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Abstract. With COVID-19, colleges had to change the way they handle educa-
tion. Students had to adapt to remote learning instead of the face-to-face learning
they are used to. The transition to remote learning has proved to be difficult, but
most courses have translated over without any problems. Unfortunately, the same
cannot be said for the lab courses, which traditionally have students conduct hands-
on experiments. In order to achieve the same level of effectiveness that the labs
had prior to COVID-19; a new system is required. The long-term goal of this work
is to develop a complete immersive Virtual Reality (VR) chemistry lab. In the VR
lab space, the student can handle chemicals and equipment to simulate an actual
chemistry lab. Using a VR headset and haptic gloves, the user will be able to freely
move and interact with the virtual lab, fellow students, and their teacher. Due to
COVID-19 restrictions, instead of the students testing the virtual experience, we
presented a 6-min video demonstration of our immersive VR chemistry lab to
109 General Chemistry students. Students filled out pre- and post-questionnaires.
80% of the students either strongly agreed or agreed with the statement, “I think
learning general chemistry with VR and haptics will be more engaging than a
standard lecture”. For the statement, “I think undergoing the chemistry lab train-
ing in a VR environment rather than watching videos will help me learn the basics
of chemistry lab better”, 71.8% of the students strongly agreed or agreed with the
statement.
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1 Introduction

The onset of the COVID-19 pandemic has drastically changed the way chemistry is
taught at academic institutions. Starting in March 2020, many U.S. colleges and univer-
sities closed their doors to in-person learning causing students to learn remotely. This
greatly hampered the instruction of chemistry labs, where students typically conduct
experiments using chemicals and instruments. Instead, students watch videos of experi-
ments, write lab reports on provided data, perform at-home experiments, and use virtual
simulations [1]. However, students did not get the hands-on experience of learning the

© Springer Nature Switzerland AG 2021
P. Zaphiris and A. Ioannou (Eds.): HCII 2021, LNCS 12785, pp. 253-267, 2021.
https://doi.org/10.1007/978-3-030-77943-6_16


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-77943-6_16&domain=pdf
http://orcid.org/0000-0002-8270-1163
http://orcid.org/0000-0003-3653-8884
http://orcid.org/0000-0001-5175-5671
https://doi.org/10.1007/978-3-030-77943-6_16

254 D. Demirel et al.

correct protocol to work in a lab and handle modern machinery and hazardous chemicals.
Given that many schools remain closed to in-person learning, it has become imperative
to develop a way that students can learn the skills and techniques of conducting chem-
istry experiments without having to physically be in the lab. Benefits of a virtual lab
would also extend beyond the end of the current pandemic. Students who cannot attend
lab because they are pregnant, in the military, or are handicapped would benefit from
alternative lab experiences that still adequately prepare them for working in a lab [2].
Even before the pandemic began, the utility of undergraduate labs for General Chemistry
courses was called into question [1, 3, 4]. Labs are expensive to conduct [5], and many
academic institutions were already experiencing a strained budget. Furthermore, it was
questionable if students were actually learning the intended goals [1, 3, 4].

However, despite the cost and questions about learning, if done correctly, labs can
be a vital part of the General Chemistry learning experience. Johnstone purposed that
chemistry is taught in a three-pronged approach—the symbolic, the microscopic, and
the macroscopic. The lecture sections generally emphasize the symbolic material (the
chemical symbols, abbreviations, math equations, and variables) and the microscopic
material (atomistic movements). Lab is the place where students can learn about chem-
istry macroscopically, that is, how chemical reactions affect the environment and the
surroundings, and students can make connections between the macroscopic and the
microscopic and symbolic worlds [6, 7].

Our solution to remote lab instruction is to use virtual reality (VR) head-mounted
displays (HMDs) with haptic gloves. VR is beneficial for student learning for multiple
reasons including making abstract ideas seem tangible and making students be actively
engaged [8]. Our simulation will allow students to explore a realistic lab setting while
handling machinery and chemicals. Students can interact with the avatars of other stu-
dents, the lab assistants, instructors, as well as a “Virtual Buddy” who can act as a
resource by answering questions. The haptic gloves will allow the students to feel the
weight of the glassware and to handle the lab equipment and chemicals in a safe and
controlled manner.

