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INTRODUCTION

t is common to demonstrate macroscale chemical engi-

neering concepts with benchtop experiments, but it is

much more challenging, if not impossible, to directly
demonstrate the underlying nanoscale phenomenon. Many
hands-on educational activities for chemical engineering
students have focused on lab-scale versions of equipment
they would encounter in industrial careers (reactors, distil-
lations columns, etc.),!'™* while other applications can be
found in outreach activities typically geared toward K—12
audiences.’ Computer simulations of mathematical mod-
els, e.g., heat and mass transfer equations,®” and virtual lab-
oratories, e.g., of a substance in a piston,'” have been used
to help students understand macroscale concepts; however,
these activities do not directly engage with the nanoscale.
Chemical engineering students are sometimes exposed to
nanoscale demonstrations via classroom kits in non-major
courses such as chemistry,!"'"!3 but this curricular separation
can leave a gap with engineering applications.

Computer visualization and simulation are promising
strategies to enhance student learning of nanoscale concepts.
In visualization activities, the student typically loads a mo-
lecular structure from a file, which may be created specifi-
cally for the activity or downloaded from a database, then in-
spects it (e.g., translates and rotates it). This computer-based
activity is comparable to hands-on activities using molecular
modeling kits but has the advantage that a physical model
does not need to be built, saving time and allowing students
to work with more complex models. Web-based programs
such as 3Dmol.js can produce small visualizations that
can be embedded in a browser.'*! Desktop programs such
as Avogadro allow students to not only visualize but also
edit the molecular configuration.'” Research-quality ren-
derers such as Visual Molecular Dynamics (VMD)!¢ and
OVITO " have rich features for both visualizing and ana-
lyzing molecular structures, but their user interfaces may be
more complex than needed for educational purposes.

Simulation activities expand on visualization activities.
The student configures a limited set of inputs to a physical
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model, then runs an in silico experiment. Research-quality
molecular simulation software is typically too complex for
students to use at introductory levels, so self-contained edu-
cational activities with simplified user interfaces are help-
ful. An excellent example is efomica,/'® a Java-based library
with a suite of applications for learning chemical engineer-
ing topics such as the thermodynamics of a gas in a piston,
osmosis, and reaction equilibrium. Students vary physical
parameters using sliders and observe both quantitative mea-
surements and molecular visualizations. The main challenge
is constructing a simulation that is sufficiently complex to
demonstrate a concept but is feasible with the student’s com-
puting resources, e.g., available CPU and GPU processing
capabilities or memory.
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Although they are powerful learning tools, one limitation
shared by all these computational activities is that they are
usually rendered on two-dimensional (2D) screens, so stu-
dent interactions are less realistic than true three-dimension-
al (3D) activities.">? In our personal experience, this can
lead to less engagement with the activity. To overcome this
limitation, virtual-reality (VR) software % can be used
to produce immersive 3D visualizations that are striking
compared to quasi-3D visualizations on 2D screens. Sev-
eral molecular VR activities have recently been reported for
teaching chemistry,?* particularly spatial reasoning (e.g.,
stereochemistry), but not chemical engineering. The activi-
ties typically had highly positive motivational outcomes for
students but resulted in mixed learning outcomes.*4%!

Inspired by this prior work, we created a VR activity to en-
rich student engagement with nanoscale concepts in chemi-
cal engineering — specifically, for thermodynamic phases.
The activity entails a video of an experiment illustrating the
difference in density of solids and liquids and a companion
VR simulation of their underlying molecular structures. The
rest of the article describes the activity and our experiences
with it, and it is organized as follows: first, we present the
activity; second, we report our preliminary results of learn-
ing assessments and an experience survey; and third, we
conclude with comments on practical considerations we ob-
served while executing the activity and future directions of
inquiry. We emphasize that we are reporting only our initial
exploration of an idea for an activity and not a comprehen-
sive study of its effectiveness.

