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Abstract
Recent global events and educational trends have led schools to heavily rely on digital media to educate their students. Sci-
ence classes, in particular, stand to lose substantial learning opportunities without the ability to provide physical laboratory 
experiences. Virtual reality (VR) technology has the potential to resolve this issue, but little is known if VR environments 
can produce similar results to real-life (RL) science learning environments. This 2 × 1, between-subjects study compares 
students’ learning results and safety behaviors in VR and RL chemistry laboratories. The study attempts to identify differ-
ences in learning experience (i.e., general chemistry content, experiment comprehension, laboratory safety knowledge) and 
laboratory safety behavior. Results indicate learning general content knowledge, laboratory skills, and procedure-related 
safety behaviors were comparable between RL and VR conditions, but clean-up behaviors were less frequent in VR. Also, 
the exploratory, risk-free nature of VR environments may have allowed the learners to elaborate and reflect more on general 
chemistry content and laboratory safety knowledge than in the RL environment.
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Introduction

Laboratory exercises have been an integral part of US 
chemistry and physical science classes for over a century 
(Hofstein, 2004). Research has shown that active learning 
methods, such as chemistry laboratory exercises, are signifi-
cantly more effective at increasing student performances in 
science, technology, engineering, and math courses (STEM) 
than traditional lecture-style teaching methods (Baragona, 
2009; Freeman et al., 2014; Morell, 1994). They are also 
connected with generating higher levels of student interest 
in the subject matter (Halim et al., 2018; Jones & Stapleton, 
2017) and introduce students to the methods and procedures 
that experts use (Tsaparlis, 2009). Through hands-on activi-
ties like laboratory exercises, students gain valuable skills 

and knowledge that can support them through future careers 
in STEM.

A recent trend in education, exacerbated by the COVID-
19 pandemic, has borne witness to many schools tran-
sitioning hands-on laboratory exercises into online or 
digital experiences (Crippen et al., 2013). The National 
Research Council (2006) identified reasons for this transi-
tion and the decline of physical, hands-on experiences as  
the lack of financial resources, preparation of teachers, and  
difficulties in maintaining a safe and well-stocked science  
laboratory. Additionally, time pressures due to the high-
stakes testing climate have led to minimal opportunities 
for effective, but time-consuming, hands-on exercises. 
Thus, many chemistry classes revert into purely lecture-
based experiences (Anderman et al., 2012; Tatli & Ayas, 
2013). With no end in sight, there is a need to explore 
alternatives that can be efficient and continue to provide 
students with the benefits of traditional science laboratory  
experiences.  The paper will first review the relation-
ship between learning and virtual reality (VR) technol-
ogy, draw attention to VR’s attributes that support sci-
ence laboratory experiences, and finally explain the  
goals of our research study.
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Virtual Reality Technology and Learning

Virtual reality technology represents a potential innovation 
that could provide rigorous content and immersive experi-
ences to support hands-on science learning (Castelvecchi, 
2016; Chao et al., 2016). Like traditional hands-on learn-
ing, the learning mechanisms available to VR technology 
often depend “upon the kinds of experience that come 
from having a body with various sensorimotor capaci-
ties” (Varela et al., 1991). VR’s head-, position-, and hand-
tracking allow the user to use natural bodily movements to 
explore and increase perception in digital environments. 
Thus, the sensorimotor capabilities of the user and contex-
tual information are utilized to create knowledge. In this 
respect, the foundations of learning experiences in VR can 
be readily drawn from the embodiment of virtual avatars 
and the affordances of VR learning environments (Shin, 
2017). The following are some of the immersive features 
of VR technology that support these learning mechanisms 
and have similar characteristics to hands-on learning in 
real-life.

First, VR enables the user to control their visual senses 
in a similar way to their natural function. High-accuracy 
head-tracking allows the user to move and rotate their 
head, changing the position of their perceptual view. 
Research has observed how enhanced visualizations 
using VR technology provide a range of perspectives that 
help students’ cognition and knowledge development 
of complex information (Bailey et  al.,  2016; Salzman  
et  al.,  1999). Bailey  et al. (2016) posit that it is possi-
ble that the level of immersion in VR grounds the user’s  
experiences in their virtual body, giving them access to  
sensorimotor capacities for cognition. The user can 
mimic how they would physically move their head  
and bodies to gain a better perspective on an object. VR  
taps into that same natural action to enable the user to  
gain more knowledge about a desired object or environment. 
The ability to support  what Gibson (1966) calls "active" 
knowledge-seeking (p. 5), gives VR users the capability to 
use their bodies as perceptual systems, proactively gather-
ing information in the digital world. An example of this  
is when a user is confronted with a three-dimensional 
(3D) model within VR. Often, they will swivel their head  
around, move their body around to a new position, and 
physically move their head closer or away from the object 
to get more detail. VR technology brings a person’s  
natural information-gathering movements into the digital  
realm (i.e., head and body movement) to enable the user to 
perceive different aspects of the object and visually receive 
more information than what is originally available.

Secondly, hand-tracking controllers in today’s high-end  
VR systems enable the user’s hands to be tracked and seen  
as they move within the digital world. Hands can be 
used for exploration and knowledge-creation gestures 
as they would in real life. The use of natural move-
ments in their learning environment is integral to forming  
strong knowledge concepts and memories (Brown et al., 
1989). For example, in a physics education study where 
students used text, video, or gestures with an Xbox Kinect, 
researchers discovered that gestures involving greater lev-
els of embodiment led to increased amounts of learning  
(Johnson-Glenberg & Megowan-Romanowicz, 2017).  
They observed that “if the learner is induced to manipulate  
the content on screen and control the content with representa-
tional gestures that are congruent to what is being learned…
they may learn the content faster or in a deeper manner” (p. 
17). Similarly, Goldin-Meadow (2011) reports that children 
who watched a teacher gesture during a lesson and responded 
with their own gestures had greater learning than children 
who did not gesture in return. The children’s gesturing less-
ened the cognitive load during the learning experience and 
enabled them to more readily process new information. In 
each of these studies, participants’ ability to move and see 
their own hand gestures strengthened their learning. VR’s 
capability to provide similar access to the hand and gesture 
modality is a promising step toward knowledge creation in 
digital realms (Weisberg & Newcombe, 2017).