As mentioned above, there is uncertainty about the intellectual benefit that General
Chemistry students gain from taking lab. Part of the problem can be attributed to the
cognitive overload that students experience [9]. Typically, in a college teaching lab,
students are introduced to the instruments and chemicals when they are conducting
the experiments. Students not only have to learn the chemistry, but how to handle the
equipment and materials as well. Some students do not take lab as part of their high
school chemistry course. Even if they had, they may not have seen the same types of
instruments and machines. Many of the chemical names sound foreign to the students,
which creates confusion [6, 7]. To counter this, Brigham Young University and Purdue
University require that their students record videos to verify that they know how to
use the equipment before conducting actual experiments. At BYU, instructors have
noted a decrease in broken glassware and safety issues [1]. For over three semesters at
the University of Western Australia, approximately 75% of level-1 Chemistry students
opted to participate in a 360° virtual tour the lab with over 90% of students saying that
they agreed that the lab tour familiarized them with the lab setting and approximately
70-90% agreed that they felt prepared for lab [10]. By introducing the lab setting and
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materials to students in a safe manner that students can explore on their own time, we are
hoping to prepare students for actual experiments so that they can focus on the chemical
reactions and learning goals rather than be distracted by the lab setting.

Another potential benefit of VR-lab training is self-efficacy. Self-efficacy is defined
as the student’s belief that their actions can lead to success in a chosen subject or task [11].
A study of students in a social studies class show that student’s self-efficacy impacted
their goals and eventual academic achievement in the class, which suggests that self-
motivation has a large impact on student success [12]. A study of first-year college
students shows a direct correlation between student expectations and student success
[13]. Therefore, to increase student retention, it would make sense to invest and improve
student confidence. The role of VR in increasing self-efficacy needs more research, but
there are some promising signs [9]. One way to enhance a student’s self-efficacy is to
give that student a sense of control [14]. An immersive VR environment would provide
this for the student [9]. A meta-analysis of computer simulations and gaming in the
classroom showed that students who used interactive computer simulations had more
cognitive gains and a better attitude about learning than those in a traditional learning
environment [15, 16]. A 2019 study about VR-lab safety training for engineering stu-
dents showed that students in an immersive VR environment had increased motivation
and self-efficacy compared to students reading the lab manual or using VR on a desk-
top computer [17]. VR training has also been shown to improve the self-efficacy of
participants undergoing training for negotiating [18] or classroom teaching [19]. In our
planned VR lab space, students would handle their own equipment and chemicals in a
safe environment with easy access to a “Lab Buddy,” which acts as a resource when the
instructor and lab assistants may not be available. Thus, students would control their
own learning experience, which should strengthen their confidence when they are ready
to conduct experiments in an actual lab.

VR has been used in classroom instruction for decades. Computer simulations have
been used to augment lab instruction as far back as 1980 [20]. VR-haptic surgery training
has been used since 1998 [21, 22] and remains an important tool for training doctors
and surgeons before practicing on patients. VR has been used to train surgeons in how
to do laparoscopies, carotid stenting, and ophthalmology [8]. VR-trained surgeons were
29% faster and six times less likely to make mistakes while performing laparoscopic
cholecystectomy gallbladder dissection than surgeons with traditional training [8, 23].
These studies show that VR training is effective at preparing doctors. We believe that it
can be equally as effective as preparing students for their chemistry courses.

