Does Virtual Reality Design Matter for Learning?
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Figure 1: VR environment used for wind simulation. left) Comparison of wind velocity and pressure at two locations around a
building. right) Visualization of wind flow between buildings using particle-based streamlines.

ABSTRACT

Developing a deep conceptual understanding of physics phenom-
ena is essential for engineering students to transfer their knowledge
across different domains. However, teaching abstract and invisible
concepts, such as fluid dynamics, that cannot be directly observed
in the physical world, remains challenging. Virtual Reality (VR)
offers new opportunities to support learning by enabling interactive
visualizations that make invisible physical processes observable.
Despite this potential, the use of VR in STEM education remains
relatively limited due to the high cost and technical expertise re-
quired for development. Consequently, it remains unclear whether
the benefits of incorporating VR into instruction justify these costs,
creating a need to evaluate whether VR can improve conceptual un-
derstanding.

This study investigates the effectiveness of VR as a supplemen-
tary tool for teaching fluid dynamics, a complex and non-intuitive
physics phenomenon that is difficult to observe directly. To evaluate
this, we conducted a between-subjects study with 31 participants
comparing two instructional conditions: traditional slide-based in-
struction and slides supplemented with a VR experience. Partici-
pants’ conceptual understanding was assessed using a comprehen-
sion quiz. Our findings revealed that participants who experienced
only traditional teaching content outperformed those who experi-
enced the additional VR-based learning module.

Index Terms: VR teaching modules, conceptual understanding,
invisible physics.

1 INTRODUCTION

¢ In today’s rapidly changing field of engineering, it is important
for engineering students to have a strong conceptual understand-
ing of the physical processes that drive the world. Students’ com-
prehension should extend beyond routine computations, enabling
them to apply their knowledge intuitively across diverse contexts,
guided by conceptual understanding. Conceptual knowledge is a
unit of information that connects logical meanings [13] and later
extends as problematizing real-world physics, predicting system in-
teraction, determining quantities, and solving problems [5]. Con-
ceptual knowledge of underlying processes is critical for engineer-
ing students to develop. However, educators struggle to instill
this deep level of comprehension within their students [2]. Re-
search has also indicated that students are often able to pass their
courses solely through calculations, performing complex calcula-
tions while still being unable to answer simple questions pertaining
to the topic [14, 30]. Having a strong ability to perform calculations
as well as a deep conceptual understanding of how to structure and
apply those calculations is critical for physics and engineering stu-
dents.

STEM Educators face many challenges when trying to foster a
conceptual understanding of topics within students. Lecture con-
tent and equation derivations are necessary for students to under-
stand a topic, but research has indicated that students are unable to
deepen their understanding unless traditional content is paired with
hands-on experiences [7, 14]. Many of these experiences take place
within in-person laboratory settings, but when the phenomena being
studied are not visible, students can still struggle to fully grasp the
concepts [27]. This is where extended reality (XR) simulations can
play a major role in developing student comprehension, allowing
educators to make the invisible visible as well as interactive in real
time. Learning Science research has indicated that VR may be a
highly promising candidate to improve the teaching of STEM con-
cepts [9]. However, developing an educational VR application is



not a simple process. The level of technical knowledge required is
high, and the development can be is costly in terms of both time and
money [22, 4]. Additionally, there are many nuances to the design
of the application itself that must be taken into account during de-
velopment, such as usability, interaction methods, and the structure
of the educational content [19, 18, 32]. Learning science research
has indicated that VR could impede learning due to extraneous cog-
nitive load imposed by VR hardware and software [11]. Although
there is strong interest in the use of VR in STEM education, there is
currently no handbook of “best practices” to accompany it, leaving
educators and developers in the dark about which design principles
to follow when developing such applications [18]. Clearly, VR has
a place in STEM education, and it is only a matter of time before
it is more commonly adopted. However, there are still many barri-
ers that need to be overcome in order to fully take advantage of its
many benefits.