ACTIVITY DESIGN

Our idea was to enrich the student learning experience of
the nanoscale origins of macroscale chemical engineering
concepts using complementary approaches: (1) a video of an
experiment illustrating the macroscale concept and (2) a VR
simulation reinforcing the underlying nanoscale behavior.
This approach allows us to leverage established experiments
and demonstrations, and prior work has also shown that stu-
dents preferred combined use of video and simulation in a
virtual physics-lab activity over either individually.*"" Our
target population was first- and second-year undergraduate
chemical engineering students to assist their transition from
general education (e.g., chemistry, physics) to engineering
coursework. However, we believe that this approach would
be valuable for K-12 outreach with appropriate differen-
tiation. By using VR to engage with nanoscale topics, we
aimed for a student to be better able (1) to describe a topic
at the nanoscale verbally or using drawings, (2) to explain
macroscale observations in a complementary benchtop ex-
periment or industrial application using the nanoscale de-
scription, and (3) to predict how changes at the nanoscale
affect the macroscale.
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As a case study, we created an activity to help students
understand how thermodynamic phase transitions have cor-
responding changes in both molecular structure and density.
The macroscale experiment was adapted from an existing
outreach module called “Light Ice, Heavy Water.” “*' An ice
cube was suspended between layers of baby oil and veg-
etable oil (Figure 1). Students were asked to predict the di-
rection liquid water would travel after the ice cube started
to melt, then to rank ice, water, and the two oils from most
dense to least dense after the experiment. To facilitate dem-
onstrating this experiment in the space where the VR activ-
ity would be carried out and to reduce the time needed to
complete it, we recorded a video of it that students viewed
on their mobile devices. We will refer to this component of
the activity as the video of the experiment (VE).

We then developed a new VR activity that visualizes
the molecular structures of solid ice and liquid water. The
molecular structures were rendered using the freely avail-
able software UnityMol ! on an HTC VIVE Pro headset.
The HTC VIVE Pro creates a virtual-reality “room” using
the headset, two hand controllers, and a set of sensors. The
headset must be connected to a dedicated computer with
sufficient capabilities for running VR programs. Our choice
of this headset for our preliminary study was due to (1) its
availability in our university library and (2) its compatibil-
ity with UnityMol. However, using a headset that must be
paired with a computer is not ideal for cost or running the
activity at larger scale, so longer term it would be beneficial
to explore other options.

The required input for UnityMol was a plain text file con-
taining the atomic coordinates and identities in each struc-
ture. The structure of ice was downloaded from an online
database, while the structure of water was simulated us-
ing all-atom molecular dynamics. The molecular dynam-
ics simulations were carried out in LAMMPS ¥ (version
29 October 2020) using the same number of molecules as
in the ice structure (432) and the OPC model for water.**
The initial configuration and force field were generated us-
ing mbuild™! (version 0.11.0) and foyer* (version 0.9.2)
in a cubic simulation volume corresponding to the density
of water at 25 °C. The molecules were equilibrated for 1
ns using an integration timestep of 2 fs and a Nosé—Hoover
thermostat with time constant 100 fs. Bonds and angles were
restrained using the SHAKE algorithm, forces from the
Lennard-Jones interactions were truncated at 1 nm, and the
electrostatic forces were computed using the particle—par-
ticle particle-mesh Ewald method with relative error 10*.
The final atomic structure was saved, and molecules were
unwrapped through the periodic boundaries of the simula-
tion volume for visualization.

Students were asked to work in pairs to describe and com-
pare the structures of ice and water. We intended to use our
activity as a self-contained classroom supplement, so we
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4 video of experiment (VE)  \[/

virtual-reality (VR) simulation

Figure 1. Images showing the student experience of the activity. Left: Screenshots from the video of the experiment (VE).
Right: Students completing the virtual-reality (VR) component, with the computer monitor showing the view seen in the
VR headset. The molecular configurations of ice (top) and water (bottom) being rendered are also shown.

created activity sheets that introduced the concepts of phase
and density, gave instructions for the VE and VR compo-
nents of the activity, and asked questions to guide student
learning. VR allowed the students to inspect the structures in
3D, giving an immersive, interactive experience that would
be challenging to achieve with still images or videos. The
size of the structures (hundreds of molecules) would also
be difficult to replicate using modeling kits. They were then
asked to connect their nanoscale observations from the VR
simulation to their macroscale observations made from the VE.

