-related affordances of iVR) had little to do with the positive results on
procedural learning (Parkhomenko et al., 2019).

In the context of molecular biology, Lamb et al.’s (2018) study demonstrated that
learning science through iVR simulations was cognitively (e.g., in terms of brain activity)
equivalent to engagement with serious educational games, as well as hands-on activities.
iVR thus not only led to better learning outcomes (i.e., gain in test scores), but also
triggered significantly higher cognitive engagement and processing (e.g., neural activation)
as compared to video lectures. Similarly, two recent studies from our own group revealed
that embodied interactions in an iVR simulation, where a student could “become” a
molecule (an enzyme) and enact and experience the various organic chemical reaction
mechanisms involved a biochemical phenomenon, helped undergraduates learn
significantly more about core biochemistry concepts (Washington et al., 2024) as compared
to those students who attended a slide-based traditional lecture (Pande, 2023).

Procedural training in iVR in the context of general lab safety has resulted in better
performance on practical tests, and the feeling of self-efficacy, but not on knowledge-
retention tests, as compared to training with desktop simulation and text-based manual
(Makransky et al., 2019). In contrast, Webster’s (2016) use of iVR instruction to teach
scientific (e.g., corrosion of metals and its effects on the environment) concepts to US
military personnel did result in higher knowledge retention as compared to traditional
lecture-based instruction. Similarly, Markowitz et al. (2018) demonstrated, through a series
of four studies involving an immersive experience of under-water climate-related
phenomena, that knowledge-retention (and topic interest) could be improved with iVR
instruction. Pande et al. (2021) showed how interaction with multiple iVR simulations, but
not watching their videos, over time resulted in a considerable knowledge gain on multiple
topics in environmental science in a longitudinal media comparison study involving
science undergraduates. In Plass et al.’s (2022) recent study, iVR instruction attained
significantly better scores among middle schoolers than traditional slideshow-based
instruction on cell biology topic knowledge-related tests. Similarly, Wismer et al. (2021)
in a large-scale study in the context of biopharmaceutical industry demonstrated that iVR
was significantly more effective in teaching the theory behind manufacturing procedures
(e.g., pH calibration and adjustment) to industry trainees than PowerPoint slide-based
reading, but not different from real-life training. In this study, real-life training was the
most effective mode to teach practical skills; iVR was significantly more effective than the
use of slides.

A different set of studies, however, demonstrate either no or negative effects of iVR-
based instruction on the cognitive aspects of learning. Pulijala et al. (2018), for instance,
found that a gesture-based interaction with 3D models of facial anatomy in iVR did not

differ significantly from a video-viewing intervention in terms of gain in knowledge about
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facial surgery; although, the former did result in a significant improvement in self-
confidence among the participants as compared to the latter. Makransky et al.’s (2019)
study demonstrated that iVR-based instruction did not lead to improved science learning,
as compared to other such instructional media as desktop-based simulations, even though
students in the iVR conditions report higher presence and enjoyment.

Overall, results on iVR’s effects on skill acquisition/training (e.g., procedural learning),
recall and knowledge retention, and conceptual learning have been mixed (Concannon et
al., 2019; Srivastava et al., 2019; Radianti et al., 2020), especially in comparison to other
forms of instructional media (Wu et al., 2020). Further, reports on the testing and
implementation of cutting-edge iVR systems for science laboratory training are relatively
scarce. Most such reports in the past 10 years can be found in the more applied domains in
higher science education such as medical, dentistry, and engineering education (Gunn et
al., 2018; Loukas et al., 2011; Roy et al., 2017; Tang et al., 2019).

Affective aspects of learning with iVR

Interest, motivation, self-efficacy, enjoyment, perceived usefulness, and other affective
aspects of an intervention, in relation to the content being learned, are considered critical
to conceptual and procedural learning in a scientific domain (Pekrun et al., 2002; van Gog
et al., 2005). In the context of practical training, one’s preparedness (for instance, in a
laboratory) is linked to students’ self-efficacy (students’ perception of their own ability to
perform a given task; Bandura, 1986). Self-efficacy is often associated with or considered
an influential part of motivation to learn and is included as a variable in this study along
with other motivational elements: attainment value, intrinsic value, utility value and cost
beliefs.

Previous studies which have focused on assessing learning outcomes have observed that
the use of iVR technology led to a greater sense of presence, but lower levels of learning
compared to desktop VR (Makransky et al., 2019; Moreno & Mayer, 2000; Richards &
Taylor, 2015). In contrast, Alhalabi (2016), Passig et al. (2016), and Webster (2016) found
higher levels of learning with iVR technology.

