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ABSTRACT

Abstract biological processes that occur at the submicroscopic level, such as osmosis
and diffusion, are inherently difficult for many students to conceptualize when tradi-
tional learning and teaching methods are used. This study introduced an immersive 320°
three-dimensional (3D) experience of osmosis in which students became engaged with
the cellular environment in a Cave Automatic Virtual Environment. The aims of this study
were: 1) to explore whether a textbook diagram of osmosis recreated as an immersive 3D
learning experience would be a meaningful tutorial activity for first-year cell biology stu-
dents at a regional Australian university; and 2) to gather preliminary evidence of the util-
ity of the tutorial by examining student performance data. The experience was perceived
by students to be fun, useful, and educational. Performance of all students improved on
a multiple-choice exam question, with the percentage of students choosing the osmosis
distractor answer decreasing from 26 to 15% (p < 0.001). Those students with moderate
to high base-level knowledge also performed better on short-answer questions about
the cell membrane and osmosis (10—14% better, depending on base-level knowledge, p <
0.001). We give recommendations for future studies to investigate using immersive visual-
ization in science teaching.

INTRODUCTION

Understanding how molecules move across the cell membrane is a crucial concept in
biology and is one that students need to master to acquire broader and more advanced
concepts (Sanger et al., 2001; Lankford and Friedrichsen, 2012; Sung et al., 2017).
Knowledge of diffusion and osmosis is required to understand normal and abnormal
cellular functions, as well as life processes, such as water movement into the roots of
a plant; photosynthesis; cellular respiration; and the swelling of brain cells in cerebral
edema. Due to the ubiquity of these processes, most scientists have a solid understand-
ing of osmosis and diffusion; however, learning about these concepts in school or at
university is challenging (Johnstone and Mahmoud, 1980; Zuckerman, 1994; Odom,
1995; Odom and Barrow, 1995, 2007; Odom and Kelly, 2001; Fisher et al., 2011;
Hasni et al., 2016; Sung et al., 2017; Reinke et al., 2019).

Many studies have identified misconceptions, or alternative, naive ideas, of
osmosis and diffusion held by novice science students. Common misconceptions
about osmosis and diffusion include the beliefs that molecules move because they
are seeking isolation (anthropomorphizing), molecules only move until isotonicity is
reached and then stop moving, and osmosis occurs at a constant rate (Zuckerman,
1994; Odom and Kelly, 2001; Fisher et al., 2011; Artun and Costu, 2013; Reinke
et al., 2019). Despite many years of research into why students have developed
these misunderstandings, and onging attempts to dispell them, these misunder-
standings have persisted (Marek et al., 1994; Odom, 1995; Odom and Barrow, 1995;
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Odom and Barrow, 2007; Jensen et al., 1996; Sanger et al.,
2001; Tekkaya, 2003; Fisher et al., 2011; Kramer and Myers,
2012; Reinke et al., 2019). Kramer and Myers (2012) sug-
gested that the ways in which these concepts are taught can
explain why students develop consistent misconceptions.

Learning about osmosis and diffusion often begins with
gaining an understanding of the structure of the cell membrane.
Jenkinson et al. (2012) stated that “Biology is an inherently
visual domain,” and as such, being able to see or visualize the
component parts of the cell membrane and their interactions,
even on a simplistic level, is vital to gaining a deep understand-
ing of the concepts related to transport through the membrane.
Concept visualization is difficult for students to achieve when it
involves processes that occur at the molecular and submolecu-
lar levels (McClean et al., 2005). Cellular structures and mole-
cules and their interactions are often simplified and represented
as two-dimensional (2D) images, such as those displayed in
textbooks. However, 2D images cannot portray the complex
three-dimensional (3D) nature of structures such as the cell
membrane (Ferdig et al., 2015). Such portrayals often need to
be accompanied by explanation in the form of annotating text
or cues such as arrows that show directional movement. This
format can impart cognitive load related to the interpretation of
the information and often opens itself up to misinterpretation
(Hoffler and Leutner, 2007). These static, 2D resources also rely
on students’ ability to mentally animate the image. Hegarty and
Sims (1994) suggest that the animation strategies that are used
by learners with a range of spatial abilities are similar, but note
that some learners with low spatial ability are less accurate in
the mental product that is achieved. It is possible that the use of
3D, dynamic imagery may be more equitable for students with
a range of spatial abilities and may lead to greater learning
outcomes.