This study investigates weather an interactive VR wind-
simulation application can improve students’ conceptual under-
standing of fluid dynamics. Unlike prior work that has focused
on using VR applications as the sole source of educational con-
tent [4, 22], this study examined how VR can be utilized as an in-
teractive addition to traditional learning content rather than replace
it. For this study, a traditional learning module consisting of a set
of informative slides was first created, along with a quiz to evaluate
students’ conceptual understanding of the content. A VR applica-
tion was then developed based on the traditional module to serve as
an additional interactive lab component. Finally, a user study was
conducted to compare the two teaching methods. To explore if VR
can help students’ conceptual understanding of fluid dynamics, we
address the following research question: Does learning through an
interactive VR lead to higher overall conceptual understanding of
fluid dynamics compared to traditional slide-based learning alone?

To answer this research question, our user study compared two
instructional methods: VR application and traditional slides. Re-
sults revealed:

* Participants who underwent the traditional teaching content
had a significantly deeper level of comprehension than the ex-
perimental VR group.

 This pattern was consistent across overall performance, ques-
tions equally exposed to both groups (FairProp), and ques-
tions requiring knowledge transfer to new scenarios (New-
Prop).

Our work provides empirical evidence that VR alone does not in-
herently improve learning outcomes. In our study, traditional slide-
based learning, iteratively refined by a learning scientist, outper-
formed a VR condition that prioritized accurate 3D visualization of
otherwise inaccessible real-world data but was developed by a VR
specialist without equivalent instructional design iteration. These
results reaffirm that the medium is not the message: pedagogical
quality, rather than display modality, drives learning gains. We
frame this as a call to action for the VR education community. VR
remains a promising platform for learning, but only when grounded
in learning science principles. Without deliberate instructional de-
sign, even compelling 3D visualizations of authentic data may fail
to outperform well-designed traditional materials. The field must
move beyond technology-first development toward design-first ap-
proaches that integrate learning scientists into the VR content cre-
ation pipeline.

2 RELATED WORK

Research in both physics [7, 8] and engineering [14, 26] have shown
that students are often able to pass courses by applying mathemat-
ical procedures while lacking a conceptual understanding of the
underlying principles. Although procedural proficiency enables

students to solve familiar problem types, it does not necessarily
translate into the ability to reason about physical systems beyond
equation-based contexts. Conceptual knowledge refers to an inte-
grated understanding that connects logical meanings [13] and en-
ables reasoning about real-world physics, such as predicting sys-
tem interaction, determining quantities, and solving problems [5].
This type of understanding extends beyond memorization or fol-
lowing established computational procedures [30] and is the source
of “engineering judgment” that allows engineers to make intuitive
decisions without or before computation [27].

It has been found that lecture content alone is not enough for
students to grasp these topics but students also need hands on in-
teractive content to help solidify comprehension [27]. Many of
these hands on experiences can be directly done in an in-person
laboratory, but for invisible phenomena, virtual applications have
been used instead. These phenomena can be rendered in 2D to as-
sist student comprehension [1], while others used XR applications
to develop more immersive experiences [4]. Fluid dynamics have
proven to be especially difficult for students to comprehend, with
many common pitfalls and misunderstandings. The most common
being a misunderstanding of the inversely-proportional relationship
between pressure and velocity [6]. Wind tunnels and computational
fluid dynamics (CFD) software can be employed to help visual-
ize. However, both approaches introduce practical barriers: wind
tunnels are expensive and unavailable at many institutions [1], and
CFD software requires high technical knowledge to use [3, 21]. In
response, several prior works have tried to improve teaching meth-
ods using simpler solvers, computing languages, or visualization
tools to replace expensive commercial CFD solvers [3, 15, 21, 28],
with the goal to bring the topic from the graduate level to under-
graduate curricula. Enabling students to solve numerical problems
without being familiar with the usual necessary background knowl-
edge.