Wismer et al.’s study (2021) found that iVR-based and real-life training induced nearly
similar levels of feelings of perceived learning among industry trainees as opposed to
reading PowerPoint slides which resulted in very low perceived learning ratings. Real-life
training, however, was significantly better than iVR in promoting self-efficacy. On the
other hand, learning of complex safety-specific tasks in iVR is statistically equivalent to
traditional slide-based video training, even though, iVR presents an overall positive gain
on participants’ perceived learning and their feeling of presence in the task environment
during training (Plass et al., 2022; Poyade et al., 2021). In contrast, while Pande’s (2023)
study resulted in a significant increase in interactive iVR students’ self-efficacy, their
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intrinsic motivation and perceived learning gains were surprisingly similar to the students
who had received traditional instruction.

Research has broadly demonstrated positive effects of iVR instruction on at least one of
the several different affective learning outcomes (e.g., intrinsic motivation, self-efficacy,
attitude towards learning; Buttussi & Chittaro, 2018; Han, 2020; Makransky et al., 2019;
Pande et al., 2021; Parong & Mayer, 2020).

Theoretical framing: Embodied learning

The characteristics of virtual learning tools, especially the affordances iVR technology
offers, couple well with the popular constructivist, constructionist and experiential theories
of learning (e.g., Klippel et al., 2020; Lamb et al., 2018). Collectively, these theories have
consistently argued that learning is facilitated by the construction of newer
interaction/body-mediated experiences based on one’s prior knowledge (e.g., Lamb et al.,
2020). Recent cognitive mechanism-accounts of science learning, especially embodied and
4E cognition perspectives (Menary, 2010; Newen et al., 2018) have argued that no matter
how complex and abstract the content (e.g., concepts and procedures) is, learning is built
on top of the diverse sensorimotor/bodily interactions one has with the different
interactable forms in which that content is available (e.g., representations such as equations,
models; Nathan, 2022; Pande & Chandrasekharan, 2022). By systematically showing how
learning emerges from action, sensorimotor engagement, and “doing”, these approaches
have implied that richer sensorimotor and bodily engagements with the content, as afforded
by iVR and desktop VR, greatly improve the chances of effective science learning
(McGowin et al., 2022; Pande, 2021), particularly when compared to text-based instruction.

Consistent with these embodied cognition accounts, affective theories of learning have
long emphasized the intricate positive relationships between “doing”, active (e.g., hands-
on or bodily) engagement/participation, and non-cognitive aspects of one’s learning such
as interest, motivation, self-efficacy, overall engagement, and enjoyment (Bandura, 2001;
Bussing et al., 2022; Maresky et al., 2019; Stepan et al., 2017; Teranishi & Yamagishi,
2018). In comparison to reading how to perform a certain procedure, the opportunity to
actually do or enact that procedure, possibly even repeatedly as allowed by VR simulations,
is likely to invoke the feeling of active engagement and self-directed learning, especially
when real-world engagement with the procedure is difficult or impossible. In iVR, this
feeling is facilitated and enhanced by a combination of high-levels immersion and sense of
presence (e.g., sense of “being there” in person), and interactivity (Bussing et al., 2022;
Chessa et al., 2019; Johnson-Glenberg, 2018; Kateros et al., 2015). This in turn is shown
to support learner interest and motivation, overall engagement, and enjoyment (Maresky et
al., 2019; Stepan et al., 2017; Teranishi & Yamagishi, 2018). Further, experiencing higher
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levels of interest, engagement, and enjoyment has been linked to higher self-
confidence/efficacy (Jang, 2008; Kahu et al., 2017).

Research questions and conjectures

We intended to examine if and how iVR simulation-based, desktop simulation-based, and
traditional text/lab manual-based instructions employed ecologically in undergraduate
biology courses differed from each other in terms of their learning effectiveness. The study
addressed the following research questions (RQs):

1. How does iVR simulation-based instruction compare with desktop VR, and
traditional text-heavy instruction on student learning of general science lab safety-
related concepts and procedures?

2. How do these modes compare in terms of their effect on student intrinsic
motivation, self-efficacy, and overall enjoyment in learning?*

3. Is there a gender-difference across the instructional conditions in relation to
conceptual-procedural learning and/or student intrinsic motivation, self-efficacy,
and enjoyment?