VR has already been in use to teach organic chemistry [24], physical chemistry [25],
and biochemistry [26, 27]. In previous studies, students have found that using VR to
teach chemistry to be very fun and educational. The “Bug Off Pain” VR game teaches
students about the impact that toxins have on pain signaling pathways in the body. In a
post-game survey, students reported feeling engaged and motivated to learn more [27].
This and other chemistry VR learning platforms, such as Labster [28], EduChemVR
[29], VR-ENGAGE [30], Molecular Zoo, Peroxiredoxin Fish Tank, Protein Backbone
Explorer, Nano Simbox iMD, Water VR [31], and MEL Science [32] rely on HMDs,
whereas our proposed simulation will allow students to “touch,” “feel,” and “handle” the
chemicals and lab equipment with the use of haptic gloves. Our chemistry lab simulation
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is designed to allow students to access the lab in a safe and comfortable setting in a
way that will give students confidence for the time that they first approach the actual
chemistry lab. By being prepared in a virtual space, we anticipate that students will feel
more comfortable and have increased confidence, which will encourage them to continue
with their chemistry education.

2 Methods

2.1 Application

Our fully immersive virtual environment has four main components: a) Virtual Scene,
b) Haptic glove, ¢c) Companion- “Virtual Buddy”, and d) Database. Figure 1 shows the
overall system design.
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Fig. 1. Overall system design.

The virtual scene has two capabilities: a classroom and a lab. For a realistic render-
ing of the scene, we used High Definition Render Pipeline and Physically-based Ren-
dering (PBR) [33, 34] in Unity software package. PBR uses bi-directional reflectance
distribution function (BRDF) [35, 36] to approximate accurate light-flow models.

We placed an interactive periodic table on the wall of our scene (as seen in Fig. 2).
The periodic table has a CPK Color toggle button which changes the colors of elements
in the periodic table to CPK colors, which are used to distinguishing atoms of different
chemical elements. Clicking on an element in the periodic table will spawn the selected
element on the table. Radius and color information for each element will be stored in
our MySQL [37] database.
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Fig. 2. First-person view in the virtual scene.

2.2 Video Demo

Due to the restrictions of COVID-19, instead of students testing the virtual experience,
we presented a 6-min video demonstration of our immersive VR chemistry lab to 109
General Chemistry students at Hendrix College. The video demonstration was two-fold.
The first part included information about VR HMDs, haptic gloves, and the reasoning
of the study. The students were informed that the study goal is to simulate an actual
chemistry lab experience through VR that will allow them to handle chemicals and
equipment. They were provided a general overview of the steps they must accomplish:
a pre-video questionnaire (which they have already did prior to watching the video),
complete watching the video, and then complete a post-video questionnaire. The second
part was a full demonstration of our virtual chemistry lab. In the demonstration, we
showed a walk-through of the virtual scene which consisted of navigating the lab from a
first-person point of view. The students were shown the virtual equipment, white board,
the periodic table on the wall, the safety equipment, and the workspace available. The
safety equipment is composed of various eye cleaning stations/emergency showers and a
fire extinguisher. As the avatar was walking around the virtual avatar, the students could
see what the avatar is seeing and hear information about how they would experience this
in VR.

The second part also included the interaction with the periodic table to create elements
in the scene and compounds by connecting the elements. The students were shown how
to pick a particular element from the periodic table and use it in the interaction. Once they
select an element the atomic representation of that elements appears. Bringing elements
into proximity will form an ionic bond between the two elements, while moving them
further will break that bond.

2.3 Questionnaire

The questionnaire started with a general description of the video that the students are
about to see as well as a statement on the goal of conducting the study and instructions
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on filling the questionnaire. This was followed by questions about the participants’
demographics. The demographic data were collected to deduce conclusion about the
data, however, they were kept anonymous.

Prior to watching the video, students answered a pre-questionnaire about their back-
ground in chemistry and gaming, and their interest, motivation, and preparedness in
learning chemistry. The pre-video questionnaire is comprised of Likert-like multiple
choice questions (as seen in Fig. 3) and descriptive open-ended questions where the
students would fill out information in a given space. The open-ended questions include:
“What is your chemistry background?”, “Why are you enrolled in chemistry?”, “How
do you feel about your chemistry course?”, and “How do you feel about your chemistry
lab?”.

Strongly
disagree Disagree Neutral Agree Strongly agree

1.1 am interested in
learning about
chemistry.

2. | am well-prepared
for my college
chemistry courses.