Lastly, the highly immersive nature of VR is also excep-
tionally well-suited to situate the learner in context and envi-
ronment. As mentioned before, the immersion a user feels in 
VR can ground them in the virtual body they are embodying 
(Bailey et al., 2016). This causes them to create a mental 
model of their body based on the new affordances of the 
virtual body, physically and socially. Identifying with this 
new body can often change the perspective of the user (Loke, 
2015; Oviatt, 2013). Early STEM-focused examples of this 
type of environment are virtual worlds like Quest Atlantis 
and River City (Barab et al., 2005; Dede, 2009). Within these 
contexts, users take on the identity of a scientist, collecting  
information, sharing with other users, and conducting explor-
atory missions. Dialogue and interactions reinforce the sto-
ryline of the user as a scientist. These immersive worlds 
encourage identification as the character one portrays (e.g., 
a scientist), enabling the shedding of negative self-references  
and encouraging empathy with multiple perspectives  
(Oviatt, 2013). In  situated learning-type activities, players 
can learn experientially (Lave & Wenger, 1990) through joint 
quests and social interactions with others who are not physi-
cally near, providing a unique learning experience that is a 
step closer to immersion than virtual worlds. 
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Virtual Reality’s Potential Benefits Over Real‑Life 
Laboratory Environments

For science laboratory work, a few affordances of VR pro-
vide advantages over what can be done in real life. Some 
features can augment the immediate experience of a stu-
dent, giving information or guidance in timely fashion or 
a relevant position. Other features of VR can enable easier 
implementation of experiences that maximize certain learn-
ing strategies (Tatli & Ayas, 2013). Features, such as the 
ability to reify abstract concepts, enabling faster and more 
frequent repeatability of experiences, and a more forgiving 
environment for mistakes, present a learning experience that 
is ideal for learners (Dalgarno & Lee, 2010; Lau & Lee, 
2015).

Particularly valuable for chemistry and other sciences, 
VR can provide clear visual and spatial representations of 
concepts that are typically difficult to visualize (Crosier 
et al., 2000; Ferrell et al., 2019). The 3D capability, inter-
activity, and flexibility of how things can be displayed give 
VR a unique capacity for presenting topics in novel ways. 
For instance, manipulating molecular structures and pull-
ing methane molecules through carbon nanotubes in virtual 
environments can improve students’ motivation, understand-
ing of critical chemistry concepts, and develop greater spa-
tial awareness (Merchant et al., 2013; Ferrell et al., 2019). 
The ability to easily make abstract and intangible concepts 
visual and concrete is a significant asset for science experi-
ences in VR.

The ease of implementation and repeated practice 
afforded by VR has led to benefits for many STEM-related 
subjects, such as military, aeronautical, architectural, and 
medical fields (Lau & Lee, 2015; Psotka, 1995). Seymour 
et al. (2002) demonstrated that VR training significantly 
improved operating room performance of residents doing 
laparoscopic surgery. Butt et al. (2018) also observed similar 
results in their study of student nurses practicing urinal cath-
eterization in VR. Both studies determined that the ability to 
train as frequently as desired and without time restrictions 
brought about the increased performance. This was due to 
the relative ease in turning on a VR program as opposed 
to using the traditional box trainer or mentor-trainee model 
during surgical procedures (Seymour et al., 2002). When 
compared with the amount of effort needed to implement 
real hands-on learning experiences, VR provides a quicker 
and easier alternative, one that is rapidly proving to be just 
as effective as well.

The freedom to learn through the virtual experience 
without the fear of injury or major consequence is also an 
important advantage to VR learning environments (Standen 
& Brown, 2006). This experience is similar to observations 
of students in virtual and game-like environments where 
exploratory or risky behavior is often rewarded, even when 

resulting in failure (Vogel et  al.,  2006; Dickey, 2005). 
Research in many virtual training programs supports this 
notion of enhanced learning due to an environment free 
of fear of consequence. Medical schools have been using 
virtual training for decades, allowing students to practice 
on virtual patients before moving to real subjects (Rubio-
Tamayo et al., 2017; Seymour et al., 2002). Construction 
safety training programs have also demonstrated increased 
learning when participants can make errors virtually and 
learn from them (de-Juan-Ripoll et al., 2018). Thus, the neg-
ligible consequences in VR learning environments act as an 
effective tool for knowledge training and skill gain.

VR environments also reveal that levels of anxiety in 
students are far less compared to the amount they may 
experience in a real-life setting (Lindner et  al.,  2017). 
VR learning environments can be designed without many 
of the extraneous stimuli that normal learning environ-
ments may contain. Without these distractions, students 
can focus on the task and concepts at hand. For exam-
ple, a review on VR treatments of public speaking anxi-
eties reports that most studies show positive effects from 
their participants (Hinojo-Lucena et al., 2020). A primary 
reason for these benefits is that VR provides an environ-
ment where participants can have control, develop without 
fear, and feel safe. Nursing and medical school research 
has also found that VR training mitigates the anxiety 
many students feel in clinical settings (Jenson & Forsyth,  
2012; Butt et al., 2018). VR scenarios provide students 
with anxiety-relieving benefits like immediate feedback and 
unlimited practice in risk-free environments.

Study Hypotheses

 Our research question is exploratory: what are the differ-
ences in learning results when conducting a chemistry labo-
ratory experience in virtual reality or real life?

We have two hypotheses. The first hypothesis is that 
there will be no significant difference in learning content 
knowledge between VR and RL chemistry laboratory envi-
ronments. The VR lab simulation is designed to be as accu-
rate as possible to real-life laboratory environments. As 
both conditions rely on similar hands-on learning experi-
ences, similar learning outcomes are expected. In a study 
by Winkelmann et al. (2014) findings showed that students 
produced similar quality lab reports for virtual experiments 
done in Second Life versus students that engaged in hands-
on experiments in a RL laboratory. Thus, we expect learning 
results to not vary significantly between VR and RL.

The second hypothesis is that there will be an observ-
able difference in demonstrated lab behaviors. Participants 
in the VR condition may not exhibit the same level of care 
and attention to their actions and behaviors due to the lack 
of physical contact with laboratory materials (Lau & Lee, 
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2015). In addition, the game-like nature of VR may prime 
participants to see the VR setting as a casual learning envi-
ronment. This could result in participants becoming more 
relaxed, a mentality Itō (2010) describes as one where 
“game outcomes do not transfer to the real-life economies 
of academic achievement and playing the role of the good 
student” (p. 201). Therefore, participants in the VR chemis-
try laboratory may exhibit atypical lab behaviors due to the 
less-consequential, game-like environment of VR.

Methodology

Participants and Context

The study consisted of 40 graduate students ranging from 20 
to 42 years old from a private university in New York City. 
To avoid participants majoring in chemistry, the participants 
were recruited from graduate programs in education and the 
arts. Notably, there were significantly more female partici-
pants than male participants (37 female and 3 male).