Following from embodied and action-based learning theories, we expected iVR-based
instruction (where students could dynamically navigate 3D-simulated science labs in 360
degrees, bodily interact with equipment and material, and experience and ‘rehearse’ lab
safety protocol) to be more effective in helping students understand and remember lab
safety concepts and procedures as opposed to text-based instruction (where students would
be unsupported in imagining how to navigate labs and handle relevant equipment, and how
safe or unsafe procedures/behavior might “feel” like). Similarly, we expected that iVR
simulation’s ability to provide learners with a sense/feeling of the lab environment will
make them gain more motivation and self-confidence about navigating and operating a real
lab as opposed to the text-heavy instruction. We expected desktop-based instructional
mode to perform better than text-heavy but comparatively less than iVR-based instruction
in terms of its effectiveness across all the lab safety-related conceptual/procedural and
affective measures. This expectation stemmed from the differences in affordances (e.g.,
extent of interactivity/embodiment, immersion) between iVR, desktop VR, and text-heavy

instructional modes as discussed in the previous section.

The study

The study was conducted at an entry-level mandatory one-day course on General Lab
Safety (see Supplementary Material for details) offered to all 1% year undergraduate

students enrolled in a natural science program at a major Scandinavian University.
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Participants

A total of 102 first-year undergraduate students (51 female) with an age-range of 18-25
taking the General Lab Safety course as a part of their natural science program at a major
university in Denmark volunteered to participate in our study. The study adhered to the
Helsinki Declaration, local university regulations, as well as the European General Data
Protection regulations. Accordingly, informed written consents were gathered from all
participants in advance to the study.

Procedure

A quasi-experimental pre-test—post-test design was employed for this study.

All students received a manual on general lab safety one week prior to the start of the
course/study, and they were expected to read the manual and answer a quiz provided
towards the end of the manual beforehand.

The course began with a verbal introduction to the course, the instructors involved, and
a general schedule of the present study conducted in the following sequence:

Signing consent forms and assigning instructional groups >>> pre-test >>>
Course Part 1 >>> segregation into different instructional/treatment groups >>>
respective additional instruction (e.g., iVR, desktop VR) >>> Course Part 2 >>>
Course Part 3 >>> post-test >>> end.

The consent form randomly assigned each student a code that indicated their treatment
condition (iVR simulation-based: N=31, 14 female; Desktop simulation-based: N=39, 21
female; and Text/manual-only: N=32, 16 female). Each student used this code throughout
the study while responding to the data collection tools. On signing the forms, all students
were administered a pre-test comprising of general lab safety knowledge-related questions
(11 multiple-choice items) and affective questions on intrinsic motivation (8 items) and
self-efficacy (6 items).

All students then participated in common theory lectures, and subsequently segregated
into three different rooms based on their instruction code (e.g., iVR, desktop, text-heavy)
where the materials relevant to their instruction were pre-arranged. Each student in the iVR
group (N=31) was provided with a Lenovo Mirage Solo HMD to run the general lab safety
iVR simulation used in the study. To make sure they are oriented to iVR, all students in
this group first watched a video (link blinded) on how to wear and use the headset and its
controller, and how to interact with the iVR environment they will experience after wearing
the headset. We also asked students about their familiarity and prior experience with iVR,
and if they felt comfortable wearing the headset or if they experienced any cybersickness.
Most students had played with iVR multiple times before, and several had at least one prior
iVR experience. None reported any cybersickness-related issues. The students also

received additional technical help as and when required. In the desktop instruction room,
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students (N=39) interacted with a desktop version of the same lab safety simulation using
their laptops. The students (N=32) in the text-heavy condition read/reviewed e-copies of
the lab safety manual. The students attended in-lab general safety-related demonstrations
in batches. Finally, the students responded to a post-test on completion of their respective
instructional mode. The post-test was exactly similar to the pre-test, except it included an
additional 4-item questionnaire on enjoyment.

A close collaboration with the course coordinator (last author) ensured a smooth and
cohesive integration of the experimental material and protocol with the regular course
activities, and that the participant groups differed only in terms of the instructional
treatment they received (e.g., iVR, desktop). The students in the different groups were
encouraged to not discuss about the events occurred during the segregated sessions with
students in the other groups.

iVR and desktop simulations

The general lab safety simulation (https://www.labster.com/simulations/lab-safety) used in

this study was developed by Labster (Labster, Denmark), and its content aligned extremely
well with our course learning objectives, topics, and structure. The primary goal of the
simulation was to help students learn about the different concepts (ranging from
signs/symbols for explosive, flammable, toxic materials, or biohazard to corrosive
properties of acids and what does an acid do when your skin/body is exposed to it
accidentally) and procedures (e.g., wearing proper lab-gear such as goggles and a lab coat,
paying attention and operating certain equipment in the lab) involved in general science
lab safety. Inside the simulation (both desktop and iVR modes), the student is orally
verbally instructed by a drone-like agent? about each step the student should take in order
to proceed through the simulation (e.g., wear a lab-coat and goggles, teleport to another
room or a specific desk in the lab, use or run an equipment, read text or view figures on a
virtual lab-pad that can be brought up or moved down as necessary). The lab-pad also views
the same instruction in text format. Figure 1 shows three different screenshots captured
during different stages/activities in the simulation.