3.1 am motivated to
learn chemistry.

4. | feel comfortable
about working in a
chemistry lab.

5. | feel anxious about
working in a chemistry
lab.

6. | am looking forward
to working in a
chemistry lab.

7.1 enjoy learning
through standard
lectures

Fig. 3. Likert-like multiple pre-video questions

After the demonstration of the video, students were given a post-video questionnaire
with open-ended and Likert-like questions which outlined how the use of VR and hap-
tics would be beneficial in learning. In both the pre- and post-video questionnaires, the
Likert-like questions were anchored with labels strongly agree, agree, neutral, disagree,
and strongly disagree (as seen in Fig. 4). The open-ended question for post-video ques-
tionnaire was “How has your perception of the study of chemistry changed as a result
of this video?”.
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Strongly disagree Disagree Neutral Agree Strongly agree

1. | have experience
playing computer and
video games

2. | think undergoing
the chemistry lab
training in a Virtual
Reality (VR)
environment rather
than watching videos
will help me learn the
basics of chemistry lab
better.

3. | think learning
general chemistry
through VR and Haptics
will be more hands on
than a standard lecture

4. | think learning
general chemistry
through VR and Haptics
will be more engaging
than a standard lecture

5. 1 will prefer the
immersive VR learning
experience to the
|(’a”ﬂhg experience
from a standard lecture.

Fig. 4. Likert-like multiple post-video questionnaire questions

3 Results

In this study, a survey consisting of 14 questions is conducted on a total of 109 students.
For the statement, “I think learning general chemistry with VR and haptics will be
more engaging than a standard lecture”, 42.7% of the students strongly agreed with
the statement, 37.3% agreed, 11.8% was neutral, 5.5% disagreed, and 2.7% strongly
disagreed. For the statement, “I think undergoing the chemistry lab training in a VR
environment rather than watching videos will help me learn the basics of chemistry lab
better”, 30% of the students strongly agreed with the statement, 41.8% agreed, 17.3%
was neutral, 8.2% disagreed, and 2.7% strongly disagreed.

The following 7 questions are more relevant for our analysis, and the rest are more
related to chemistry itself. For each question, we also use a short abbreviation to sim-
plify tables and visualization of correlation data. These abbreviations are shown in
parentheses.

(Interested) I am interested in learning about chemistry.

(Anxious) I feel anxious about working in a chemistry lab.

(Learning) I enjoy learning through standard lectures.

(Experience) I have experience playing computer and video games.

(Undergoing) I think undergoing the chemistry lab training in a Virtual Reality (VR)
environment rather than watching videos will help me learn the basics of chemistry
lab better.

Nk
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6. (More engaged) I think learning general chemistry through VR and Haptics will be
more engaging than a standard lecture.

7. (Prefer) I will prefer the immersive VR learning experience to the learning experience
from a standard lecture.

For each survey questions, there were a total of 5 possible answers; 0: Strongly
Disagree, 1: Disagree, 2: Neutral, 3: Agree, 4: Strongly Agree,

Namely instead of categorical data, we have ordinal values. Therefore, instead of chi-
square type tools for correlation analysis, we used Spearman’s Rank-Order correlation
formula. Because all of our data (i.e. answers) are ordinal values rather than categorical.
We are not using Pearson’s correlation formula, because we are not interested in linear
relationships, rather we are looking for monotonic relationships, whether linear or not.
Basically, Spearman’s correlation measures monotonic relationships. In the following
table, we have the so-called p-values, where a small value indicates a strong “monotonic”
correlation, and a large value implies the lack of correlation.

Our p threshold is selected as 0.05, i.e. if a p-value is less than 0.05, we conclude
that there is a strong correlation between two variables. All p-values which are below
0.05 are highlighted, except the ones along the diagonal which have perfect correlation
because of being identical variables.

Table 1. Table of p-values for the selected questions. Small p-values are highlighted, yellow
background indicates positive correlation, whereas gray background is used for negative
correlation.