Study Design and Procedure

This study was a 2 × 1, between-subjects design that com-
pared the learning experience in a real-life Chemistry Lab 
(control) vs. a Virtual Reality Chemistry Lab (experimen-
tal). Participants were randomly assigned to one of two 
conditions (see Fig. 1). Participants in the RL condition 
conducted the laboratory exercise in a traditional science 

lab classroom, where the experimenter remained out- 
of-sight but present for safety reasons. Participants in the 
VR condition were physically in an office space but con-
ducted the laboratory exercise in VR, again, the experi-
menter being present in the room throughout the study 
for safety purposes. All participants first watched, in real 
life, a 9-min video on lab safety information and general 
chemistry content usually covered in class lectures prior to 
a laboratory exercise (e.g., what is a chemical vs. physical 
change). This was followed by a pretest conducted on a 
laptop computer.

Next, all participants were given a 5-min training ses-
sion to familiarize themselves with their particular lab 
space, safety equipment, tools, and materials. The RL and 
VR chemistry lab environments had a similar equipment 
set up. Those in the VR condition wore a VR headset, 
operated hand controllers, and entered a custom-designed 
VR chemistry lab space. For the next 10–25 min, partici-
pants in both conditions engaged in the first exercise, a 
single-mixture chemistry experiment, then completed the 
first Exercise Comprehension Assessment (ECA) using a 
laptop (10–15 min). Immediately following the ECA, they 
returned to the lab setup and conducted the second exer-
cise, a multiple-mixture chemistry experiment. This nor-
mally took between 10 and 25 min. Finally, on the same 
laptop as before, the participant completed the second 
ECA along with the posttest. The total time between pre-
test and posttest averaged between 45 and 60 min. Partici-
pants were video recorded for analysis of lab behaviors 
and verbal comments.

Fig. 1  Study procedure
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Materials

Study Materials

The chemistry content was based on the NGSS (2013) 
Middle School Physical Science Standard MS-PS1-2 that 
focuses on chemical or physical reactions (NGSS, 2013, 
p. 42). The first experiment (Single Mixture Exercise) 
involved mixing anhydrous copper (II) chloride with water, 
then introducing a piece of aluminum metal to the aque-
ous solution. This lab exercise is recommended for middle 
to high school (ages 11–18 years) chemistry students by 
the American Association of Chemistry Teachers (AACT, 
2020). The second experiment (Multiple Mixture Exercise) 
involved observing chemical reactions from a series of mix-
tures using hydrochloric acid, lead nitrate, copper sulfate 
and mossy zinc (PSI Chemistry, 2018). Both experiments 
are of the “cookbook” style of laboratory design where pro-
cedural steps are detailed and meant to be followed closely 
(National Research Council, 2006). This is unlike inquiry-
based labs where results are more open-ended and students 
have more chances for exploration and interpretation. While 
research has shown that inquiry-based labs may promote 
a more active and meaningful learning process (Zacharia 
et al., 2015), the “cookbook” method was chosen for two 
reasons: it is still a frequently used classroom pedagogy 
(Akuma & Callaghan, 2019; Keiner & Graulich, 2021), and 
it is currently easier to develop a digital learning environ-
ment with a more rigid procedure. 

Experimental Environment

The real-life chemistry lab space was a university classroom 
outfitted like a typical high school science lab (see Fig. 2). 
The VR chemistry lab was built in Unity3D and replicated 
the lab classroom environment (i.e., No extra-immersive or 
extraordinary features were added) (see Fig. 3). The HTC 
Vive VR headset digitally tracked participants as they walked 

around and engaged in the experiments using the hand con-
trollers. Interactions between objects and substances were 
designed to reflect real-world experiences and based on real-
life trials of the experiments.

Measures

This study includes three measures that differ in focus 
(a) general chemistry content (e.g., Define a chemical 
change), (b) laboratory safety knowledge (e.g., Can you 
return unused copper sulfate into the original container?), 
and (c) experiment exercise comprehension assessment 
(e.g., Is heat generated when mixing lead nitrate & cop-
per sulfate?). Within these measures, there were different 
types of questions: basic, inference, or application ques-
tions. The categorization of the questions derives from a 
revision of Bloom’s Taxonomy (Krathwohl, 2002) where 
different levels of understanding a concept were deline-
ated based on action words instead of Bloom’s original 
nouns. Basic questions recall facts (e.g., define physical 
change). Inference questions require interpretation drawing 
from multiple forms of evidence or information (e.g., Does 
creating cement involve physical or chemical changes?). 
Application questions require knowledge to be applied to 
real-world situations (e.g., Boiling an egg. Is this a chemi-
cal change?).

The pretest and posttest contained 40 questions each: 
23 questions cover general chemistry content, 17 focused 
on laboratory safety knowledge. A subject-matter expert 
was consulted on the construction and breadth of the 
questions. All questions on the posttest were identical to 
the questions on the pretest. The questions were a mix 
of multiple-choice and some free-response questions. All 
multiple-choice questions had a value of one point, and 
each free-response question, based on its content, had one 
to three points possible. For the free-response questions, 
five cases were chosen at random, and two raters indepen-
dently scored them.Fig. 2  The real-life chemistry lab environment

Fig. 3  The VR chemistry lab environment
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Following is a breakdown of the question types for 
each assessment. The pre-posttest contained two sec-
tions, general content with eight basic, six inference, 
and nine application questions and lab safety knowl-
edge with five basic, 12 inference, and no application  
questions. There were two ECAs given, one completed 
immediately after each experiment. The first assessment 
was on the Single Mixture Exercise consisting of 10  
questions (7 basic, 3 inference) and was administered 
twice (i.e., once after the exercise was completed and 
again after the second exercise was completed) for recall 
after some delay. The second assessment consisted of 19 
questions (4 basic, 15 inference) and was administered 
once after the Multiple Mixture experiment.

Video was used to record participants’ laboratory  
safety behaviors during the two chemistry experiments. 
Evaluated laboratory safety behaviors were chosen from 
a commonly used American Chemical Society training 
video (Wickstrom, 1991). To provide a common foundation 
for all participants, parts of this safety video were shown 
during the training video at the beginning of the study.  
During the study, participants were observed to see 
whether they followed the demonstrated safety proce-
dures, skills (i.e., wearing lab gloves, eye goggles, cor-
rectly using scale, and handling thermometers), and labo-
ratory clean-up behaviors (i.e., dispose solids in trash,  
liquids in the sink). Scoring safety behaviors and skills from 
video observations required a specific action to be completed, 
which could then be marked as “observed.” For instance,  
the behavior Wore safety eye goggles would be confirmed if 
the participant placed the eye goggles on their face before 
handling chemicals. Some behaviors, such as thermometer 
safety, required a participant to demonstrate safe thermom-
eter placement (i.e., on a non-smooth surface away from the 
edge of the table) at least once during the exercise. Even if 
the participant reverted to an unsafe thermometer placement 
at a different time, they were characterized as demonstrating 
the safety behavior because they did it at least once.