Teachers have used different activities and approaches to
teach osmosis and diffusion, such as coin-tossing exercises to
show the random processes that are central to the process
(Haddad and Baldo, 2010), red onions and decalcified chicken
eggs to depict net water movement (Lankford and Friedrichsen,
2012), and dialysis bags and potato slices to show the process
on a macro scale (Odom et al., 2017). In addition, with advances
in technology, there is increasing use of multimedia simulations
and dynamic visualizations to complement the traditional
methods used to teach osmosis and diffusion (Rundgren and
Tibell, 2009; Odom et al., 2017; Sung et al., 2017). Studies of
the use of dynamic visualizations to teach these concepts have
reported mixed success. For example, first-year biology students
who viewed a computer animation on osmosis and diffusion
were more likely to correctly answer questions about the
dynamic nature of equilibrium and were less likely to anthropo-
morphize the “desires” of the molecules to move, when com-
pared with students who did not have access to the animations
(Sanger et al., 2001). However, these animations also rein-
forced students’ common misconception that molecules con-
tinue to move because they would settle to the bottom of the
container if they stopped and failed to support the concept of
random motion of molecules (Sanger et al., 2001). Sung et al.
(2017) allowed one experimental group of students to view
animations of osmosis and diffusion before completing an
assessment, and the other group viewed the animation after
completing the assessment. Those students who had viewed the
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animations before performed better on the assessment; how-
ever, for the most challenging question on the assessment, there
was no difference between the groups. The findings of these
studies suggest that, even when dynamic visualizations are
used to help students learn the processes of osmosis and diffu-
sion, the concepts may still be difficult to master. Students who
viewed the animations after completing the quiz considered
them more helpful and spent more time on revision, demon-
strating that there are psychological nuances to consider when
implementing interventions for learning challenging concepts
(Sung et al., 2017). A review of dynamic versus static visualiza-
tions suggests that the added layer of complexity (animation) is
likely to be useful where continuous change is an integral part
of the topic of study, but learners require more time for compre-
hension with this added complexity (see review by McElhaney
et al., 2015). This should be taken into consideration when
designing a 3D dynamic environment to avoid overwhelming
learners’ cognitive capacities (Paas et al., 2007).

Virtual reality (VR) takes dynamic computer visualizations a
step further by immersing the viewer in the simulated environ-
ment through stereoscopic 3D glasses or headsets. While seeing
movement in 2D may offer some improvements over 2D static
images, 3D dynamic animations may be better at depicting bio-
logical concepts such as osmosis and diffusion, as viewing these
concepts in 3D is more representative of the “real” interactions
and movements. A review of studies across research domains
that compare stereoscopic (3D) displays with monoscopic (2D)
displays found that the 3D displays were helpful in ~60% of
studies (McIntire et al., 2014), with the suggestion that 3D is
only inherently useful if the phenomenon of interest actually
“uses” the third dimension. In particular, as cells involve inher-
ently dynamic process that are occurring in complex 3D forma-
tions, it has been proposed that 3D technology can help to pro-
mote visual-spatial literacy and higher-order thinking in biology
students (Ferdig et al., 2015) and this is likely to assist students
in learning biological concepts. Cali et al. (2015) created a fully
immersive 3D environment in a cubic room as a research tool to
depict reconstructed images from real nerve cells. Researchers
were able to examine the spatial arrangement of cellular com-
ponents (e.g., glycogen granules) in a way that surpasses the
field of view available when using a 2D monitor (Cali et al.,
2015). Such 3D immersive and virtual environments are becom-
ing available to be used as educational environments.

Emotions linked to learning can influence students’ engage-
ment and academic performance (Kahu et al., 2015). Emotions
affect many components of learning, such as attention, mem-
ory, motivation, and self-regulation (Pekrun, 2011). In the
learning context, positive emotions such as interest and enjoy-
ment are vital foundations of engagement (Kahu et al., 2015).
Interest promotes learning, as it emotionally connects students
with the curriculum (Kahu et al., 2015), and also increases
exploration and information-seeking behaviors (Krapp, 1999).
In addition, interest has been reported to be positively cor-
related with time and effort dedicated to study (Schiefele,
1991) and, likewise, linked with academic performance (Raw-
son et al., 2017). Interaction with a 3D visualization on osmosis
that evokes a positive emotional experience may lead to
improved learning outcomes of this important concept.