Interested | Anxious | Learning | Experience | Undergoing | More Engaged | Prefer

Interested 0.000 0.679 0.001 0.160 0.340 0.563 0.763
Anxious 0.679 0.000 0.980 0.304 0.003 0.099 0.108
Learning 0.001 0.980 0.000 0.088 0.543 0.245 0.110
Experience 0.160 0.304 0.088 0.000 0.025 0.003 0.007
Undergoing 0.340 0.003 0.543 0.025 0.000 0.000 0.000
More Engaged 0.563 0.099 0.245 0.003 0.000 0.000 0.000
Prefer 0.763 0.108 0.110 0.007 0.000 0.000 0.000

In Table 1, we see a couple “islands” of “zeros” representing highly correlated
variables. The first one is

Island 1 (Experience, Undergoing, More Engaged, Prefer): This island indicates
a strong correlation between Experience, Undergoing, More Engaged, Prefer, more
precisely.

e (Experience) I have experience playing computer and video games.

e (Undergoing) I think undergoing the chemistry lab training in a Virtual Reality (VR)
environment rather than watching videos will help me learn the basics of chemistry
lab better.

e (More engaged) I think learning general chemistry through VR and Haptics will be
more engaging than a standard lecture.
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e (Prefer) I will prefer the immersive VR learning experience to the learning experience
from a standard lecture.

As it is clear from this analysis, students who have previous gaming experience will
prefer the use of such tools, will be more engaged, and find these tools very advantageous
for a better learning experience.

Island 2 (Learning, Interested):

e (Interested) I am interested in learning about chemistry.
e (Learning) I enjoy learning through standard lectures.

The purpose of these questions was simply to assess the reliability of our dataset.
These are logically correlated questions, but the wording was quite different. If a majority
of students answer a significant portion of the survey almost randomly without reading
carefully, one would expect either no or very low correlation between these two questions.
However, our analysis shows a very strong correlation between the two, which is an
indication of a reliable dataset or survey result.

Island 3 (Undergoing, Anxious):

e (Anxious) I feel anxious about working in a chemistry lab.

e (Undergoing) I think undergoing the chemistry lab training in a Virtual Reality (VR)
environment rather than watching videos will help me learn the basics of chemistry
lab better.

All of the correlations discussed so far, were positive correlations, whereas here
we have a negative correlation. Basically, students who feel anxious about working in
a chemistry lab think that undergoing the chemistry lab training in a Virtual Reality
(VR) environment rather than watching videos will NOT help them learn the basics of
chemistry lab better. In other words, students who are anxious about chemistry do not
find these tools really useful to improve their learning experience.

In Fig. 5, we have a visual representation of p-values matrix. While dark blue like
colors are representing small p-values, i.e., strong correlation, yellow like colors indicate
large p-values, namely lack of correlation. A color bar shown on the right summarizes
the relationship between colors and numerical p-values.

Figure 6 show that, majority of students are interested in learning about chemistry.
However, the second graph shows that not all enjoy learning through standard lectures.
In other words, they would like to see better alternative tools to be used for teaching.

The results from Fig. 7 shows that the proposed immersive VR chemistry tool will
be useful not only for a special group of students, but for a broader audience. Because,
although a good number of students do not have any gaming experience, some of them
still believe that these VR tools will improve their learning experience.

We see a large group of students who answered Neutral (as seen in Fig. 8). These
two figures show that, most students consider VR tools as something which will improve
their learning experience; however, they seem to be a bit confused and possibly scared
about using such tools in a standard lecture.
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Fig. 5. Spearman’s p matrix in color image format (Parula colormap).
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Learning general chemistry through VR and Haptics
will be more engaging than a standard lecture.
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Fig. 8. Comparison of “More Engaged” and “Prefer” answers.

4 Conclusion

With COVID-19, many colleges have had to change the way they handle their education.
As a result, students have been unable to engage in face-to-face learning and most
educational establishments have switched to remote learning in order to ensure the
safety of the students, professors, and staff. Remote learning has its advantages but is
not as effective as in-class instruction, especially for lab environments.