Video data was also used to analyze the prevalence of 
comments that belied anxious feelings for participants 
during the exercises. A similar rubric for determining anx-
ious comments was used as Bourne (2015) where “nega-
tive self-talk” was the primary consideration (p. 187). 
To quantify the comment score,  the occurence of any  
anxious comment was counted. The strength or content 
of the comment was not judged, other than it being an 
example of negative self-talk.

Two independent raters reviewed the video data for the 
existence of safety behaviors, lab cleanup behaviors, and 
anxiety comments. An interrater reliability analysis using 
Cohen’s κ statistic was performed to determine consist-
ency among the raters.

Results

Due to reporting multiple contrasts using the same data, 
Bonferroni corrections were used to account for the 
chance of accidentally finding a false positive (Maxwell 
et al., 2017). For the contrasts of general chemistry con-
tent, we tested for pre-posttest differences between total 
scores, basic, inference, and application questions. The 
four comparisons resulted in a correction of the typical 
significance level of α = .05 being reduced to α = .0125. 
The same method was used for the Bonferroni correction 
values for the three contrasts tested in the Single Mixture 
ECA (see Table 2), Multiple Mixture ECA (see Table 3), 
and Lab Safety Knowledge (see Table 4). The Bonferroni 
correction reduced the standard for significance for these 
measures to α = .0167.

Interrater reliability measures were employed for the 
free-response questions as described in the “Measures” 
section above. The process was completed twice, with 
the second set of five cases being rated with a Cohen’s 
κ = 0.985 (p < 0.001), 95% CI (.958, 1.0).

General Chemistry Content

The pretest showed no difference between the two con-
ditions prior to the study. An independent sample t-test 
was conducted that compared the difference in mean score 
from pretest to posttest between the two conditions. There 
was no significant difference between the mean differ-
ences from pretest to posttest at t(38) = 0.518, p = 0.607. 
A paired-sample t-test on scores from pretest to posttest 
was performed. The VR condition showed significant 
increase overall from pretest (M = 70.2%, SD = 0.133) to 
posttest (M = 76.5%, SD = 0.14) at t(19) = 3.031, p = .007 
(see Table  1). No significant increase for VR’s basic 
questions at t(19) = 0.00, p = 1.00 or inference questions 
at t(19) = 2.459, p = .024 was observed. The application 
questions at t(19) = 3.107, p = .006 showed a significant 
increase and drove the overall increase in general chemis-
try content learning for the VR condition. For the RL con-
dition, the increase from pretest (M = 72.4%, SD = .131) 
to posttest (M = 76.5%, SD = .119) was not significant 
at t(19) = 1.582, p = .130. Looking closely by question 
type, there was no significant increase for RL on basic 
questions at t(19) = −1.798, p = .088, inference ques-
tions at t(19) = 2.604, p = .017, or application questions at 
t(19) = 2.027, p = .057.

A post hoc power analysis was computed on the VR 
condition’s pretest–posttest general content results, with 
an N = 20, mean difference = 6.3, standard deviation = 9.3, 
and Bonferroni-corrected significance level of α = .0125. 
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A medium power of 0.612 was achieved with effect size, 
d = .678. This demonstrated that the VR lab intervention 
provided a learning increase with a medium-large effect 
size.

Experiment 1 Exercise Comprehension Assessment 
(Single Mixture)

For the Single Mixture assessment following the first 
experiment exercise, no significant differences were 
found between the mean differences of RL (M = 76.5%, 
SD = .123) and VR (M = 72%, SD = .120) at t(38) = 1.175, 
p = .247. When the same assessment was administered 
a second time following the second experiment (to 
check for retention), there was no significant difference 
between RL (M = 59%, SD = .168) and VR (M = 57.5%, 
SD = .148) at t(38) = 0.299, p = .766. Interestingly, both 
conditions significantly decreased in score from the first 

to the second assessment. A paired-sample t-test revealed 
a significant decrease was seen from the first assess-
ment (M = 76.5%, SD = .123) to the second assessment 
(M = 59%, SD = .168), at t(19) = 4.937, p < .0001 for the 
RL condition (see Table 2). The significant decrease was 
seen in both the basic questions at t(19) = 4.721, p < .0001, 
and inference questions at t(19) = 2.698, p = .0143. Simi-
larly, the VR condition also showed a significant decrease 
from first assessment (M = 72%, SD = .120) to the sec-
ond assessment (M = 57.5%, SD = .148), at t(19) = 4.313, 
p = .0003. The significant decrease was seen only in basic 
questions at t(19) = 4.172, p = .0005.

The VR condition did not show the same significant 
decrease in scores for inference questions at t(19) = .295, 
p = .772. It seemed the VR condition was more effective at 
retaining inference-related content over time. To test this 
possible conclusion, an independent-samples t-test was 
then performed between conditions’ scores on the second 

Table 1  Comparison of 
assessment percent scores of 
VR (n = 20) and RL (n = 20) 
conditions

* This value is significant at the Bonferroni-adjusted value of α = .0125

Variable Pretest Posttest Diff t p Effect size 
(Cohen’s 
d)

M (SD) SE M (SD) SE

General content—Total
  Real life 72.4 (13.0) 2.9 76.5 (11.9) 2.7 4.1 1.582 .130 .354
  Virtual reality 70.2 (13.3) 3.0 76.5 (13.6) 3.0 6.3 3.031 .007* .678

General content—Basic
  Real life 87.5 (16.2) 3.6 82.5 (16.9) 3.8 −5.0 −1.798 .088 .402
  Virtual reality 78.1 (23.6) 5.3 78.1 (24.3) 5.4 0.0 .000 1.000 .000

General content—Inference
  Real life 80.0 (19.2) 4.3 89.2 (16.5) 3.7 9.2 2.604 .017 .582
  Virtual reality 75.0 (23.9) 5.3 85.8 (17.3) 3.9 10.8 2.459 .024 .550

General content—Application
  Real life 53.9 (14.1) 3.2 62.8 (17.8) 4.0 8.9 2.027 .057 .453
  Virtual reality 60.0 (13.2) 3.0 68.9 (17.1) 3.8 8.9 3.107 .006* .695

Table 2  Comparison of 
Exercise Comprehension 
Assessment percent scores of 
VR (n = 20) and real-life (RL) 
(n = 20) conditions

* This value is significant at the Bonferroni-adjusted value of α = .0167

Variable After Single-Mix-
ture experiment

After Multiple-Mix-
ture experiment

Diff t p Effect size 
(Cohen’s 
d)