The simulation is available for interaction in both iVR and desktop modes. The iVR
simulation could be accessed via Google’s Daydream platform using Lenovo Mirage Solo
headsets that offer interaction in 3 degrees of freedom. In iVR, the student can navigate the
lab space by turning their head around to see elements in the 360-degree environment or
move the head closer to or away from an object, and use a handheld laser-pointer-like
controller to point-and-click and teleport to a different location as well as interact with the
simulation elements (e.g., selecting or deselecting a virtual object such as test tubes,

interaction with a virtual notepad).
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Fig. 1 (a) student viewing lab-safety symbols; (b) student performing an introductory activity
involving identification of mistakes and/or dangerous situations (e.g., improperly placed objects)
in a lab; (c) a student experiencing a simulated accident involving spillage of an acid after which
they are taught to locate and rush (teleport) to a shower/water outlets that would sprinkle water
on their face/eyes to clean off the acid residue.

Interaction in the desktop VR version of the simulation is facilitated by mouse or trackpad
on a laptop. Virtual lab navigation and interaction with the simulation elements in desktop
are primarily done by moving the mouse or laptop’s trackpad on a 2D surface and doing a
left click as and when required.

The relatively simple as well as less expensive iVR hardware-software platforms used in
this study played a key role in making an ecologically valid real-classroom implementation
that required ~30 HMD sets possible. Further, the availability of the simulation across the
two modes of immersion/interaction was particularly advantageous for a media-
comparison study as the simulation offered the exact same content to the participants.

Data collection instruments

The pre- and post-tests included: 11 multiple-choice questions related to knowledge of
topics in general lab safety and 14 affective questions from standardized 5-point Likert
scales (see Supplementary Material) for assessing students’ intrinsic motivation (8 items;
Chronbach’s a pre-test = 0.87, post-test = 0.88) and self-efficacy (6 items; Chronbach’s a
pre-test = 0.84, post-test = 0.91) in relation to learning about/following lab safety (Monteiro
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etal., 2015; Makransky et al., 2016). Two questions (Q3 and Q9) from the knowledge pre-
and post-tests were omitted from analysis to meet acceptable scale-reliability levels
(Chronbach’s a pre-test = 0.61, post-test = 0.68).
The post-test included an additional measure of intervention enjoyment (adapted from
Monteiro et al., 2015) where we used a 5-point Likert scale (Chronbach’s o= 0.56; 5 items).
All the tests were administered using SurveyXact (Rambgll Management Consulting,
2014).

Data analysis tools

IBM SPSS Statistics 28 was used to analyze Chronbach’s alpha reliability scores for the
test-instruments, while the rest of the statistical analysis was performed using either JASP
0.11.1 (JASP Team, 2019) or Sigmaplot 12.3.

We tested for group equivalence (e.g., for prior knowledge, gender) using one-way
ANOVA and Chi-square tests. All datasets for the knowledge-related and affective metrics
were first tested with Levene’s test (homogeneity of varience). Subsequently, all main
effects on gains in knowledge, intrinsic motivation, and self-efficacy were tested with a
one-way ANCOVA (homogeneity of regression slopes assumption was met whenever not
reported in the results). In addition, a post-hoc Holm’s test was performed wherever
ANCOVA vyielded significant results. Between-group differences on the enjoyment scale
(post-test only) were analyzed using a Rank Sum Test or a two-tailed t-test.

Finally, we used MANOVA to test for the interaction effect (instruction*gender).

Results

Equivalence of instructional groups

A one-way ANOVA performed on pre-intervention test showed that the three groups did
not differ significantly on prior knowledge (F(2,102) = 1.51, p = .225). A chi-square test
indicated that the groups did not differ significantly in the proportion of men and women,
¥ (2, N = 105) =2.722, p = .256. Therefore, the treatment groups (iVR, desktop, and text-
heavy conditions) could be considered equivalent and fit for instructional effectiveness
comparison across our three RQs.