METHODS

First-year students enrolled in an introduction to chemi-
cal engineering course at Auburn University were invited
to participate in the activity. The students were given the
option to participate in the activity and complete an assess-
ment or to only complete an assessment — in either case
the students would receive extra credit. Of the 94 students
in the class, 86 students expressed interest in the activity via
an online survey, and 20 students signed up for a time slot
and completed the activity and the assessment. No students
opted to only take the assessment to receive extra credit.

The 20 first-year students who participated in the activ-
ity responded to an assessment question after watching the
VE and after completing the VR simulation. The assessment
questions we gave were:
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* Assessment I: Explain why solid ice can float on top of
liquid water. Why is this unusual?

e Assessment 2: Iron and nickel have similar atomic
masses (55.8 amu and 58.7 amu) but different densities
(7.86 g/cm® and 8.90 g/cm?®). Explain how this could
be possible.

We asked Assessment 1 after students watched the VE,
then we asked Assessment 2 after students completed the
VR simulation. Two chemical-engineering faculty members
were recruited to assess the technical content of the student
responses using a rubric (Table 1). These same faculty mem-
bers also classified the responses as using macroscale con-
cepts, nanoscale concepts, or both concepts. We will report
the frequencies of their aggregated evaluations.

Because no first-year students opted to only take the as-
sessment to receive extra credit, we were unable to com-
pare the assessments of first-year students who completed
the activity to those that did not at this time. We believe
there was less motivation to only complete the assessment
for extra credit because of the ease of the course. Therefore,
to contextualize our assessments of the first-year students
who completed the activity, we gave the same assessments
to students enrolled in a junior-level thermodynamics course
who did not complete the activity. We expected the junior-
level students to have sufficient knowledge to answer both
questions without completing the activity because they had
recently learned the same concepts in that course. We also
expected them to be motivated to earn extra credit due to
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TABLE 1
Rubric to Assess Student Responses

provide explanation

Unsatisfactory Marginally Acceptable Meets Expectations Exceeds Expectations
1 2 3 4
Technical | Technical errors | Mostly definition or Partially explains definition | Fully explains definition
Content description, does not or description or description, including a

molecular explanation of
macroscale behavior

Example for Ice floats on top of liquid | Ice floats on top of liquid Ice floats on top of liquid
Assessment water because it is less water because it is less water because it is less dense.
1 dense. dense. This is unusual This is unusual because sol-
because solids are usually | ids are usually denser than
denser than liquids. liquids because their mol-
ecules are more ordered and
packed tighter.
Example for Density is equal to mass The atoms have the same The atoms have the same
Assessment divided by volume. The weight, but the density of weight, but the density of
2 mass is the same so the nickel is higher so there nickel is higher so there must
volume must be different. | must be more nickel atoms | be more nickel atoms within
within a given volume. a given volume. This means

nickel’s atoms are packed
closer together than iron’s.

the higher difficulty of the course, and 52 out of 60 students
enrolled in the course completed the assessments.

RESULTS AND DISCUSSION

Students who completed the activity did well on Assess-
ment 1, with more than 50% of responses meeting expecta-
tions (Figure 2). The fraction of responses that met expecta-
tions decreased for Assessment 2, but we anticipated that
this might happen because we believed Assessment 2 was
more challenging than Assessment 1, as it required students
to extend the concepts of the activity to new substances.
These students gave primarily macroscale responses to As-
sessment 1, while they gave primarily nanoscale responses
to Assessment 2 (Figure 3). In our opinion, Assessment 1
is more easily answered with macroscale concepts while
Assessment 2 is more easily answered with nanoscale con-
cepts, so this distribution of responses was reasonable to us.
We intentionally paired the assessments with each activity
for this reason.