In late 2015, the University of the Sunshine Coast,
Queensland, Australia opened an innovative immersive
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TABLE 1. Demographic characteristics of students completing LFS100 Cell Biology 2016—-2018

LFS100 20162 (Baseline) n (%) 2017 (Intervention) n (%) 2018 (Intervention) n (%) Sig®

Gender 0.623
Female 316 (65.3) 303 (63.0) 342 (65.8)
Male 168 (34.7) 178 (37.0) 178 (34.2)

Age group 0.143
<=20 318 (65.7) 290 (60.3) 340 (65.4)
>20 166 (34.3) 191 (39.7) 180 (34.6)

Citizenship 0.237
Domestic 460 (95.0) 462 (96.0) 505 (97.1)
International 24 (5.0) 19 (4.0) 15 (2.9)

Enrollment type 0.974
New 339 (70.0) 338 (70.3) 362 (69.6)
Continuing 145 (30.0) 143 (29.7) 158 (30.4)

First in family 0.699
Yes 221 (45.7) 232 (48.2) 248 (47.7)
No 263 (54.3) 249 (51.8) 272 (52.3)

Total enrollments 484 481 520

Participants 364 (75.4) 403 (83.8) 449 (86.3) 0.000

aReported in Reinke et al. (2019).
bChi-squared test of independence.

simulation space specifically for teaching called the Cave Auto-
matic Virtual Environment (CAVE2; Febretti et al., 2013). The
CAVE2 provides a 320°, 3D immersive experience in which stu-
dents do not just view a video or animation but also become
engaged with, and part of, the environment. This innovative
learning and teaching space provided a unique opportunity to
develop and evaluate pedagogy in the area of 3D visualizations
in a group immersive setting. The first aim of this preliminary
study was to explore whether a textbook diagram of osmosis
recreated as an immersive 3D learning experience in the CAVE2
facility would be a meaningful tutorial activity for first-year cell
biology students at a regional Australian university. A second
aim was to gather preliminary evidence of the utility of the tuto-
rial by examining student performance data.

METHOD

Participants

All students enrolled in the first-year course LFS100 Cell Biol-
ogy during 2016, 2017, and 2018 at the University of the Sun-
shine Coast were invited to participate in this research study.
LFS100 is a required course in 18 degree programs and is used
as an elective in other programs from across the university.
None of the degree programs have a specific requirement for
prior high school chemistry or physics, and these data are not
routinely collected. Student characteristics were similar across
the 3 years of the study, with a total sample size of 1216 par-
ticipants (Table 1). Approximately two-thirds were female,
two-thirds were under 21 years old, and two-thirds were first-
year students. The majority of students were domestic (i.e.,
did not require an international visa), and nearly half were the
first in their family to attend university. Participation was
higher during the intervention years, and this is likely due to
the timing in semester, with the initial diagnostic test being
given a week earlier in 2017 and 2018. At the time of admin-
istration of the conceptual assessment, students were not
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aware that the following tutorial would include a CAVE2 expe-
rience, and so this is unlikely to have influenced participation
in the study.

Subject Format

The regular curriculum about osmosis and diffusion consists of
a 2-hour lecture, a 2-hour tutorial class, and a 2-hour laboratory
class. The cell membrane structure and function in eukaryotic
cells is described in the lecture. In the associated tutorial class,
students undertake a modeling exercise in which they manipu-
late beads to represent molecules inside and outside a cell and
participate in a discussion about cell membrane function with
their tutor. The laboratory class directs students through a
series of experiments using onion cells placed into sugar solu-
tions with increasing solute concentrations. Students view the
effects of osmosis as turgid (swollen) or plasmolyzed (shrunken)
cells using a microscope.

The intervention in 2017 and 2018 was the addition of an
immersive 3D simulation to the tutorial class, in place of a short
module on scientific writing, which was made available to stu-
dents as an online activity. The simulation was conducted in the
CAVE2 consisting of 84 3D-enabled flat-screen monitors
arranged in a 320° circle (Figure 1A). The system can display
flat 2D content such as extra-wide PowerPoint presentations
(1422.4 mm by 201.6 mm) and can also run 3D environments
through the gaming engine, Unity3D. In this scenario, viewers
wear passive polarized 3D glasses. The simulation created for
LFS100 Cell Biology included a 3D model of an animal cell that
was created to look similar to the flat representation in the text-
book (Urry et al., 2018) and a close-up view of the cell mem-
brane, including individual moving phospholipids, an aqua-
porin, and representative molecules such as water and
potassium ions (Figure 1C). A rendered 3D 360 video of the
environment is available publicly on YouTube (https://youtu
.be/8UYQ7pPRvF4) and can be viewed in 2D on any device or
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FIGURE 1. (A) floorplan of learning space, including the CAVE2; (B) photograph of the

learning space outside the CAVE2; (C) part of the osmosis simulation showing parts of the
cell membrane including the phospholipids, protein channels, and representative solutes;
(D) tutorial group inside the CAVE2 discussing the simulation.

in 3D on a VR-compatible device (e.g., a mobile phone with VR
glasses). The simulation was a deliberately simplified version of
the complex system of animal cells so that the students could
relate what they were seeing to the lecture content and 2D
diagrams. It did not include all solutes or interactions between
solutes, only a representative solute (potassium) to demon-
strate a concentration gradient. However, it was considered
imperative that the simulation be dynamic, with molecules
always moving and phospholipids “jiggling” to convey to stu-
dents the key aspects of the fluid nature of the cell membrane
and transport across the cell membrane.