Lab safety knowledge gain (RQ1)

Table 1 shows the mean scores and standard deviation values for the groups on the different
measures of performance. The table also shows p values for the main effects as well as the

between-group differences as obtained through post-hoc test.
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Table 1 Main and between-group effects

Groups (mean & SD) Main effect Main group Between-group differences
(time/measures) effect (b value)
(p value)
iVR Desktop Text-heavy iVR-Desktop iVR-Text Desktop-Text
Gainin 0.08 0.07 0.11 <0.002* 0.07 NA NA NA
knowledge (0.15) (0.20) (0.12)
Gainin 0.30 0.04 -0.11 <0.001* 0.01 0.021* <0.001* 0.116
intrinsic (0.45) (0.61) (0.35)
motivation
Gainin 0.58 0.50 0.14 <0.001* <0.001 0.175 <0.001* 0.009*
self-efficacy (0.60) (0.71) (0.42)
Enjoyment 3.4 3.08 - NA 0.06 NA NA
(0.45) (0.81)

* Statistically significant

The data were tested with a Levene’s test with the results F(2, 99) = 4.33, p = 0.01.
Thereafter, a one-way between-subjects ANCOVA, with the pre-test knowledge score as
the covariate and the post-test knowledge score as the dependent variable, and group as
fixed factor, were setup. We found a statistically significant main effect across the pre and
post knowledge tests at F(1, 98) = 9.86, p < 0.002, n,®> = 0.09, r = 0.31. All three groups
gained significant lab safety knowledge.

We found no main effect for groups at F(2, 98) = 2.69, p = 0.07, n,? = 0.05.

Performance on affective tests (RQ2)

Intrinsic motivation

The data were tested with a Levene’s test with the results F(2, 99) = 4.59, p = 0.01. A one-
way between-subjects ANCOVA was then performed with the pre-test score as the
covariate, the post-test score as the dependent variable, and treatment condition as the fixed
factor. We found significant improvements for the iVR and desktop groups, and decrease
for the text-heavy group across the tests at F(1, 98) = 162.25, p < 0.001, ng? = 0.62,
r=0.78.

The main group effect was also found to be statistically significant at F(2, 98) = 8.01,
p < 0.001, mp? = 0.14. A post-hoc test (Holm) showed that the iVR group differed
significantly from both the text-heavy (p < 0.001) and the desktop (p = 0.021) conditions.
Text-heavy and desktop conditions did not differ from each other (p = 0.116). iVR thus
helped students gain significantly more intrinsic motivation as opposed to the other two

instructional condition.
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Self-efficacy

A Levene’s test resulted in F(2, 99) = 1.66, p = 0.20. A subsequent one-way between-
subjects ANCOVA with the pre-test score as the covariate, the post-test score as the
dependent variable, and treatment condition as the fixed factor yielded the following
statistically significant main effect across the pre- and post- tests: F(1, 98) = 53.15,
p <0.001, ng? = 0.35, r = 0.59. This indicated that the groups gained self-efficacy from the
interventions.

The main effect for between-group differences was statistically significant at
F(2, 98) = 8.59, p < 0.001, np? = 0.15. A post-hoc test (Holm) showed that the text-heavy
group was statistically significant different from both desktop (p = 0.009) and iVR
(p <0.001). iVR and desktop did not differ from each other (p = 0.175). Hence, the desktop
and iVR-based conditions performed significantly better than text-heavy instructions in

terms of their respective effects on students’ self-efficacy.

Enjoyment

A Rank Sum Test found that there were no statistically significant differences between the
Desktop and iVR condition on enjoyment scores; although students exposed to iVR
(M = 3.4, SD = 0.5) enjoyed the simulation more t(1255) u = 449.5 (p = 0.06) than the
students who interacted with the same simulation in a desktop environment (M = 3.0,
SD =0.8).

Gender differences (RQ3)

Through a multivariate ANOVA analysis, we found an interaction effect for gender on gain
in self-efficacy (p = 0.036). Pair-wise post-hoc analyses revealed that the only statistically
significant difference was that the females in the desktop group benefited significantly
more in gain in self-efficacy as compared to females in the text-heavy group at p = 0.012.

We found no statistically significant within or between-group interaction effect for gain
in knowledge (p = 0.339) and intrinsic motivation (p = 0.791); although, males seemed to
benefit considerably more in terms of lab safety knowledge gain from simulation-based
instructions (iVR: M = 0.13, SD = 0.11; Desktop: M = 0.12, SD = 0.14) than their female
counterparts (iVR: M = 0.02, SD = 0.17; Desktop: M = 0.04, SD = 0.24). The knowledge
gains for males (M = 0.1, SD = 0.11) and females (M = 0.11, SD = 0.13) in the text group
were similar. While the knowledge gain scores were very similar for males across the three
conditions, for females, the text-based instruction resulted in the highest mean knowledge
gain, followed by desktop, with iVR recording the least knowledge gain for females.