The junior-level students who did not complete the activ-
ity also performed well on Assessment 1, with more than
80% of responses meeting expectations (Figure 2). Their
mean score (3.0 + 0.2) was higher than that of the first-year
students who completed the activity (2.6 + 0.3; p =0.011).
This stronger performance might be expected from the ju-
nior-level students’ longer experience in college-level and
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Figure 2. Frequency of response scores on Assessment [
and Assessment 2 for first-year students completing the ac-
tivity and junior students who did not complete the activity.
The scores correspond to the rubric in Table 1, with 1 be-
ing “unsatisfactory” and 4 being “exceeds expectations.”
The mean score with 95% confidence interval is shown for
each group and assessment. To test for statistical significance
in differences of means, a Shapiro-Wilk test was performed
to confirm data normality. ANOVA and a Tukey’s test were
then performed to determine whether differences in means
were statistically significant, which we report as a p value
(*p<0.05 **p<0.0I).
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engineering courses. Like the first-year students, the junior-
level students performed worse on Assessment 2, with over
20% of responses being unsatisfactory. Surprisingly, though,
their mean score (2.0 = 0.1) was lower than that of the first-
year students who completed the activity (2.4 = 0.2; p =
0.008), despite their stronger performance on Assessment
1. Like the first-year students, the junior-level students also
gave primarily macroscale responses to Assessment 1 and
nanoscale responses to Assessment 2 (Figure 3). Hence, the
junior students who did not complete the activity seemed
to struggle to apply the concepts they understood well for
answering Assessment 1 in Assessment 2, even though they
knew Assessment 2 required a nanoscale response. This dif-
ference may indicate that the activity helped impart the na-
noscale concepts needed to fully answer Assessment 2, but
further inquiry is needed.

I macro B nano WM both
1.0

frequency
o
(6]

first-year junior
activity no activity
Assessment 1

first-year junior
activity no activity
Assessment 2

Figure 3. Frequency of response types on Assessment 1 and
Assessment 2 for the same groups of students as in Figure 2.

Specifically, the assessments should also be given to first-
year students who do not complete the activity. We might
reasonably expect these first-year students, who have largely
not completed any college coursework, to score no better
than the junior-level students, but this assessment would
also allow us to measure learning outcomes of the activity.
It would also be helpful to assess student learning from the
VE and VR components individually, although prior work
suggests students are likely to prefer both components to-
gether.*! Last, it would be interesting to explore the pos-
sibility of replacing the VR visualization with a 2D visual-
ization or a video to compare technologies. These studies
require considerably larger cohorts of students than were
available to us at this stage, but they would be helpful for
understanding the efficacy of VR in education.

In addition to the assessments, we also conducted an exit
survey with students who completed the activity. Based on
their survey responses, students responded in a highly posi-
tive way to both the VE and the VR simulation (Figure 4).
Students strongly agreed that both the VE and VR compo-
nents helped improve their understanding. They also agreed
that they would like to do something similar in class, but
more students strongly agreed that they would like to do the
VR component (mean responses VE: 4.5 + 0.5, VR: 50 +
0.1; p = 0.035). The most notable difference was that stu-
dents strongly agreed that the VR simulation was memo-
rable but only somewhat agreed that the VE was memorable
(mean responses VE: 3.7 £ 0.6, VR: 4.6 £ 0.2; p = 0.005).
Based on student comments during the activity, a few pos-
sible reasons for this difference are: (1) some students had
seen a related experiment using dyed fluids, (2) only a few
students had used VR technology before, and (3) students
watch many videos in their courses. Taken together, this
made the VR simulation novel to the students compared to

N1 W2 W3 EE4 EES

V

The activity helped improve my understanding.
- - \Y

| would want to do an activity like this in class.

Vv
| will remember this activity when | graduate.

4.7%0.3
48+0.2

45%0.5
5.0+0.1 :l

3.7+0.6
46+0.2 :l

¥

0 5 10 15 20
number of respondents

Figure 4. Number of survey responses to questions about the video of experiment (VE) and the VR simulation, along with
mean responses. The responses were 1-strongly disagree, 2-somewhat disagree, 3-neither agree nor disagree, 4-somewhat
agree, and 5-strongly agree. (* p < 0.05, ** p < 0.01)
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the VE. We suspect that having the students carry out the
experiment, rather than watch a video, would improve its
memorability. Although student responses about memora-
bility are not a measure of actual long-term learning, we
interpret this positive response to the VR component of the
activity as student enthusiasm, and we believe that this en-
thusiasm may be motivational for students as they progress
in their coursework. Even if student learning outcomes from
VR turn out to be limited, motivation could still be a highly
valuable, positive outcome of the activity.