Although there is substantial interest in the topic of VR in
STEM, there is still a lack of foundational practices. it was found
that 68% of the studies using XR to teach STEM failed to men-
tion the theoretical foundation behind the structure of their study,
instead focusing more on technical development and usability [18].
In addition, many prior studies were loosely controlled. Lawson
and colleagues reported that many of the studies confounded the
medium (VR) with the instructional method, such as interactive ac-
tivities in VR that are totally absent in the control group. [10]. It
was found that 26% of reviewed studies were fully controlled, with
time spent learning and the content structure being the most com-
mon confounding variables [10]. These metrics can be difficult to
account for as many virtual reality experiences tend to be short,
around 6 to 30 minutes, which may also not be long enough to
measure true conceptual change or long-term retention [9]. Another
major limitation of current research is the metrics used to measure
learning; often, studies use metrics like self-reporting rather than
more objective measurements like quiz scores [11, 29].

3 METHODOLOGY

The present study compared two instructional conditions for teach-
ing introductory fluid dynamics concepts: a traditional slide-based
learning approach and a VR-augmented approach combining the
same slides with an interactive VR visualization. Both methods
were designed using established learning science principles [20] to
emphasize conceptual understanding of pressure, velocity, and air-
flow behavior rather than mathematical computation. The study
was approved by [REMOVED FOR REVIEW] ethics board.

Virtual Reality Application The primary goal of the VR vi-
sualization was used to support the instructional material, not re-
place it. The VR scene included a visualization of wind flow around
a single high rise building approximately 24 stories tall. Fluid data
presented was precalculated in AnsysFlow prior to user experience.



These simulations provided information about wind velocity and
pressure, which was then used to control the movement of particles
in the VR scene, making the airflow visible in real time. This tech-
nique took advantage of Unreal Engine’s vector fields and particle
system cascade, to render the simulation, using a technique similar
to those described by Yudin et al. [31]. Within the VR environ-
ment, participants could move between predefined viewpoints, read
short explanatory text, rotate the building, move the source of the
airflow, and toggle between different types of smoke visualizations.
These interactions allowed participants to explore how wind behav-
ior changes around the structure and helped reinforce the concepts
introduced in the instructional slides.

Teaching Modules The slide-based module consisted of
an instructional sequence (11 slides) introducing fundamental
fluid dynamics concepts, including pressure, pressure differences,
Bernoulli’s equation, and the relationship between fluid velocity
and pressure. Participants were given 10 minutes to review the
slides before completing the conceptual quiz. The educational con-
tent for the introductory module was developed based on existing
fluid dynamics teaching materials [25]. In designing the slides, we
established standard practices of multimedia learning [17] and cog-
nitive load theory [16]. The content was carefully tailored to en-
sure that it could be understood by individuals with no prior knowl-
edge of fluid dynamics. Foundational physics concepts were in-
troduced before addressing fluid-specific topics, and concepts were
illustrated using familiar real-world examples to support conceptual
understanding.

4 USER STUDY
4.1 Experimental Design

The study employed a between-subjects experimental design with a
single independent variable: instruction modality (traditional slide-
based instruction versus a combination of traditional slides and a
VR application). Participants were assigned to one of the two con-
ditions randomly. In the traditional learning module, participants
were tasked with reviewing 11 slides related to wind flow, pressure,
and velocity, with an emphasis on qualitative understanding rather
than mathematical computation. Learning objectives included rec-
ognizing relationships between pressure and velocity, interpreting
flow behavior around obstacles, and reasoning about airflow pat-
terns in built environments.

4.2 Apparatus

The study was conducted using a desktop computer for the tradi-
tional learning condition and a Meta Quest Pro for the experimen-
tal condition. The VR scene was implemented using Unreal Engine
5.2, selected for its optimized rendering pipeline, integrated visual
effects support and extensive particle systems. Users were able to
control the flow of informative slides within the application, allow-
ing them to progress at their own pace. Along with this, participants
were able to change their perspective by teleportation between a
few set perspectives. Users were also able to change the type of
smoke used for the velocity visualization; With the choice between
streamlines and dots. Finally, once participants reached the final
slide, they were given the ability to rotate the building, and change
the height of the smoke, allowing them to explore different aspects
of the wind simulation on their own.