Also, females in the iVR group seemed to have gained considerably more intrinsic
motivation (M = 0.37, SD = 0.45) as compared to males in that group (M = 0.24,
SD =0.44).
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Finally, we found a statistically significant difference between the genders on enjoyment
scores for the desktop simulation-based instruction. A t-test found that there was a
statistically significant difference between the genders at t(-2,4) = -0.6, p = .02. While both
the genders enjoyed the desktop simulation experience, females (M = 3.4, SD = 0.9)
reported significantly higher mean gain scores on enjoyment as opposed to males (M = 2.7,
SD = 0.6). The gender differences in the iVR condition were not statistically significant.

Discussion, implications, and limitations of the study

Our study examined three research questions: how do iVR simulation-based, desktop-
simulation based, and traditional text-heavy instructional modes compare in helping
students learn science lab safety-related conceptual knowledge and procedures (RQ1), and
in improving their overall affective engagement (intrinsic motivation, self-efficacy, and
enjoyment) with the topics (RQ2); as well as if and how the genders benefit differently
from each mode of instruction (RQ3). We use these RQs to organize our discussion of the
results, their implications, and the general as well as RQ-specific limitations of this study
in the following sub-sections.

Lab safety knowledge (RQ1)

We found that all three instructional modes resulted in significant knowledge gain.
However, this gain was not significantly different across the three groups — unlike
conjectured, interactions in iVR and desktop did not add any significant advantage in terms
of knowledge gains. This may be interpreted to imply that educators incorporate one or
more of these instructional modes that best suit their resources and goals to help students
learn lab safety knowledge (e.g., in relation to lab safety).

The effectiveness of different technology-enhanced instructional modes, especially those
involving iVR, however, depends heavily on the design of the simulation, the hardware
used, and the nature of interaction. While combining immersion and enriched multimedia
that appeal multiple senses are commonplace in most iVR-based (STEM) learning interface
designs, the extent of use of sensorimotor engagement required to operate in such systems
is often ignored as a design principle (Johnson-Glenberg et al., 2021). Such iVR simulation
designs thus fail to utilize some of the most powerful affordances technologies such as iVR
have to offer (e.g., embodiment; Johnson-Glenberg, 2018). While graphically appealing
(and possibly awe-inducing for a novice user), the iVR lab safety simulation we used in
this study was not particularly interactive in the above-discussed sense. In addition, both
the iVR and desktop simulations primarily relied on a point-and-click mode of interaction
with 3-degres-of-freedom, and are nearly equally interactive in both iVR and desktop
modes excluding immersion. These factors possibly contributed to the lack of between-

group differences in our results in knowledge tests (Pande et al., 2021).
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The text-heavy nature of evaluation measures used to assess conceptual/procedural
knowledge may also have played some role. Using more enactive/practical tests to measure
interventions’ effectiveness on learning lab safety-like topics and skills may be more
meaningful. Recently, Makransky et al. (2020), for instance, reported positive effects of
enaction on student knowledge-gain evaluations through action/behavior-based tests.
Though, from a critical perspective, it may be deemed obvious that using similar modes
across training and evaluations yield favorable results (e.g., text-heavy instruction doing
better in text-heavy tests but comparatively worse in action-based tests such as having
participants enact a learned procedure. Similarly, action-based instruction (e.g.,
sensorimotor engagement and enaction in iVR) may do better in action-based tests but not
in text-heavy tests). To make media comparison studies more meaningful, this issue
demands a reflection on the nature of knowledge evaluation tests. Media-neutral tests are
required that eliminate such effects, or tests that evaluate transfer of learning across media.

Improvements across affective measures (RQ2)

As conjectured, iVR and desktop simulation resulted in statistically significant gains in
intrinsic motivation and self-efficacy, indicating that these modes help students in feeling
motivated and self-confident about lab safety topics and procedures, and in believing in
their abilities to safely operate in the lab. The text-heavy instruction had a significantly
negative affect on students’ intrinsic motivation, but had an overall positive affect on self-
efficacy.

In further consistency with our embodied learning theory-based predictions, iVR was
significantly better in terms of intrinsic motivation gains among students than the other two
modes (desktop and text) which did not differ significantly from each other. For self-
efficacy, our results were partially consistent with our conjectures. Both iVR and desktop
were highly significantly better than text, with iVR doing slightly but not significantly
better than desktop. These findings confirm and add more insights to the results from media
comparison studies on iVR’s significantly more positive impact on students’ affective
engagement with concepts and procedures in the STEM education (Han, 2020; Makransky
et al., 2019; Pande et al., 2021).