The CAVE2 facility can accommodate small groups of up to
15 people. Therefore, the lesson plan required each tutorial
class (up to 24 students) to be split into smaller groups of ~12
students. Students who were not active in the CAVE were occu-
pied watching a simple 2D video covering concepts on cell
membrane structure and function that re-emphasized theory
content delivered in the lecture. This video was freely available
as an online activity in previous years.

CAVE2 Experience

The CAVE2 experience involved a tutor taking the students
through the 3D visualization in a semiscripted discussion. Start-
ing with the outside of the cell, the tutor pointed out different
features of the cell, representative molecules, and the location
of the aquaporins. The visualization would slowly build by add-
ing in the moving phospholipids, followed by the water (H,0)
molecules, then a representative solute (potassium ions; K*).
Students were asked to note the relative concentrations of the
K* and H,O. Both the K* and the H,0 were moving, and stu-
dents could also see the H,O moving through the aquaporins
into the cell. The tutor “drove” through an aquaporin into the
cell. Once inside the cell, the tutor again asked the students to
comment on the relative concentrations of K* and H,0 com-
pared with the outside. This then prompted discussion of the
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process of osmosis and the net movement
of water into the cell. The overall experi-
ence was timed to 6 minutes, as there
could be up to three concurrent tutorials
that were rotated through the intervention
as a part of the regularly scheduled
activities.

Instruments and Measures

Students’ scientific understanding of
osmosis and diffusion was evaluated using
the Osmosis and Diffusion Conceptual
Assessment (ODCA; Fisher et al., 2011).
The ODCA consists of 18 multiple-choice
questions organized into pairs. The first
question of each pair asks about what hap-
pens within a certain context, and the sec-
ond question asks about why the event or
process happened (Fisher et al, 2011). The
ODCA was validated on 408 American
university students (Fisher et al., 2011),
and two of these questions were modified
to be relevant to the regional Australian
context (Reinke et al., 2019). Students in
all years of the study (2016-2018) com-
pleted a paper version of the ODCA under examination condi-
tions after the relevant lecture on membrane transport to estab-
lish a baseline level of understanding. This baseline knowledge
was used as a control variable to capture the differences
between students arising from different levels of prior science
study, different programs of enrollment, and demographic char-
acteristics, as many of these variables are confounded. For
example, the nutrition program attracts a largely female cohort
with a high proportion of adult learners and no high school
chemistry or physics.

The subjective experience of the CAVE2 immersive visualiza-
tion for students in 2017 and 2018 was collected through a
short exit survey that had been developed by the authors and
reviewed by four tutors who had recently taught the course and
had tested the 3D experience while in development. Students
were asked to select descriptors for their experience of the sim-
ulation (positive, exciting, fun, interesting, boring, negative,
disorienting, or nerve-racking). Five-point Likert-scale ques-
tions requested information about the students’ perceptions of
the educational value of the simulation. There were three open-
ended prompts asking 1) “If your experience in the CAVE
assisted you in your understanding of the osmosis concept,
please describe how you think it helped”; 2) “Please make any
comments about your experience today in the CAVE2”; and 3)
“Please describe any changes that could be made to make this
experience more effective..”

The final exam for the course was held at approximately 10
weeks postintervention (including study breaks) and contained
an identical multiple-choice question and a short-answer ques-
tion across all 3 years for a postintervention comparison. The
multiple-choice question tested basic foundational knowledge
of the concept by asking: “The net movement of molecules
from an area of lower concentration to an area of higher
concentration is best described by which of the following:
(Diffusion/Active transport/Osmosis/Facilitated diffusion).”
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This question was set at the “remember” level of Bloom’s tax-
onomy (Bloom, 1984) and was constructed so that the topic of
the intervention was a distractor to reduce any bias created by
the small amount of extra time on task and simple word recog-
nition. The short-answer question required more in-depth
understanding at the “application” level of Bloom’s taxonomy
(Bloom, 1984). It had three parts: 1) Describe (or illustrate
with a labeled diagram) the general structure of the plasma
membrane in a eukaryotic cell. 2) You weigh a piece of potato
tissue, then place it into deionized water (H,0,). After 20 min-
utes of immersion, the net weight of the potato increased.
Explain the process that caused the increase in potato tissue
weight. 3) You weigh a piece of potato tissue, then place it into
1.0 M sucrose solution. After 20 minutes of immersion, the net
weight of the potato decreased. Explain the process that caused
the decrease in potato tissue weight. The multiple-choice sec-
tion of the exam was automatically scanned and marked by a
computer. The short-answer question was marked according to
a specific marking guide by experienced tutors, consistent
across all years of the study, with a sample of exam scripts dou-
ble marked by the course coordinator at the start of the mark-
ing period, with feedback given to tutors where necessary to
ensure consistency.