4.3 Participants

We recruited 31 participants (15 female, 15 male, 1 non-binary;
Myge = 22.84, SDyge = 5.05). Participants reported demographic
information, including ethnicity (e.g., 74% Caucasian, 19% Asian
or pacific islander, 3% Hispanic/Latino, 3% Black or African
American), education level, ACT or SAT scores, and GPA. Partic-
ipants had a mean education level of 14.83 years (STDEV = 1.86)

and a mean GPA of 3.48 (STDEV = 0.446). Participants in the con-
trol group had a mean GPA of 3.56 (STDEV = 0.45), and Partici-
pants in the VR group had a mean GPA of 3.41 (STDEV = 0.46),
indicating comparable academic performance across groups. Par-
ticipants were required to have a high school level of education or
higher before being evaluated. Participants were required to have
normal or corrected vision and must be able to speak and read En-
glish.

4.4 Procedure

The experimental procedure followed these steps (see Fig 2):

1. Consent and demographic Questionnaire: Upon arrival,
participants were assigned a unique participant ID and were allo-
cated to either the VR or control condition based on whether the ID
number was odd or even. Then, participants were asked to provide
a verbal consent and complete a demographics questionnaire.

2. Traditional learning module: Both experimental and con-
trol groups participated in a learning module consisting of 11 slides
introducing basic physics and fluids dynamics concepts, such as
pressure and velocity as well as their inversely proportional rela-
tionship. This learning module lasted for 10 minutes, during which
participants viewed approximately one slide per minute.

3.1 Distractor questions (control group): After completing the
traditional learning module, participants in control group answered
five distraction questions (e.g., list as many red fruits as you can)
designed to temporarily shift their attention away from the instruc-
tional content. This step was included to reduce short-term memory
effects and to create a short cognitive break before the next phase
of the study (5 minutes).

3.2 VR tutorial (VR group): Before beginning the VR learning
session, participants in the VR condition completed a short tutorial
designed to familiarize them with the VR system and interaction
techniques. During this tutorial, participants learned how to wear
and adjust the headset, navigate the virtual environment, and use
the controllers to interact with objects. The VR tutorial lasted ap-
proximately 5 minutes.

4.1. Slide-based review (control group): Participants assigned
to the control group were given 10 minutes to review the instruc-
tional slides presented earlier in the learning module. During this
time, participants were allowed to freely navigate and revisit the
slides without any restrictions.

4.2. VR Application (VR group): Participants assigned to the
VR condition proceeded to the VR learning phase, which lasted 10
minutes. In this phase, participants used a virtual reality applica-
tion designed to visualize and interact with fluid dynamics concepts
in an immersive environment. This interactive visualization was
designed to complement the concepts introduced in the traditional
slide-based module.

5. Understanding evaluation: Finally, participants in both
groups completed a quiz designed to assess their conceptual un-
derstanding of the material presented during the experiment.

6. Compensation: After completing the study, participants re-
ceived compensation for their participation. Participants were given
the option to choose between a 20 gift card or extra course credit.

Control Group Distractor Slide-based
Questions Review
Consent form Traditional 5 mins 10 mins
and learning Quiz
Demographic module : VR
e VR Tutorial Complementary
VR Group 5 mins 10 mins

Figure 2: Experimental procedure for the control and VR groups.



Table 1: Descriptive statistics for learning outcomes by condition.

Metric Condition Mean SD SE

FairProp Control 0910  0.168  0.042
VR 0.696 0243  0.063

NewProp Control 0.896  0.201 0.050
VR 0.678 0271  0.070

FinalProp Control 0.829  0.165  0.041
VR 0.684  0.172  0.044

4.5 Evaluation Metrics

Learning outcomes were assessed using a 15-question multiple-
choice quiz designed to measure participants’ conceptual under-
standing of fluid dynamics. Each question presented a visual di-
agram showing the flow of a fluid with two labeled points, and par-
ticipants were asked to determine which point had a higher velocity
or pressure. Participants were therefore required to rely on intuition
and conceptual reasoning rather than performing calculations [26].
We computed three score-based metrics: Fair Question Score (Fair-
Prop), the proportion of correctly answered questions that were ei-
ther shown to all participants or new to all participants; New Ques-
tion Score (NewProp), the proportion of correctly answered ques-
tions that were new to all participants and had not been encoun-
tered during the learning phase; and Final Test Score (FinalProp),
the overall proportion of correctly answered questions on the final
test, computed as the number of correct answers divided by the total
number of test questions. This metric was used to compare overall
learning outcomes between the VR and control groups.