In this study, we created a preliminary interactive virtual chemistry learning envi-
ronment using HMDs. Due to the restrictions of COVID-19, instead of students testing
the virtual experience, we presented a 6-min video demonstration of our immersive VR
chemistry lab to 109 General Chemistry students. After the demonstration of the video,
students were given a post-video questionnaire with open-ended and multiple-choice
questions which outlined how the use of VR and haptics would be beneficial in learn-
ing. In the post-video questionnaire, students answered 14 multiple choice questions as
strongly agree, agree, neutral, disagree, and strongly disagree. For the statement, “I think
learning general chemistry with VR and haptics will be more engaging than a standard
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lecture”, 42.7% of the students strongly agreed with the statement, 37.3% agreed, 11.8%
was neutral, 5.5% disagreed, and 2.7% strongly disagreed. For the statement, “I think
undergoing the chemistry lab training in a VR environment rather than watching videos
will help me learn the basics of chemistry lab better”, 30% of the students strongly
agreed with the statement, 41.8% agreed, 17.3% was neutral, 8.2% disagreed, and 2.7%
strongly disagreed.

We also conducted the Spearman’s rank correlation coefficients and p-values to
analyze the correlation between multiple choice questions. It has been observed that
students who have previous experience with computer and video games prefer immersive
VR learning experience compared to standard methods. The Spearman’s test showed a
p-value of 0.0069 suggesting a strong correlation between the two. Students who have
previous experience with gaming, find VR tools more effective compared to online video
tutorials. The Spearman test p-value was 0.0163 also suggesting a strong correlation
between the two. Student who feel anxious about chemistry labs find VR tools more
effective compared to online video tutorials. Our study showed a Spearman test p-value
of 0.0163 also suggesting a strong correlation between the two. We have observed no
significant correlation, p-value of 0.5628, between the interest level of students to learn
chemistry and their level of interest for VR and haptic tools. This result shows that the
proposed immersive VR chemistry tool will be useful not only for a special group of
students, but for a broader audience.

References

1. Arnaud, C.H.: Questioning the value of general chemistry labs. Chem. Eng. News
98(18) (2020). https://cen.acs.org/education/undergraduate-education/Questioning-value-
general-chemistry-labs/98/118

2. Colson, C.J.: Virtualizing Organic Chemistry Labs. DELTA News (2018). https://delta.ncsu.
edu/news/2018/12/19/virtualizing-organic-chemistry-labs/

3. Bretz, S.L.: Evidence for the importance of laboratory courses. J. Chem. Educ. 96(2), 193-195
(2019). https://doi.org/10.1021/acs.jchemed.8b00874

4. Hofstein, A., Lunetta, V.N.: The laboratory in science education: foundations for the twenty-
first century. Sci. Educ. 88, 28-54 (2004)

5. Jones, N.: Simulated labs are booming. Nature 562, S5-S7 (2018). https://doi.org/10.1038/
d41586-018-06831-1

6. Johnstone, A.H.: Why is science difficult to learn? Things are seldom what they seem. J.
Comput. Assist. Learn. 7(75), 701-703 (1991)

7. Gabel, D.: Improving teaching and learning through chemistry education research: a look to
the future. J. Chem. Educ. 76(4), 548 (1999). https://doi.org/10.1021/ed076p548

8. Slater, M., Sanchez-Vives, M.V.: Enhancing our lives with immersive virtual reality. Front.
Robot. Al 3, 74 (2016). https://doi.org/10.3389/frobt.2016.00074

9. Merchant, Z., Goetz, E.T., Keeney-Kennicutt, W., Kwok, O., Cifuentes, L., Davis, T.J.: The
learner characteristics, features of desktop 3D virtual reality environments, and college chem-
istry instruction: a structural equation modeling analysis. Comput. Educ. 59(2), 551-568
(2012). https://doi.org/10.1016/j.compedu.2012.02.004