M (SD) SE M (SD) SE

Exercise Comprehension Assessment (Single Mixture)—Total
  Real life 76.5 (12.3) 2.7 59.0 (16.8) 3.8 −17.5 −4.937 .000* 1.0
  Virtual reality 72.0 (12.0) 2.7 57.5 (14.8) 3.3 −14.5 −4.313 .000* .964

Exercise Comprehension Assessment (Single Mixture)—Basic
  Real life 74.3 (15.1) 3.4 57.9 (17.6) 3.9 −16.4 −4.721 .000* 1.0
  Virtual reality 70.0 (17.9) 4.0 50.0 (18.2) 4.1 −20 −4.172 .001* .933

Exercise Comprehension Assessment (Single Mixture)—Inference
  Real life 81.7 (17.0) 3.8 61.7 (34.7) 7.8 −20 −2.698 .014* .603
  Virtual reality 76.7 (19.0) 4.3 75.0 (32.2) 7.2 −1.7 −.295 .772 .066
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instance of this assessment. The difference between the 
mean scores of each condition was found not significant at 
t(38) = −1.260, p = .215, and the effect size was medium, 
Cohen’s d = 0.398. In essence, there is a lack of evidence 
for the VR intervention to create a significant difference on 
inferential knowledge when compared to the RL condition.

Experiment 2 Exercise Comprehension Assessment 
(Multiple Mixture)

No significant difference between learning performance 
was observed between RL (M = 64.5%, SD = .102) and 
VR (M = 58.4%, SD = 0.146) for the Multiple Mixture 
assessment immediately following the second exercise at 
t(38) = 1.52, p = 0.137 (see Table 3). There was no differ-
ence between basic questions at t(38) = 1.244, p = .221 and 
inference questions at t(38) = 1.316, p = .196. There were no 
application questions.

Laboratory Safety Knowledge

The pretest showed a significant difference in laboratory 
safety knowledge between conditions, RL (M = 55.9%, 
SD = .142) and VR (M = 72.1%, SD = .171), prior to 
any treatment at t(38) = 3.258, p = .001. No difference 
was observed for basic safety questions at t(38) = 0.438, 
p = .664, but a significant difference for inference questions 

at t(38) = 3.813, p = .0005, where the VR condition scored 
significantly higher than the RL condition (see Table 4). 
There were no application questions.

The posttest showed a significant difference between the 
two conditions at t(38) = 2.334, p = .025, where RL per-
formed significantly lower (M = 62.1%, SD = .129) com-
pared to VR (M = 73.2%, SD = .171). No difference for basic 
safety questions at t(38) = 0.461, p = .648, but a significant 
difference for inference questions at t(38) = 2.648, p = .012. 
Both RL and VR conditions improved from pretest to post-
test, where RL showed an average of 14.2% increase and VR 
showed an average of 3.1% increase. There was no significant 
difference between the two conditions regarding overall lab 
safety knowledge learning at t(38) = 1.717, p = .094.

A paired-sample t-test was performed on the pre-
posttest lab safety knowledge scores for each condition. 
The RL condition significantly increased from pretest 
(M = 55.8%, SD = .142) to posttest (M = 62.1%, SD = .129) 
at t(19) = 2.761, p = .012. There was no significant increase 
for basic questions at t(19) = 1.000, p = .330, but a sig-
nificant increase for inference questions at t(19) = 2.653, 
p = .0157. The VR condition improved their score from 
pretest (M = 72.1%, SD = 0.171) to posttest (M = 73.2%, 
SD = 0.171), but not significantly at t(19) = 0.483, p = .635. 
There was no significant increase for VR in basic ques-
tions at t(19) = 0.370, p = .716 or inference questions at 
t(19) = 0.403, p = .691.

Table 3  Comparison of 
Exercise Comprehension 
Assessment (Multiple Mixture) 
percent scores of VR (n = 20) 
and real-life (RL) (n = 20) 
conditions

Variable Real-Life Virtual Reality Diff t p Effect Size 
(Cohen’s 
d)

M (SD) SE M (SD) SE

Total 64.5 (10.2) 2.3 58.4 (14.6) 3.3 6.1 1.520 .137 .481
Basic 96.3 (9.2) 2.0 90.0 (20.5) 4.6 6.3 1.244 .221 .393
Inference 56.0 (12.5) 2.8 50.0 (16.1) 3.6 6.0 1.316 .196 .416

Table 4  Comparison of 
assessment percent scores of 
VR (n = 20) and real-life (RL) 
(n = 20) conditions

* This value is significant at the Bonferroni-adjusted value of α = .0167

Variable Pretest Posttest Diff t p Effect size 
(Cohen’s 
d)

M (SD) SE M (SD) SE

Lab safety knowledge-Total
  Real life 55.8 (14.2) 3.2 62.1 (12.9) 2.9 6.3 2.761 .012* .617
  Virtual reality 72.1 (17.1) 3.8 73.2 (17.1) 3.8 1.1 .483 .635 .108

Lab safety knowledge -Basic
  Real life 88.0 (13.6) 3.0 89.0 (12.1) 2.7 1.0 1.000 .330 .224
  Virtual reality 90.0 (15.2) 3.4 91.0 (15.2) 3.4 1.0 .370 .716 .083

Lab safety knowledge -Inference
  Real life 42.5 (16.2) 3.6 50.8 (15.5) 3.5 8.3 2.653 .016* .593
  Virtual reality 64.6 (20.2) 4.5 65.8 (20.0) 4.5 1.2 .403 .691 .088
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Laboratory Safety Behaviors

Video data recorded participants’ laboratory safety behav-
iors during the two chemistry experiments. One participant 
was removed from the VR condition due to video recording 
failure, resulting in 19 participant data for the VR condi-
tion, and 20 participant data for the RL condition. After 
training on two videos, the interrater reliability between 
two raters was found to be within strong agreement with 
κ = 0.884 (p < 0.001), 95% CI (0.678, 1.0). Bonferroni cor-
rections were also made for the seven individual aspects of 
the safety behaviors, rendering significance now at the more 
conservative level of α = .007.

First, we analyzed the combined amount of safety behav-
iors observed for each condition. This consisted of both the 
procedures and skills and the cleanup behaviors categories. 
There was a significant difference between the two condi-
tions on all observed safety behaviors during the two exper-
iments at t(37) = 5.669, p < .0001. The participants in the 
RL condition (M = 68.6%, SD = .095) averaged significantly 
more safety behaviors during the two experiments than the 

VR condition (M = 48.8%, SD = .122). However, it was 
noticed that participants’ safety behaviors decreased from 
the first to the second experiment for both RL (M = −12.2%, 
SD = .143) and VR (M = −16.4%, SD = .210). A paired-
sample t-test was performed on each of the safety behavior 
categories comparing any differences from experiment 1 to 
2. Both conditions showed significant decrease in their total 
safety behavior scores from the first to the second experi-
ment (see Table 5).