5 RESULTS

We compared learning outcomes between the control condition and
the VR condition using three derived metrics from the post-study
quiz: FinalProp, FairProp, and NewProp. Figure 3 shows the com-
parison of conceptual understanding score among AR and VR for
all three metrics.

Overall Learning Performance We first examined overall
learning performance using the FinalProp metric, which represents
the proportion of correctly answered questions across the entire
quiz. As illustrated in table 1, participants in the control condi-
tion achieved higher scores (M = 0.83, SD = 0.17) compared to
those in the VR condition (M = 0.68, SD = 0.17). An independent
samples t-test revealed a statistically significant difference between
conditions (¢(29) = 2.39, p = 0.023) with a medium-to-large ef-
fect size (d = 0.86). Because the Shapiro-Wilk test indicated de-
viations from normality in the control group, we also conducted a
Mann—Whitney test, which confirmed the same pattern of results
(U =175.50, p =0.029, r = 0.46). Table 2 shows the statistical re-
sults. These results indicate that participants who received the tra-
ditional instructional format demonstrated significantly higher con-
ceptual understanding than participants who engaged with the VR
learning environment.

Performance on FairProp Questions To ensure that differ-
ences were not driven by unequal exposure to specific questions
during learning, we analyzed performance on FairProp. The con-
trol group again achieved higher scores (M = 0.91, SD = 0.17)
compared to the VR group (M = 0.70, SD = 0.24). This difference
was statistically significant (¢(29) = 2.86, p = 0.008) and associ-
ated with a large effect size (d = 1.03). The Mann—Whitney test
confirmed this result (U = 187.50, p = 0.006, r = 0.56).

Performance on NewProp Questions Finally, we analyzed
NewProp, which measures performance on questions that were not
presented during the learning phase. Control participants again
outperformed VR participants (M = 0.90, SD = 0.20 vs. M =

Table 2: Statistical comparisons for the three outcome measures.
Effect sizes are Cohen’s d for t-tests and rank-biserial correlations
(rip) for Mann—Whitney tests.

Metric Test Statistic 14 Effect
Faiepr r-test 1(29)=2.86 0008 d=1.03
TP Mann-Whitney U =187.50  0.006 1 = 0.56
Newbrop o5t 1(29)=2.56 0016 d=0.92
P Mann-Whitney U =179.00 0014  ryp=0.49
Finalpron 1St 1(29)=239 0023 d=0.86
P Mann-Whitney U =17550 0029 1y =046

0.68, SD = 0.27). Statistical analysis revealed a significant dif-
ference between conditions (¢(29) = 2.56, p = 0.016, d = 0.92).
The Mann—Whitney test similarly showed a significant difference
(U =179.00, p = 0.014, r = 0.49). The user study showed that
participants in the control condition (M = 82.92, SE = 4.13) an-
swered a greater percentage of questions correctly than those in the
VR condition (M = 68.44, SE = 4.44), 1(29) = 2.39, p = 0.023,
with the difference characterized by a medium to large effect size
(Cohen’s d = 0.86).

= . == Control
W

| —

3 o o
> o ®

Conceptual Understanding Score (%)

o
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0.0
fairProp NewProp finalProp

Figure 3: The percentage of conceptual accuracy across conditions.
Error bars represent standard error and asterisks denote statistically
significant differences (* p < .05 and ** p < .01).