10. Clemons, T.D., Fouché, L., Rummey, C., Lopez, R.E., Spagnoli, D.: Introducing the first year
laboratory to undergraduate chemistry students with an interactive 360° experience. J. Chem.
Educ. 96(7), 1491-1496 (2019). https://doi.org/10.1021/acs.jchemed.8b00861


https://cen.acs.org/education/undergraduate-education/Questioning-value-general-chemistry-labs/98/i18
https://delta.ncsu.edu/news/2018/12/19/virtualizing-organic-chemistry-labs/
https://doi.org/10.1021/acs.jchemed.8b00874
https://doi.org/10.1038/d41586-018-06831-1
https://doi.org/10.1021/ed076p548
https://doi.org/10.3389/frobt.2016.00074
https://doi.org/10.1016/j.compedu.2012.02.004
https://doi.org/10.1021/acs.jchemed.8b00861

266

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

D. Demirel et al.

Bandura, A.A.: Self-efficacy: The exercise of control (1997)

Zimmerman, B.J., Bandura, A., Martinez-Pons, M.: Self-motivation for academic attainment:
the role of self-efficacy beliefs and personal goal setting. Am. Educ. Res. J. 29(3), 663-676
(1992). https://doi.org/10.3102/00028312029003663

Chemers, M.M., Hu, L., Garcia, B.F.: Academic self-efficacy and first year college student
performance and adjustment. J. Educ. Psychol. 93(1), 55-64 (2001). https://doi.org/10.1037/
0022-0663.93.1.55

Bandura, A.: Perceived self-efficacy in cognitive development and functioning. Educ. Psychol.
28(2), 117-148 (1993). https://doi.org/10.1207/s15326985ep2802_3

Vogel, J., Vogel, D., Cannon-Bowers, J., Bowers, C., Muse, K., Wright, M.: Computer gaming
and interactive simulations for learning: a meta-analysis. J. Educ. Comput. Res. 34, 229-243
(2006). https://doi.org/10.2190/FLHV-K4WA-WPVQ-HOYM

Merchant, Z., Goetz, E.T., Cifuentes, L., Keeney-Kennicutt, W., Davis, T.J.: Effectiveness of
virtual reality-based instruction on students’ learning outcomes in K-12 and higher education:
a meta-analysis. Comput. Educ. 70, 29—40 (2014). https://doi.org/10.1016/j.compedu.2013.
07.033

Makransky, G., Borre-Gude, S., Mayer, R.E.: Motivational and cognitive benefits of training
in immersive virtual reality based on multiple assessments. J. Comput. Assist. Learn. 35(6),
691-707 (2019). https://doi.org/10.1111/jcal.12375

Ding, D., Brinkman, W.-P., Neerincx, M.A.: Simulated thoughts in virtual reality for negoti-
ation training enhance self-efficacy and knowledge. Int. J. Hum. Comput. Stud. 139, 102400
(2020). https://doi.org/10.1016/j.ijhcs.2020.102400

Nissim, Y.W., Eyal, : Virtual reality (VR) as a source for self-efficacy in teacher training. Int.
Educ. Stud. 10(8), 52-59 (2017)

Moore, C., Smith, S., Avner, R.A.: Facilitation of laboratory performance through CAI. J.
Chem. Educ. 57(3), 196 (1980). https://doi.org/10.1021/ed057p196

Krummel, T.M.: Surgical simulation and virtual reality: the coming revolution. Ann. Surg.
228(5) (1998). https://journals.lww.com/annalsofsurgery/Fulltext/1998/11000/Surgical_Sim
ulation_and_Virtual_Reality__The.2.aspx

Marescaux, J., et al.: Virtual reality applied to hepatic surgery simulation: the next revolution.
Ann. Surg. 228(5) (1998). https://journals.lww.com/annalsofsurgery/Fulltext/1998/11000/ Vir
tual_Reality_Applied_to_Hepatic_Surgery.1.aspx