Feasibility and Inclusivity Considerations

The VR equipment posed some feasibility challenges for
the activity. To complete the activity, students were sched-
uled as pairs in 30-minute time slots. This worked well for
our group of 20 students, but it would be difficult to scale
this up to larger classes. Therefore, to use this type of ac-
tivity in a course, we would recommend making it avail-
able as a supplement that could be completed throughout
the semester using self-guided resources and/or the help of a
teaching assistant. Distributing the activity in this way helps
with scheduling and workload for both the students and the
instructor. COVID-19 also presented a logistical challenge
because student pairs shared a single headset that needed to
be sanitized before they exchanged it. The university pur-
chased a UV box that could sanitize the headset in less than
one minute; without this equipment, it was not possible to
do this on a reasonable timeline for running the activity. In-
structors should consider these feasibility challenges when
considering using VR activities in their classes.

We were previously aware and found in our own experi-
ence that VR equipment has physical limitations that may
disproportionately affect some students:

*  Our VR headset was attached to a battery pack that
needed to be placed in a pocket so that the student
could hold two controllers. The size of the battery pack
and the length of the cord to the headset necessitated
placing the battery pack in a shirt or jacket pocket for
most students. Infamously, women’s clothing often
does not have any pockets, let alone pockets large
enough for a battery pack. This made it more difficult
for women to complete the activity.

e The headset design is more suitable for hairstyles
where the hair is straightened or flat to the head. Stu-
dents with other hairstyles commented that the headset
was uncomfortable.

e Some students with glasses had to choose between
wearing them with fogged lenses inside the headset or
not wearing them and having limited vision.

e There is a known risk of motion sickness using VR.
We warned all students of this before they put on the
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headset, and all participants were able to complete
the activity even if they reported a history of motion
sickness. We suspect our simulation was less likely to
cause motion sickness because it had mostly static ele-
ments. There may be an increased likelihood if moving
elements (e.g., molecular motion) were included.

In all cases, these limitations could decrease the quality
of the student experience with the VR simulation or prevent
them from participating equally in the activity. Some limita-
tions can be overcome with suitable planning: for example,
we instructed participants to wear shirts or bring jackets
with pockets to hold the battery pack (with mixed success),
and we connected the VR headset to a large display so that
any students who could not wear the VR headset could still
observe. However, it may not be possible to make plans or
accommodations for all students. We hence recommend that
instructors choosing to use a similar VR activity also (1)
carefully think through its design and implementation to be
as accessible as possible, (2) do not make it a class require-
ment, and (3) provide an alternative activity.

In addition to these considerations, we recognize that the
cost of VR technology may be prohibitive for many. Our
VR setup included not only the headset, but also a high-
quality gaming computer and a dedicated space to use it. We
were fortunate that our university had previously committed
to purchase and host VR equipment in the library, but we
would not expect this to be a typical privilege. To address
this accessibility barrier, we recommend that molecular-vi-
sualization VR software for more common technology (e.g.,
cell phones)®’*! should be preferred for this type of activity
and developed if required. This is especially important if the
activity is used with traditionally underserved populations.

CONCLUSIONS

We developed an activity using both a video of an ex-
periment and a VR simulation to enrich nanoscale concepts
underlying a macroscale property (density) of a thermo-
dynamic phase for chemical engineering undergraduates.
Overall, the students reported that they would enjoy having
both components of the activity in their curriculum and that
they believed both improved their understanding. Students
agreed more strongly that they would remember the VR ac-
tivity after they graduate, suggesting that the novelty of the
VR component may have positive motivational outcomes
for students. Our assessments of student learning were only
preliminary but showed some promising results, e.g., first-
year students who completed the activity performed better
than junior-level students who did not on a question that was
best answered with nanoscale concepts.

In the future, it would be interesting to expand our work
to have more first-year students participate in the activity
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and to establish various control groups that assess learn-
ing as a result of individual components of the activity and
the efficacy of VR compared to alternative visualizations.
It would also be interesting to reassess these students at a
later point (e.g., when they reach the junior-level thermody-
namics course where they apply the topic of the activity) to
understand longer-term impacts.

Additional topics that may be suitable for VR visualiza-
tion include fluid mechanics (complex fluids and polymers),
transport (molecular diffusion), materials science (crystal-
lography), and bioengineering (protein structure). In all
cases, the first step is to design a complementary experi-
ment and VR simulation. Existing outreach activities with
a nanoscale focus (e.g., NanoDays kits 1) may be a fruitful
starting point for these purposes.
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