The ODCA was administered in week 5 in 2016 and in week
4 in both 2017 and 2018. The CAVE2 experience was held in
week 5 in 2017 and 2018 (there was no CAVE2 experience in
2016). The exam was held at the end of the 13-week semester
in the usual exam period each year. Consent was given by stu-
dents when they completed the ODCA, and these data were
later matched with exam information by an independent
research assistant not teaching in the course.

Data Analysis and Ethical Considerations

Cohort demographic characteristics (gender, age, citizenship,
enrollment type, and first in family to attend university) were
obtained from the university’s central database organization,
and a chi-squared test of independence was used to test for
differences between cohorts (Table 1). For the survey data,
agreement with closed questions was described with percent-
ages. Responses to open-ended questions were reviewed for
major themes by all authors (N.R., M.K., A.P) and then coded
independently by the first two authors (N.R., M.K.). There was
a high level of interrater agreement between the first two
authors on major themes with Cohen’s k¥ = 0.987 (p < 0.001);
any discrepancies were resolved by the third author (A.P)
through discussion. Student comments were chosen that most
clearly articulated and represented the major themes. The
final exam was marked according to the regular marking pro-
tocol described earlier. The proportions of students who chose
the distractor option of “osmosis” in the multiple-choice ques-
tion in baseline and intervention years was compared using
Chi-squared tests of independence, and a logistic regression
was used to test whether this was moderated by baseline
understanding on the ODCA (fail/pass/credit/distinction/
high distinction). For the short-answer question, an indepen-
dent ¢t test was used to test for an overall difference between
baseline and intervention groups, and a two-way analysis of
variance (ANOVA) with interaction was used to test whether
the short-answer score was moderated by baseline under-
standing and whether there was any interaction between the
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receiving the intervention (yes/no) and baseline understand-
ing on the ODCA (fail/pass/credit/distinction/high distinc-
tion). IBM SPSS v. 24 was used for all analyses. This research
project was approved by the Human Research Ethics Commit-
tee at USC (approval no. A16806).

RESULTS

There was no difference in baseline understanding of osmosis in
years 2016-2018 (F = 2.3; p = 0.104). The overall mean score
was 64.9% (95% confidence interval [CI]: 63.8 to 66.0). ODCA
results for 2016 and 2017 are described in more detail in an
earlier study (Reinke et al., 2019). As there were no significant
differences in demographic characteristics or baseline under-
standing, the two intervention years (2017 and 2018) were
pooled for the main analysis.

Student Experience Survey

Overall, 94% of students who agreed to participate returned
CAVE experience surveys (n = 392 in 2017, and n = 408 in
2018), which were pooled for analysis (n = 800). Nearly all
students (97%) agreed or strongly agreed that the experience
helped them visualize how water molecules move into and
out of a cell. Most students agreed that they would describe
the experience as positive (89%) and interesting (92%;
Figure 2). There were very few negative responses, and only
8% of students reported that the 3D environment was disori-
enting. One student ticked every single descriptor, both posi-
tive and negative, perhaps due to excitement. Over 95% of
students agreed or strongly agreed that the experience pro-
moted their understanding of the osmosis concept (M = 4.4,
SD =0.622), and 98.6% of students agreed or strongly agreed
that the experience helped them visualize the cell membrane
and how water moves in and out of the cell (M = 4.6, SD =
0.526).

In response to the first open-ended prompt, which asked stu-
dents to explain how the experience assisted understanding (if
they had agreed it did), 94% of students wrote a comment (n =
751); however, the majority of these (69%) simply rephrased
that they “could see it” or “it was visual.” Other comments
included that it was immersive, 3D, close up, better than the
textbook, or that they liked the teacher—student interaction.

In response to the prompt “Please make any comments
about your experience today in the CAVE2,” 74% of students
left comments (n = 590). Most of the comments (51%) reiter-
ated that the experience was fun/exciting/awesome. Represen-
tative comments include:

“Interesting and a good way, to understand through ‘being’ in
the cell itself rather than watching a normal video.”

“Very exciting and assisted my understanding of osmosis.”

Positive responses about the educational experiences were
made in 28% of the comments:

“Made my understanding of it much better as I felt like I was
actually in it.”

“Very educating to see how the molecules moved through the
cell, feel privileged to have experienced this.”
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FIGURE 2. Percentage of students agreeing with each descriptor of the intervention

(CAVE2) experience in 2017 and 2018.