6 DiscussioN

This study investigated whether interactive VR can improve con-
ceptual understanding of fluid dynamics compared to traditional
slide-based instruction only. We discuss our findings with respect
to our research question RQ: Does learning through an interac-
tive VR lead to higher overall conceptual understanding of fluid
dynamics compared to traditional slide-based alone? The results
of the user study suggest that pairing traditional instructional con-
tent with an interactive VR module did not improve the overall stu-
dents’ conceptual understanding of fluid dynamics compared to a
traditional slide-based only approach. One possible explanation re-
lates to the additional cognitive demands introduced by immersive
environments. Prior work has shown that VR can increase cogni-
tive load due to the need to process spatial information, interact
with the environment, and interpret dynamic visualizations simul-
taneously [12]. Another potential factor that may have influenced
the results is participants’ familiarity with VR interfaces. Although
participants completed a brief five-minute VR tutorial before be-
ginning the VR learning session, it is possible that some partic-
ipants still required additional time to become fully comfortable
with the virtual environment. Prior research suggests that unfamil-
iarity with immersive technologies can introduce additional cogni-
tive demands [12].



Consistent with the overall comprehension scores, participants
in the control condition also outperformed those in the VR con-
dition on NewProp questions. This suggests that the VR-based
learning experience did not provide advantages in applying con-
ceptual knowledge to unfamiliar scenarios. One possible explana-
tion is that new questions require learners to abstract general prin-
ciples from the instructional material and apply them to new con-
texts. The slide-based materials explicitly presented the relation-
ships between pressure and velocity using simplified diagrams and
structured explanations, which may have helped participants form
clearer conceptual rules. In contrast, the VR environment empha-
sized observing wind flow patterns around buildings through a dy-
namic visualization. While this visualization may support intuitive
understanding of fluid behavior, which may have supported intu-
itive understanding but provided less guidance for extracting the
abstract principles necessary for solving novel problems.

7 DESIGN RECOMMENDATIONS

For future educational applications it is critical to implement a foun-
dational learning framework, 68% of existing studies involving VR
education failed to mention the use of a theoretical foundation be-
hind their application structure [18]. The use of these theoretical
frameworks ensures that the design and structure of the application
promote learning rather than prohibiting [20]. In addition, a set of
“best practice® design principles should be kept in mind during de-
velopment. Some studies have already taken steps towards evaluat-
ing the design principles that can mitigate these limitations [23, 32].
However, this is just scratching the surface of what design princi-
ples can be done to improve these learning applications. Interac-
tion design is another important factor. VR applications often re-
quire users to navigate the environment, manipulate objects, and
interpret spatial information simultaneously [32]. Interaction tech-
niques that are intuitive and require minimal effort—such as simple
pointing, guided viewpoints, or automatic camera transitions- can
reduce interaction overhead and allow learners to focus more on the
educational content.

8 LIMITATIONS AND FUTURE WORK

A limitation of this work is due to the requirement to control for
time spent on learning tasks. Although this control ensured that
learning evaluations were more objective, it created limitations on
how and if metrics could be collected, specifically surveys eval-
uating cognitive load and usability. There is a risk for memory
deterioration, but these measurements could have be recorded in a
post-evaluation survey. Another approach could be to have a pre-
liminary study that focuses purely on the usability and design of the
system, similar to Solmaz and collaborators’ methods [23, 24].

Some of the quiz questions involved examples using water rather
than wind. The traditional learning module did include examples
using both water and wind. Since the control group viewed the
traditional slides an additional time during their review session and
the VR group only saw wind examples within the VR application,
control participants may have had an unfair advantage on questions
involving water. It is important to note that all the quiz questions
involved only basic fluid concepts, both water and wind are fluids,
and as far as the quiz questions were laid out, whether the figure
used was wind or water would not change the specific answer, but
rather the intuitive understanding of the fluid.

9 CONCLUSION

This study investigated whether augmenting traditional experience
with a VR experience improves conceptual understanding of fluid
dynamics. Results showed that participants in traditional learning
outperformed those in VR across overall, FairProp , and NewProp
questions, indicating that VR did not enhance learning in this con-
text. This findings suggest that While VR can be a powerful educa-

tional tool, it does not inherently lead to improved learning out-
comes. Additional factors introduced by VR, such as increased
cognitive and interaction demands, may hinder the development of
a conceptual understanding despite its interactive nature. This was
likely due to the design limitations, highlighting the importance for
developers and educators to carefully consider these factors when
using VR as an educational medium.
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