Seymour, N.E.: Virtual reality training improves operating room performance: results of a ran-
domized, double-blinded study. Ann. Surg. 236(4) (2002). https://journals.lww.com/annalsofs
urgery/Fulltext/2002/10000/Virtual_Reality_Training_Improves_Operating_Room.8.aspx
Dunnagan, C.L., Dannenberg, D.A., Cuales, M.P., Earnest, A.D., Gurnsey, R.M., Gallardo-
Williams, M.T.: Production and evaluation of a realistic immersive virtual reality organic
chemistry laboratory experience: infrared spectroscopy. J. Chem. Educ. 97(1), 258-262
(2020). https://doi.org/10.1021/acs.jchemed.9b00705

Barrett, R., et al.: Social and tactile mixed reality increases student engagement in undergrad-
uate lab activities. J. Chem. Educ. 95(10), 1755-1762 (2018). https://doi.org/10.1021/acs.jch
emed.8b00212

Bennie, S.J., etal.: Teaching enzyme catalysis using interactive molecular dynamics in virtual
reality. J. Chem. Educ. 96(11), 2488-2496 (2019). https://doi.org/10.1021/acs.jchemed.9b0
0181

Bibic, L., Druskis, J., Walpole, S., Angulo, J., Stokes, L.: Bug off pain: an educational virtual
reality game on spider venoms and chronic pain for public engagement. J. Chem. Educ. 96(7),
1486-1490 (2019). https://doi.org/10.1021/acs.jchemed.8b0090S5

Labster. A million-dollar lab, one click away. https://www.labster.com

EduChemVR Improving Chemistry Learning with Virtual Reality. http://educhem-vr.com/


https://doi.org/10.3102/00028312029003663
https://doi.org/10.1037/0022-0663.93.1.55
https://doi.org/10.1207/s15326985ep2802_3
https://doi.org/10.2190/FLHV-K4WA-WPVQ-H0YM
https://doi.org/10.1016/j.compedu.2013.07.033
https://doi.org/10.1111/jcal.12375
https://doi.org/10.1016/j.ijhcs.2020.102400
https://doi.org/10.1021/ed057p196
https://journals.lww.com/annalsofsurgery/Fulltext/1998/11000/Surgical_Simulation_and_Virtual_Reality__The.2.aspx
https://journals.lww.com/annalsofsurgery/Fulltext/1998/11000/Virtual_Reality_Applied_to_Hepatic_Surgery.1.aspx
https://journals.lww.com/annalsofsurgery/Fulltext/2002/10000/Virtual_Reality_Training_Improves_Operating_Room.8.aspx
https://doi.org/10.1021/acs.jchemed.9b00705
https://doi.org/10.1021/acs.jchemed.8b00212
https://doi.org/10.1021/acs.jchemed.9b00181
https://doi.org/10.1021/acs.jchemed.8b00905
https://www.labster.com
http://educhem-vr.com/

30.

31.
32.
33.
34.
35.

36.

37.

Towards a New Chemistry Learning Platform 267

Virvou, M., Katsionis, G.: On the usability and likeability of virtual reality games for edu-
cation: the case of VR-ENGAGE. Comput. Educ. 50(1), 154-178 (2008). https://doi.org/10.
1016/j.compedu.2006.04.004

Virtual Reality at UCSF (2020). http://vr.ucsf.edu/#education

MEL Science experiments for kids, delivered to your door. https://melscience.com/US-en/
Pharr, M., Jakob, W., Humphreys, G.: Physically Based Rendering: From Theory to
Implementation (2016)

Schlick, C.: An inexpensive BRDF model for physically-based rendering. Comput. Graph.
Forum 13(3), 233-246 (1994)

Ashikhmin, M., Shirley, P.: An anisotropic phong BRDF model. J. Graph. Tools 5(2), 25-32
(2000)

Ashikmin, M., PremozZe, S., Shirley, P.: A microfacet-based BRDF generator. In: Proceedings
of the 27th Annual Conference on Computer Graphics and Interactive Techniques, pp. 65-74
(2000). https://doi.org/10.1145/344779.344814

MySQL AB (2001) MySQL.


https://doi.org/10.1016/j.compedu.2006.04.004
http://vr.ucsf.edu/%23education
https://melscience.com/US-en/
https://doi.org/10.1145/344779.344814