In terms of post-intervention enjoyment, iVR performed considerably (p = 0.06) better
than desktop. As outlined in the study’s theoretical framing, the dynamic and interactive
nature of new media, which allows students to actively participate in, and at times, even
take control over the learning experience as opposed to just passively reading text, critically
contributes to these effectiveness differences between the iVR/desktop versus text-heavy
instructional modes. In addition, as opposed to the traditional text-based instruction, the
desktop and iVR instruction involved formative mini-quizzes embedded within the

simulation where students scored for providing correct answers.
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Finally, given that the only major difference between our desktop and iVR simulation
experiences was the degree of immersion, iVR-based instruction’s consistently better
performance than desktop VR across the affective outcomes studied in this research
indicates their direct relationship with the sense/feeling of immersion. This result is
consistent with findings from much of the previous work (e.g., Kahu et al., 2017; Maresky
etal., 2019; Stepan et al., 2017; also for science learning through augmented reality: Cheng
& Tsai, 2013; Georgiou & Kyza, 2018; and in personality/social psychology: Weinstein et
al., 2018). As a methodological limitation due to serious time and personnel-dependent
factors, however, our study did not explicitly incorporate measurements for presence and
immersion. More studies, particularly those examining the relationships between these
factors, and learning outcomes (e.g., through regression models) are required. As iVR
hardware and simulation environments become more and more sophisticated (e.g., in terms
of degrees of freedom, resolution, interactivity), it is becoming increasingly pertinent to
examine, alongside above-mentioned relationships, how bodily/sensorimotor engagement

interacts with immersion.

Gender differences (RQ3)

Overall, despite a scarcity of statistically significant interaction effects and post hoc
analyses (Garofalo et al., 2022), our results indicated that the instructional modes
affect/benefit the two genders differently. Based on visual differences, while the
knowledge gains for males were considerably higher than their female counterparts in both
simulation groups (iVR and desktop), these VR instructional modes proved to be more
beneficial to females in terms of affective aspects of learning (e.g., significant gains in self-
efficacy, considerable gain in intrinsic motivation, and high enjoyment scores). Particularly
among females, we found that desktop worked significantly better in improving self-
efficacy than text.

Better affective outcomes for females have been largely argued to be related to factors
such as the tightly intertwined feelings of presence and immersion. Though scarce in
science education, varying extents of such links have been reported in multiple contexts
involving diverse levels of immersion ranging from television (Lombard, 1995), flight
simulators (Nicovich et al., 2005), to simulations of social interactions (Felnhofer et al.,
2014).

However, it is important to note that the results on presence and immersion-related
gender differences seldom are mixed and inconclusive (e.g., Felnhofer et al, 2014; Osunde
et al., 2018;), and the feedback loops and interactions between factors such as degrees of
presence, immersion, spatial ability, in-environment bodily movement/action and sense of
agency, navigation, input-output mapping, visual and graphic appeal, and the nature of

content might be much more complex in nature than currently understood.
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On the other hand, comparatively better science topic knowledge gains for males
receiving computer simulation-based instructions are common throughout the literature,
particularly in the context of the widely reported spatial ability-related gender differences
(e.g., Lee & Wong, 2014). Science learning is heavy in terms of recruiting one’s visuo-
spatial capacities, and males and females are known to exhibit different generalizable
patterns of visuospatial abilities (Hoffler & Leutner, 2007). Studies have reported
significant differences in learning outcomes between males and females, and between
people with different (e.g., low or high) spatial abilities in the context of
learning/navigation with virtual simulations or iVR environments (e.g., Lee et al., 2010;
Merchant et al., 2014; Wong et al., 2015). The alleged stronger spatial abilities among
males, we suggest, thus may be giving them an advantage over females in using iVR for
learning science, particularly the topics that require engaging higher spatial abilities.

However, we are aware that the relationship between spatial abilities and interactive 3D
content is quite complex. However, as another limitation of our study, we did not measure
participants’ spatial abilities and their relationship with learning outcomes. This makes it
particularly difficult to provide sufficient evidence for, and explain, the gender differences
in our sample. For instance, it is difficult to understand if just immersion in 3D
environments in the context of any scientific content is enough to recruit/engage one’s
spatial capacities to measurable extents, and in ways that significantly influence learning
outcomes. In other words, regardless of whether the intervention involves spatial
tasks/content, it is difficult to know if and what degrees of immersion relate to a recruitment
of one’s spatial abilities.