Looking more closely at the two categories within 
safety behaviors, a Bonferroni-correction of α = .025 was 
used to test significance. The averages for observed pro-
cedures and skills for RL were M = 66.2% (SD = .087) and 
VR was M = 55.1% (SD = .124). A significant difference 
was found between conditions in following procedures 
and skills at t(37) = 3.232, p = .0026. This included wear-
ing safety equipment and conducting procedures such as 
safely placing the thermometer on a non-slip surface. 
Table 5 lists the statistics for each specific type of pro-
cedure or skill that contributed to the overall value for 
this category.

Table 5  Comparison of lab 
safety behaviors for VR (n = 20) 
and real-life (n = 20) conditions 
in percent

* This value is significant at the Bonferroni-adjusted value of α = .007
a Procedures and Skills subgroup
b Clean-up behaviors subgroup

Variable Exercise 1 Exercise 2 Diff t p

M (SD) SE M (SD) SE

Lab safety behaviors—Total
  Real life 75.5 (11.5) 2.6 63.2 (12.1) 2.7 −12.3 3.839 .001*

  Virtual reality 56.4 (22.4) 5.0 40.0 (12.1) 2.7 −16.4 3.492 .002*

Wore eye gogglesa

  Real life 95.0 (22.4) 5.0 90.0 (30.8) 6.9 −5.0 1.000 .330
  Virtual reality 85.0 (36.6) 8.2 90.0 (30.8) 6.9 5.0 −.567 .577

Wore safety glovesa

  Real-life 100 (0) 0 100 (0) 0 0 – –
  Virtual reality 90.0 (30.8) 6.9 90.0 (30.8) 6.9 0 – –

Wore safety apron/coata

  Real-life 90.0 (30.8) 6.9 90.0 (30.8) 6.9 0 0 1.000
  Virtual reality 55.0 (51.0) 11.8 70.0 (47.0) 10.5 15.0 −1.371 .186

Thermometer safetya

  Real-life 70.0 (47.0) 10.5 35.0 (48.9) 10.9 −35.0 3.199 .005*

  Virtual reality 53.0 (51.3) 11.8 26.0 (45.2) 10.4 −27.0 1.564 .135
Cleaning glasswareb

  Real-life 100 (0.0) .00 85.0 (36.6) 8.2 −15.0 1.831 .083
  Virtual reality 89.0 (32.3) 7.6 28.0 (46.1) 10.9 −61.0 4.267 .001*

Dispose of solids in trashb

  Real life 15.0 (98.8) 22.1 35.0 (81.3) 18.2 20.0 −.748 .464
  Virtual reality 37.0 (68.4) 15.7 0 (0) 0 −37.0 2.348 .031

Dispose of liquids in drainb

  Real life 100 (0) 0 85.0 (36.6) 8.2 −15.0 1.831 .083
  Virtual reality 74.0 (45.2) 10.4 21.0 (41.9) 9.6 −53.0 3.293 .004*
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Comparing changes in procedures and skills, the RL 
condition significantly decreased in this category in experi-
ment 1 (M = 75.7%, SD = .114) to experiment 2 (M = 59.5%, 
SD = .105) at t(19) = 5.456, p < .0001. The VR condition did 
not significantly decrease from experiment 1 (M = 61.7%, 
SD = .191) to experiment 2 (M = 50.5%, SD = .151) at 
t(18) = 2.101, p = .05, but it averaged a lower amount of 
observed behaviors on both experiments. There was no sig-
nificant difference between the two conditions in the amount 
of decrease at t(37) = 1.227, p = .228.

A significant difference between conditions for clean-up 
behaviors was observed. The participants in the RL condi-
tion (M = 73.8%, SD = .211) followed cleaning procedures 
in the first experiment significantly more than the VR condi-
tion (M = 35.5%, SD = 0.192, t(37) = 5.916, p < .0001). Table 5 
depicts the specific cleaning behaviors that make up this category. 
Regarding any changes in clean-up behaviors demonstrated in the 
second experiment, VR decreased significantly more than RL at 
t(37) = 2.672, p = .011. Participants in the RL condition showed 
no difference between their clean-up behavior from experiment 1 
(M = 75%, SD = .256) to experiment 2 (M = 72.5%, SD = .371) at 
t(19) = 0.233, p = .818. However, participants in the VR condition 
significantly decreased in their clean-up behavior from experi-
ment 1 (M = 55.3%, SD = .318) to experiment 2 (M = 15.8%, 
SD = .208) at t(18) = 4.581, p = .0002.

Participant Anxiety Comments

Comments such as “It’s ok if it goes really bad, right?”, “It’s 
been so long since I’ve done something like this”, and “this 
is what happened in all of my science classes” fit into cat-
egories of “negative self-talk” that were used to exemplify 
anxious feelings (Bourne, 2015, p. 187). Anxiety comments 
were observed much more frequently in the RL condition than 
VR. Seven out of the 20 RL participants (35%) stated at least 
one comment at the beginning of the experiment, while only 
two out of the 20 VR participants (10%) expressed anxiety in 
this way. The totals of anxiety comments were compiled and 
analyzed using an independent samples t-test. RL averaged 
a higher number of comments (M = .45, SD = .826) than VR 
(M = .20, SD = .523). However, the difference between con-
ditions was not significant at t(38) = 1.144, p = .260. There-
fore, we cannot conclude that there was a significant differ-
ence between conditions for the participants’ level of anxiety 
through the number of verbalized comments.

Discussion

General Chemistry Content

For learning general chemistry content, the experience in 
the VR chemistry lab seems comparable to the learning 

experience in a traditional RL chemistry laboratory, as there 
were no significant differences between the two conditions. 
This is consistent with other findings comparing virtual labs 
with hands-on experiments (Winkelmann et al., 2014). How-
ever, the VR condition did significantly improve in learning 
results whereas the control condition did not. A possible 
explanation for this difference could be the novelty of VR 
and increased student interest (Ferrell et al., 2019). Another 
possibility is that the lower level of environmental detail in 
VR, as opposed to a real laboratory, could contribute to less 
cognitive load and thus better potential for learning. Scheiter 
et al. (2009) observed similar results in their study of mul-
timedia presentations of biology processes. Our question 
type analysis revealed significant pre-posttest increases for 
application knowledge but not basic and inference questions. 
This is partially supported by the findings of Wieman and 
Holmes (2015), where the learning of basic science content 
knowledge was found not to be heavily influenced by non-
inquiry-based laboratory experiences.