“How the phospholipids
moving).”

move was amazing (always

Approximately 38% of comments reflected that it was inter-
esting, educational, or a good learning experience. The remain-
ing 11% of comments offered a variety of suggestions around
timing and classes being offered. The major theme of these
comments was a request for additional learning opportunities
in the CAVE2 facility.

“It was very interesting. I would like to see more examples of
other processes in the body”

“It was fantastic. I would love to see more complex processes
being put [brought] to life in the CAVE2!”

“Should do it MORE!!!!”

The final question asked students to describe any changes
they would make to the experience. More than half (55%)
made no comment or explicitly wrote “nothing” or “perfect as
is.” Thirty percent asked for more time in the CAVE2, more ses-
sions, and more visualizations.

“I wish it was longer”

“More classes in the CAVE so we get more of a visual
perspective.”
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The remaining comments were a vari-
ety of suggestions, many useful, about
minor changes that could be made, for
example changing the audio track or add-
ing labels to the cellular structures.

Interesting

Positive

Exam Results

There were two specific questions about
osmosis and diffusion on the final exam for
the subject: one short-answer question and
one multiple-choice question. The same
questions were used across all years of the
study. The multiple-choice question was
focused on the topic of diffusion, with
“osmosis” included as a distractor answer
option. Students who received the CAVE2
intervention were less likely to choose this
distractor (x% = 21.2, p < 0.001), with the
proportion of students choosing this dis-
tractor decreasing from 26% in the baseline
year to 15% in the intervention years. To
investigate which students were most likely
to benefit from the intervention, we
grouped students by their grade on the
ODCA, based on the percentage of ques-
tions answered correctly: 0-49%, Fail;
50-64%, Pass; 65-74%, Credit; 75-84%,
Distinction; and 85-100%, High Distinc-
tion. There was no significant interaction
between ODCA grade and year on choosing
the “osmosis” distractor option, which sug-
gests that the intervention was beneficial to
students with all levels of knowledge (Figure 3).

The short-answer question on the final exam asked students
to illustrate and describe the structure of the cell membrane and
to explain the net direction of osmosis when potato tissue was
placed in either a water or a sucrose solution. The maximum
score for this question was 5 points. There was a small but sig-
nificant difference between the groups, with the students who
received the CAVE2 intervention scoring slightly higher on aver-
age (t=2.5,p =0.014). Grouping students based on their ODCA
grade and using a multivariate analysis revealed that there was
no difference on exam short-answer question performance
between control and intervention groups for students who
achieved Fail or Pass on the ODCA (Figure 4). However, there
appeared to be a change in performance for students achieving
a grade of Credit or higher. On average, the difference was 0.5
of a mark higher for Credit students and 0.7 mark higher for
Distinction and High Distinction students who received the
intervention; these are improvements of 10% and 14%, respec-
tively. This interaction between the ODCA grade and interven-
tion was statistically significant in an ANOVA including the
intervention (F = 12.5, p < 0.001), diagnostic grade (F = 52.5,
p < 0.001), and interaction term (F = 3.2, p = 0.012) as
predictors.

Exciting

Fun
Disorienting
Nerveracking
Distressing
Boring

Negative

DISCUSSION

In this study, a 3D immersive visualization was developed and
deployed to assist students to learn about osmosis in a first-year
cell biology subject. The results suggest that students found the
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Intervention

No Yes

Distracted

EHnNo
HYes

Percent

FL PS CR DN HD
ODCAgrade

FL PS CR DN HD
ODCAgrade

FIGURE 3. The proportion of students selecting “osmosis” as the
(incorrect) answer to a multiple-choice exam question on
diffusion, split by intervention condition and grade in ODCA as a
measure of baseline understanding. FL, fail; PS, pass; CR, credit;
DN, distinction; HD, high distinction.

3D immersive experience to be an engaging, fun, and enjoyable
activity. Furthermore, there was a small improvement in perfor-
mance on relevant exam questions by those students who had a
moderate to high baseline understanding of the concept before
experiencing the immersive visualization.

Our findings demonstrate an important step in the collec-
tion of evidence that using 3D immersive environments to teach
complex microscopic cellular processes assists learning. How-
ever, more broadly, there is limited evidence of the pedagogical
benefits of teaching in 3D environments beyond the artifacts
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FIGURE 4. Mean scores with 95% CI for a short-answer exam
question on the topic of osmosis and the cell membrane, split by
intervention condition and grade in ODCA as a measure of baseline
understanding. FL, fail; PS, pass; CR, credit; DN, distinction; HD,
high distinction.