Similarly, we initially believed that our desktop and iVR simulation designs did not differ
much besides the immersion factor, and that both systems were interacted with using a
comparable point-and-click action. Retrospectively, however, it appears that even though
their output/effects are similar, the point-and-click interactions in iVR and desktop are not
entirely similar: mouse movements generally happen on a 2D surface, whereas the iVR
pointer allows 3D movements (holding and moving it in the air as opposed to the mouse
that is stuck to a flat surface). Therefore, whether and how even slight variations in only
interaction (e.g., only point and click using a mouse vs. point and click using a small
clicker), or both interaction and immersion (e.g., point and click using a mouse that allows
movements on 2D surfaces in less immersive desktop system vs. point and click using a
smaller pointer/clicker that is not stuck to a surface and can be moved in 3D in iVR system)
affects cognition and spatial abilities, and how these variations trickle into learning
outcomes, are matters of many nuances.

In summary, besides being somewhat controversial, research on spatial ability-related
gender differences, and related learning effects, may be getting relatively outdated,

particularly in the still underexplored iVR and iVR-supported science education contexts.
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Much of this research has examined spatial abilities in diverse computer-supported
environments and contexts, and that these environments and contexts may have varied
greatly in terms of the “spatial” nature of their content and experience, thus, making it
difficult to causally pinpoint their outcomes to a specific (spatial) design element.
Considering the rapid advances in iVR designs, iVR’s availability and accessibility, and
general socio-cultural developments, studies that specifically investigate learning
differences in relation to spatial ability, technology-exposure, and other relevant factors
may be needed in the future. It is also equally pertinent to explore these differences across
diverse iVR environments (e.g., environments with varying degrees of reliance on spatial
skills and navigation abilities) to better understand if and how the spatial affordances,
spatial abilities, learning outcomes, and gender are interacting with each other.

Conclusion

This research investigated the learning effectiveness of integrating iVR and desktop
simulations in a science lab safety course in comparison with each other, as well as in
contrast to the traditional text-heavy lab safety manual-based instruction. We maintained
the real-life relevance of this research and its implications by situating this media-
comparison investigation in actual university science education settings.

We found that iVR simulation-based, desktop-based, and traditional text-heavy
instruction were equally effective in terms of conceptual-procedural knowledge gain in the
context of university science lab safety. While this confirms findings from multiple iVR-
employing higher science education studies, we believe that more probing, with the help
of media-neutral test instruments, and in relation to diverse iVR environment designs, is
required to further insights on how iVR affects conceptual-procedural learning. Between-
group analyses showed that iVR had the most positive (often significantly better) impact
on students’ overall affective and emotional engagement with the lab safety content. Text-
heavy instruction was found to be quite demotivating. These findings are in line with
previous research on students’ emotions, attitudes, and beliefs in iVR-based science
education.

Further, our analyses of gender differences showed that the instructional modes,
particularly iVR and desktop, affected/benefited the two genders differently in terms of
their quality and quantity of engagement with the content. This warrants an elaborate effort
to understand the role gender plays in iVR-based technology-enhanced science learning
settings.

Considering that positive affect and favorable cognitive outcomes are related, and that a
bulk of research already confirms iVR’s affective effectiveness, various communities of
teachers, educators, learning technology designers, and other stakeholders must consider

the best ways for bringing iVR into mainstream education as a powerful medium despite



Pande and Jepsen Research and Practice in Technology Enhanced Learning (2025) 20:1 Page 20 of 25

the inconclusive reports on its effects on the different cognitive aspects of learning. This is
particularly important as we reckon that the technology-enhanced learning design and
implementation efforts may fail to keep up with the pace at which iVR technology is
developing/changing if these communities wait till significant and conclusive research on
how iVR interacts with cognitive aspects of science learning is out.

Parallel concerted efforts, however, are needed among basic as well as practice-driven
research communities to understand and adopt iVR and related technological advances in
science pedagogies as holistically and inclusively as possible. It is pertinent to research
how gender as well as other forms of diversities beyond gender interact with iVR-based
technology-enhanced science learning, and what would be some of the best design
practices to make iVR-based science instruction more inviting and equally effective for
everyone (e.g., in terms of its learning benefits), and more broadly, equitable.

Abbreviations
iVR: Immersive virtual reality; HMD: Head mounted device; RQ: Research question.

Endnotes

1 Besides these affective variables based on the theoretical rationale explained in the section “Theoretical framing:
Embodied learning”, we also aimed to measure presence and spatial ability (due to their supposed influence on 3D
and iVR learning), and self-reports of extents of embodiment felt by desktop and iVR group participants (Gonzalez-
Franco & Peck, 2018). Due to several practical (e.g., time-constraints) and strategic factors (e.g., limiting the number
of questions students respond to in order to avoid a burn out; findings from a previous pilot study), however, we
could not include them in this study.

2 Note that the drone-like agent was common to (and thus controlled for in) the iVR and desktop conditions. This
agent was not present in the text-heavy manual condition and its role was, in part, performed by the lab instructor
during the in-lab batch-wise demonstration sessions.
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