Exercise Comprehension Assessments

For the Experiment Exercise Comprehension Assessment, 
the learning experience in the VR chemistry lab seems com-
parable to the traditional RL chemistry laboratory, as there 
were no significant differences between the two conditions 
for both the Single Mixture ECA and the Multiple Mix-
ture ECA. For the Single Mixture ECA, a 10–20-min delay 
between assessments resulted in both conditions decreas-
ing significantly in content recall. This decrease could have 
originated from participants having to move quickly to the  
next lab experiment and not having time to reflect on what  
they had just learned (Baddeley, 1983). The Multiple Mix-
ture exercise was more complex than the first and could 
have required more cognitive resources, erasing the recently 
learned Single Mixture information. Johnstone’s (1997)  
working memory research on chemistry students’  
lecture note–taking habits in relation to exam performance 
may provide some insight into the poor performance on  
the Single Mixture ECA posttest questions. Johnstone found 
that students who “elaborated” (i.e., made cross references, 
comments, etc.) on concepts in their notes did much better 
on exams than those who merely copied written and verbal 
notes from the class lecture (p. 266). One could argue that 
the absence of application questions on our ECA did not give 
students a chance to elaborate on the basic concepts encoun-
tered, nor did they have much time to consider those concepts 
since they took the assessment immediately after completing 
the lab experiment. The decrease in retained Single Mixture 
knowledge from the first experiment could be explained by 
the students’ lack of elaboration.

The pre- to posttest scores on inference questions 
remained somewhat stable for the VR condition while the 
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RL condition showed significant decrease. It is possible that 
the VR environment allows participants to focus more on 
their thought processes, and why things are happening, while 
the RL environment may distract learners with hazards (e.g., 
breaking the beaker, spilling chemicals) that take their focus 
away from content learning. There is some evidence that 
shows VR environments can be designed to increase student 
focus and elaboration on specific content areas (Hamilton 
et al., 2020; Shin, 2017), but more research is needed to show  
that VR environments can provide an advantage for specifi-
cally developing inference-related knowledge.

Lab Safety Knowledge

One surprising finding was the significant difference between  
the two groups on the pretest of lab safety knowledge, where 
the VR condition scored higher than the RL condition. This 
may be due to the differences in the environments where  
participants took the pretest. The RL participants answered 
the pretest surrounded by laboratory equipment, which may 
have triggered anxiety. The VR participants answered the 
pretest questions in an office space. This may have led to less 
anxiety for VR participants, making it easier to concentrate. 
The VR condition demonstrated marginal gains from pre- to 
posttest in laboratory safety knowledge, while the RL con-
dition had a significant increase. The marginal gains in the  
VR condition may be due to an already high pretest score, 
and the significant gains for RL could be due to relaxation  
of anxiety based on the completion of the experiments. It is  
also possible that VR’s smaller improvement may be due to  
the lack of physical contact and less safety risks and conse-
quences, confirming that VR environments may desensitize  
users over time in anxiety-inducing settings (Maples-Keller  
et al., 2017; North et al., 1997). While lower anxiety is a ben-
efit in most circumstances, too little attention paid in some sit-
uations could result in unsafe behavior. In the case of a science  
laboratory, this could take the form of lowered attentiveness 
regarding safe laboratory procedures.

Lab Safety Behaviors

Overall, participants in the RL condition showed signifi-
cantly more laboratory safety behaviors than participants 
in the VR condition. Both conditions showed a decrease 
over time (i.e., from the first to the second experiment) in 
safety behaviors, but a larger decrease in clean-up behavior 
was seen in the VR condition.  RL participants continued 
to engage in clean-up behaviors at a rate closer to that of 
the first exercise.

Several possible reasons can be entertained. The most 
obvious is that VR participants understood that the VR lab 
environment could easily be cleaned by simply resetting the 

program, and thus did not abide by expected social or class-
room norms. This is similar to other observations of aberrant 
student behavior in virtual world classroom settings (Wankel 
& Kingsley, 2009). Also, the VR laboratory environment 
is relatively awkward to maneuver within when compared 
to the normal bodily motions and gestures people can use 
in a physical lab space. As the second experiment required 
conducting many intricate processes, the participants in VR 
may have become weary of the unfamiliar gestures and did 
not want to expend any “extra” effort to clean. Another pos-
sibility was that VR participants may have foregone clean-
up behaviors during the experiment since there was no real 
physical danger to leaving virtual chemicals exposed. This 
type of risk-taking behavior would corroborate with observa-
tions made in other virtual training or game environments, 
where participants felt comfortable exploring the relatively 
innocuous consequences of unsafe actions (de-Juan-Ripoll 
et al., 2018; Dickey, 2005). An interesting line of future 
research could observe the transfer possibility or longevity 
of these risky behaviors to real-life settings.

The comfort with which some VR participants conducted 
risky behaviors can be attributable to the ability of virtual 
environments to provide easily repeatable learning experi-
ences (Heradio et al., 2016; Tatli & Ayas, 2013). This was 
observed during our study where VR participants “broke” 
lab equipment and simply restarted the same steps imme-
diately with new digital equipment. Similar to the findings 
in game-based environments, the VR laboratory environ-
ment welcomed exploratory learning habits with immediate 
feedback, minor consequences, and the opportunity to easily 
repeat experiences (Berns et al., 2013; Lau & Lee, 2015). 
Given the opportunity to fail and learning from that failure 
is a powerful learning strategy (Edmondson, 2011; Straehler-
Pohl & Pais, 2014). Easy access to this learning strategy is a 
distinct advantage of virtual learning environments like VR. 
Although not specifically measured for in this study, the use 
of failure-related behaviors in VR, such as repeating steps 
and exploring alternate problem-solving techniques, could 
exemplify effective learning strategies in VR .