CBE—Life Sciences Education « 20:arl, Spring 2021

Immersive 3D Experience to Teach Osmosis

being interesting and enjoyable to engage with (Oloruntegbe
and Alam, 2010; Parong and Mayer, 2018). Learning about
complex concepts such as osmosis requires students to build
mental models of their understanding of the concepts (Schraw
et al., 2006). Assisting students to build their own constructs is
challenging for various reasons, including the complex nature
of the concepts and the need to simultaneously move between
molecular, submicroscopic, microscopic, and macroscopic
scales (Gilbert, 2008). When learning complex concepts such
as osmosis, students often need to engage with multiple repre-
sentations of the components and processes (Corradi et al.,
2014a; McElhaney et al., 2015). In the present study, all three
cohorts of students participated in an interactive lecture, had
set readings, and had access to a video that contained 2D repre-
sentations of osmosis and diffusion across cell membranes. The
laboratory class directed students through a series of experi-
ments using onion cells placed into sugar solutions with increas-
ing solute concentrations. Students viewed the effects of osmo-
sis (as swollen or shrunken cells) using a microscope. However,
what they could not see was the water molecules actually mov-
ing both into and out of the cell. It was therefore more challeng-
ing for them to link water movement across the cell membrane
with the net effect of a change in the cell volume and shape. In
the accompanying tutorial class, students undertook a model-
ing exercise in which they manipulated beads to represent
molecules inside and outside the cell. Although this was a “3D”
exercise, students tended to focus on placing beads to represent
a static end result of osmosis rather than understanding the
dynamic movement of the beads occurring via the real process.
In addition to these oral, textual, and visual representations,
the intervention cohorts also experienced the immersive visual-
ization in the CAVE2. Almost all students acknowledged the
educational value of the immersive visualization, agreeing that
the experience helped them to “see” the processes, with many
focusing on the movement of molecules. This overwhelmingly
positive response suggests that the immersive experience added
to the other information representations to assist students to
build their mental models of the cell membrane, aquaporins,
concentration gradients, and movement of water molecules.
Most students in the present study agreed the immersive
visualization elicited positive emotions (positive, interesting,
fun, and exciting). Similarly, in a study by Parong and Mayer
(2018), students rated an immersive VR lesson higher on enjoy-
ment and motivation compared with watching a narrated slide-
show. However, based on posttest scores, the slideshow group
scored significantly higher than the VR group. When students
were prompted to summarize segments of the VR lesson, the
scores were comparable with those of the slideshow group
(Parong and Mayer, 2018). In the present study, all students
learning about osmosis and diffusion engaged with many differ-
ent representations of the concepts (e.g., aural, 2D lecture slides,
textbook text and images, experimental demonstration, and
bead activity), and only the intervention cohorts also experi-
enced the immersive visualization. It is possible that, after expe-
riencing the immersive visualization, students were motivated
to engage more with the related postvisualization learning tasks,
which may then have positive effects on learning and achieve-
ment. Emotional events can lead to retention of memories (Tyng
et al., 2017), with positive emotional experiences leading to
improved learning performance (Chen and Wang, 2011).
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Positive emotions derived from the use of multimedia presenta-
tions can increase intrinsic motivation that facilitates learning
(Um et al., 2012). It is important to note that, although positive
correlations have been found between factors such as interest,
exploration, study time, and academic performance, the rela-
tionships between emotions and learning are complex (Pekrun,
2011).

Overall, there was a small improvement in students’ perfor-
mance on exam questions about osmosis and the cell mem-
brane. When answering the multiple-choice question, fewer
students chose the incorrect “osmosis” option, which reflects an
improvement in the level of understanding of the concepts. This
improvement was for students with all base-level knowledge
about the concepts (as gauged by their performance on the
ODCA). The short-answer question on the exam required stu-
dents to remember and understand information to describe or
illustrate the general structure of the cell membrane and also to
apply their knowledge toward determining the net direction of
osmosis when potato tissue was placed in either water or a
sucrose solution. The change in student performance on the
short-answer question was small but significant. However, this
higher performance was not consistent across all groups of stu-
dents when viewed according to performance on the ODCA.
Those students who answered 65-100% correct on the ODCA
benefited from the intervention, whereas those students who
achieved between 0-64% did not show any improvement with
the intervention. Thus, it is possible that the students who had
higher prior knowledge of molecules, concentration gradients,
and/or membranes, as demonstrated by their higher achieve-
ment on the ODCA, may have been better able to expand and
deepen their knowledge, aided by visualization of the process,
and then apply this knowledge to gain higher marks on the
application parts of the exam questions. It is well recognized
that understanding concepts in biology often requires back-
ground knowledge in chemistry and physics (Michael, 2007;
Michael et al., 2009; Modell et al., 2019). For students to under-
stand the movement of water molecules through aquaporins in
the cell membrane, they must first grasp the concept of Brown-
ian motion (i.e., continuous and random movements of the
molecules) in the context of the cellular environment (Gauthier
et al., 2019). Students who had low prior knowledge or under-
standing of chemistry, as suggested by lower achievement on
the ODCA, may have struggled to develop an appropriate men-
tal model of osmosis. However, there was no evidence from the
performance data that it harmed the understanding of osmosis
for these students. Therefore, given the overwhelmingly posi-
tive response to the experience by almost all students, it is pos-
sible that the 3D immersive visualizations will be most success-
ful when targeted at fundamental concepts for lower-achieving
students before advancing to more complex biological pro-
cesses. Depending on the prior knowledge and sophistication of
the student cohort, future investigations could also examine the
use of immersive visualizations of the concepts that have com-
plex spatial and dynamic arrangements of components.

Limitations

Students in the intervention years had the benefit of slightly
more class time on this concept, as the immersive experience
replaced an activity unrelated to the topic (scientific writing
module), and it is likely that a greater proportion of students
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watched a short video on the topic as part of the replacement
activities. It is possible that some of the student performance
results could be attributed to this additional time on task. How-
ever, after the logistics of moving students between buildings
during the tutorial, the intervention itself was relatively short
(6 minutes).

The survey itself was specifically developed for the study, as
there were no existing instruments suitable for adaptation. It
was not possible to use a test-retest method of validation, as
part of the reaction to the experience was in the novelty.
Although there were very consistent responses both years, the
value of the open-ended comments was limited, with many stu-
dents simple reiterating that the experience was fun and visual.
Future studies could investigate students’ perceptions of their
understanding of concepts they experienced using an immer-
sive visualization by embedding the questions of the learning
activities into the tutorial so that they reflect on what they have
learned from the experience. Furthermore, exploration of emo-
tions before, during, and after the interaction with the 3D visu-
alization could also be explored.

Osmosis was chosen as a fundamental concept that stu-
dents need to master. However, relative to the overall content
of the cell biology subject, it makes up only a small percentage
of the assessment. This makes it difficult to quantify the value
of the experience, as any changes in grade distributions are
likely to be lost in the natural variation between cohorts. Yet
small differences were detected on the specific questions in
the subject’s final exam that were related to the cell mem-
brane and osmosis. Retesting student knowledge using the
same conceptual assessment after the CAVE2 experience may
have been beneficial for evaluation of the effectiveness of the
intervention, but this was not possible due to the already
dense curriculum.

Students with low prior knowledge of chemistry are likely to
struggle to understand concepts such as osmosis and diffusion.
It may have been beneficial to measure the students’ prior
learning, specifically in chemistry, and to control for it during
analysis and evaluation of the effectiveness of the immersive
experience. Future studies could therefore provide students
with access to remedial chemistry resources and other external
representations in the learning activities accompanying the
visualization. For example, students could be given opportuni-
ties to draw the process of osmosis, take notes, and verbalize
the process to their peers (Corradi et al., 2012, 2014b; Wu and
Rau, 2018) to help prevent them from developing flawed men-
tal models or to correct misconceptions.

It is possible that one short exposure to the visualization may
not have been sufficient to benefit those students with lower
baseline understanding (those achieving a Fail or Pass grade on
the ODCA). Indeed, many students specifically requested more
time in the CAVE2 on the exit surveys. Ayres and Paas (2007)
suggest that dynamic visualizations may create a high cognitive
workload due to the time-dependent, transient nature of what
is seen and the need for students to remember, select, and then
integrate the components and events. This high cognitive load
might then impede the learning process, such that dynamic
visualizations may not be as effective for instruction compared
with static visualizations. It is possible that those students with
lower baseline understanding did not show the same increase
in short-answer question results, as the cognitive load of the
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immersive visualization was too great, compared with the lower
cognitive load put on students with higher baseline understand-
ing. However, during the present study, repeat exposure to the
immersive visualization was not practical with the size of the
cohort and the volume capacity of the CAVE2.

CONCLUSIONS

An immersive visualization of the cell membrane and osmosis
was perceived by students as an advantageous educational tool
to be included in the first-year cell biology curriculum. This
study showed that an immersive visualization led to a small
improvement of student performance data related to the con-
cepts of osmosis and the cell membrane. We recommend that
future studies explore students’ prior understanding of chemis-
try and how this is related to the learning of osmosis and similar
complex biological concepts. We also recommend further study
to explore the exposure to visualizations in assisting learning,
students’ perceptions of their conceptual understanding and
emotions when learning using 3D immersive visualizations,
and the use of 3D visualizations to teach other spatially com-
plex biological concepts.
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