Another interesting finding was that participants in the 
VR condition scored higher than the RL condition on labora-
tory safety knowledge, but they performed less actual labo-
ratory safety behaviors than the RL condition. Research has 
found that virtual world users may attempt to apply some 
real-life social norms but also behave in inappropriate man-
ners (Lau & Lee, 2015; Sherblom et al., 2009). This may 
be the case for our participants’ high score in the labora-
tory safety knowledge and low score for observed behavior. 
Alternatively, since the setting of the initial video on labo-
ratory safety knowledge was depicted in a real-life labora-
tory, participants may have had trouble identifying the same 
equipment in the VR lab environment.
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Also surprising was the finding that the frequency of 
anxiety comments did not significantly differ between con-
ditions. Although the greater percentage of RL participants 
who verbalized anxiety hinted at this tendency, it is likely 
that only measuring verbal comments is not an ideal method 
for measuring anxiety. Since those feeling anxiety could sim-
ply have not verbalized it, a stricter measurement of stress, 
such as the use of skin conductance measurements, could 
bring a clearer picture of this anticipated effect. For future 
research, mitigation of anxiety is still an important potential 
benefit of VR laboratory experiences. Science anxiety is a 
researched phenomenon that can cause students to perform 
poorly or even avoid science classes altogether (Udo et al., 
2004, p. 435). As VR has been shown to reduce student 
anxiety due to its game-like environment, it stands that VR 
could provide an avenue into science for those who suffer 
from science anxiety (McLellan, 1994).

Limitations

We acknowledge that there are limitations to this study. First, 
the age range of the participants was not the ideal age group 
(11–17 years old) for the lab experience.  The gender-skewed 
sample population also limits the generalizability of the find-
ings of this study.  Another limitation was that the effect of 
the immediate surroundings during the pretest was under-
estimated and may have caused the significant difference 
observed between conditions in laboratory safety knowledge 
pretest scores. Finally, the presence of the experimenter in the 
room may have adversely affected certain participant behav-
iors. Recent research by Gallup et al. (2019) discovered that 
the presence of other people physically nearby a person using 
VR will inhibit that user’s social actions. Therefore, it is pos-
sible that our VR participants may have behaved differently 
if they were conducting the experiment alone.

Practical Implications

VR technology has advanced so far that it can now pro-
vide immersive learning experiences even without certain 
sensory information (i.e., no haptic response on any other 
body part but the hands, no olfactory, and a relatively lim-
ited visual view). Although deserving of a larger discus-
sion, it seems like the technical specifications of technol-
ogy like the HTC Vive (HTC, 2020) are equal to or greater 
than the level of visual and gestural embodiment needed 
to access typical chemistry content. As this study shows, 
similar learning gains can be achieved through the VR 
simulation of a real-life chemistry laboratory experience.

On the other hand, the observations of laboratory safety 
behaviors for the VR condition demonstrate that even as 

immersive as VR is, users will usually be aware that they 
are in a simulation. As a result, they may behave in a more 
reckless or risk-taking manner, which would generally be 
taboo if transferred to a real-life laboratory. VR training 
simulations often take advantage of this detail to enable 
users to safely explore the limits of machinery and safety 
procedures (Zhao & Lucas, 2015). This relative safety of a 
VR simulation could also contribute to a learner maintain-
ing stronger focus on the scientific processes or content, 
thus leading to greater abilities in making inferences and 
applying knowledge. However, with unannounced assess-
ments of certain skills, such as our study observing adher-
ence to lab safety behaviors, this can lead to unintended 
results. These tradeoffs demonstrate that the effects from 
embodiment in VR are complex and that conclusions gen-
erated from the observations should be made with care.

The actions performed in the VR condition demonstrate 
that designing digital gestures to be congruent to real-life 
gestures is important for content learning. Even though 
the level of contextual detail in the VR laboratory is not 
nearly as rich as reality, the actions that each participant 
engaged in were designed to be similar across conditions. 
The two conditions required users to gather and weigh 
chemicals, mix substances, and measure temperatures. 
Hand and finger gestures were mapped on the VR control-
lers to be as similar as possible to the real motions. Since 
general context, actions, and physical movements in each 
condition were comparable, similar amounts of meaning-
making could be anticipated. In other contexts, similar 
setups have been shown to elicit math insights and proofs 
using dynamic gestures (Nathan & Walkington, 2017) as 
well as improving physical movements by following a 3D 
virtual teacher (Patel et al., 2006).

From a design perspective, this places much more 
responsibility on the designer of the VR experience; atten-
tion to the quality and motion of virtual gestures is needed 
to create an effective learning experience. In this study, the 
virtual environment contained many motions (i.e., spooning 
small amounts of chemicals, using a thermometer), which 
required intricate design to mimic the realistic function of 
the actual tools. This was not only true for the objects in 
the lab but also the design of the lab environment itself. 
Specific artifacts (i.e., periodic table wall poster, traditional 
lab worktables) of a typical science laboratory were used 
to properly reproduce its cultural atmosphere. The lack of 
such details can ruin the illusion of presence and result in 
users not responding realistically to the virtual environment 
(Slater et al., 2009). There is much to explore in effective 
design of VR learning environments.

Our research has important implications in creating foun-
dational knowledge of how learning occurs in immersive 
learning environments and identifying the type of knowl-
edge (e.g., basic, inferential, applied) and behavior that can 
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be acquired in those environments. Identifying how learn-
ing may or may not differ between a VR and RL chemistry 
laboratory can inform educators about the pedagogical risks, 
settings, and approaches that may encourage certain kinds 
of learning. For instance, it demonstrates that using VR, 
like real-life hands-on laboratory experiences, can promote 
learner-centered active learning (Barnes, 1989) in situated 
learning environments (Lave & Wenger, 1990). These types 
of environments allow students to discover new knowledge 
and refine cognitive skills in relation to recognizable situ-
ational features that can then be applied to real-world situ-
ations. This study addresses an important question if VR 
environments are to be used as a potential alternative to the 
traditional real-world science laboratory; can they provide 
a comparable level of learning? We observe that on many 
levels, they can.

Conclusion

This study compared students’ learning and behaviors 
between a virtual reality (VR) chemistry laboratory and 
a traditional real life (RL) chemistry laboratory. Overall, 
learning performance was comparable across the two con-
ditions, except in applying knowledge, where only VR par-
ticipants showed a significant increase in their scores. Safe 
procedural behaviors were performed significantly less often 
by the VR condition and clean-up behaviors were observed 
significantly less in the VR condition.  There is also some 
evidence that VR environment may allow the learner to 
elaborate and reflect more on the general chemistry con-
tent and laboratory safety knowledge compared to the RL 
environment.

VR learning environments pose a unique opportunity 
to explore learning theory and design. They allow for the 
fine-tuning of specific details in learning contexts to dem-
onstrate possible cognitive offloading and anxiety-relieving 
techniques that are unavailable in the real world. There are 
also undesirable behaviors that students may engage in when 
in VR, for example, ceasing to clean up, given the virtual 
environment. This was evidenced by the decline in certain 
lab behaviors in this study. These types of outcomes need to 
be thoroughly observed to determine if they are temporary 
side effects or hints at longer-term consequences. Given the 
unique global conditions we live in and the affordances of 
VR technology, it is essential that we explore this innova-
tive technology to determine its place among learning tools.
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