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GR in VR: Using immersive virtual reality as a learning tool for
general relativity

Abstract

According to general relativity, gravity can be understood as a curvature of spacetime in
response to the presence of matter and energy. Students often struggle to visualize the
geometry of curved spacetime. The standard demonstration used to aid in visualization, that of
a ball on an elastic sheet, is fundamentally flawed and may lead to misconceptions. Recent
research suggests that virtual reality can improve understanding of spatially complex or
abstract concepts. We hypothesize that an interactive virtual reality demonstration involving
masses in a curved 3D spatial grid, with clocks representing the relative passage of time,
would support improved conceptual understanding and impact attitude among students learning
general relativity compared to traditional methods. To test this hypothesis, undergraduate
students with no formal experience with general relativity are recruited to evaluate the virtual
reality simulation. The students first take a questionnaire to determine a baseline for their
conceptual understanding of general relativity, with confidence-scaled multiple choice and
written response questions. The experimental group experiences an interactive virtual reality
demonstration in which the subjects can move objects through space and time to visualize how
mass curves spacetime. An instructor leads the control group through the standard ball on a
sheet demo while delivering content orally. Students in both groups are prompted by an
instructor to explore the relationship between mass, gravity, and time, guided by a set of
conceptual questions. Immediately after the demonstrations, students complete the same
questionnaire and a survey about learner attitude and simulation usability. Few previous studies
focus on the conceptual understanding of general relativity, and even fewer examine the
possibility of immersive learning as a tool for teaching this topic. Our work addresses this gap
by designing a novel immersive technique for visualizing relativistic effects and comparing this
technique to existing non-immersive methods of instruction.

Introduction

Albert Einstein’s theory of general relativity (GR) is currently the leading theory to explain
gravity, one of the four fundamental forces of physics. First proposed in 1915, GR has since
been validated by numerous experiments, including the detection of gravitational waves that
captured the public’s attention in 2015 [1], [2]. In addition to the significant contribution of
GR to our understanding of the universe, it also finds practical application in our daily lives
through the GPS that allows us to navigate with our phones. Unfortunately, GR provides
substantial conceptual and mathematical challenges, particularly for beginner students.

According to GR, mass and energy simultaneously curve space and time, which are
mathematically described as a four-dimensional surface called spacetime. The curvature of
spacetime is so far outside the realm of our daily experience that visualizations are essential to
understanding. One of the most common visualizations for teaching GR is the “ball and sheet”
demonstration. A heavy ball is placed on a taut elastic sheet, causing it to sag. Students are
taught that this represents a massive object curving the “fabric” of space and time. However,



“most features of this model are some mixture of incorrect and misleading” [3]. Little previous
research has been done on the conceptual understanding of general relativity, and even less has
examined the possibility of immersive learning as a tool for teaching this topic. Our work
addresses this gap by designing a novel immersive technique for visualizing relativistic effects
and comparing this technique to existing non-immersive methods of instruction.

Virtual reality (VR) offers a promising new avenue for dynamic, three-dimensional,
inquiry-based education—a method shown to be more effective than traditional lectures [4].
Since VR is unconstrained by physical limitations, it provides physics educators with a unique
tool for helping students visualize and understand the most abstract physics concepts. One of
the key contributions of our work is a new VR simulation to help students develop an
understanding of GR. This simulation, developed by Physics Outreach and Instruction through
New Technologies (POINT), covers some of the most important concepts of GR and is
intended to replace the traditional ball and sheet demonstration in formal classroom settings or
for general public engagement. Once finished, this simulation will be available for free on the
Meta Quest store, and the code will be open-source through a public GitHub.

In addition to this software, we also contribute a set of survey questions that may be used to
evaluate college-level students’ basic conceptual understanding of GR. There is currently no
single standard assessment instrument in the physics education community for measuring
understanding of GR concepts. We hope that the development and public release of our survey
can aid others in developing similar assessments.

Finally, we provide a report on an initial pilot study comparing the effectiveness of our VR
simulation with traditional methods for learning GR. For this purpose, 20 undergraduate
students are recruited to participate in either VR or non-VR demonstrations. Each group is
given a survey before and after their experience. This “pre-post” survey contains
confidence-scaled multiple choice, free response, and Likert-scaled attitudinal questions. The
survey results are used to compare the groups’ pre-post demonstration attitudes and
understanding. From the conceptual multiple choice questions, we find a small improvement in
understanding for the VR group over the control group. All participants across both groups
report an increase in confidence after the experience, while the attitudinal changes from
pre-post are not significant. The free response answers provide a better window into the
participants’ thought processes. Overall, the results of this pilot project indicate that our
method shows promise as a learning tool for GR.

Background
General Relativity and Teaching Methods

Most people conceptualize gravity based on their everyday interaction with it. Thus, gravity is
commonly viewed as a force that causes objects to fall to the ground instead of floating into
space. This limited interpretation of gravity was formalized by Isaac Newton, who described
gravity as a force that attracts all massive objects to one another. However, Newtonian gravity
doesn’t account for more extreme scenarios (e.g. spacetime around highly massive objects),
where GR becomes applicable. According to GR, the trajectories of light and matter in curved
spacetime create the effect of gravity commonly attributed to the force between objects in the
classical Newtonian model. Considering how significantly GR’s four-dimensional geometrical
representation of gravity differs from our lived experience, successfully teaching the theory to
students without using complex mathematics is notoriously challenging.



For example, the concept of time dilation, the slowing of time in the presence of mass and
energy, is far outside the realm of daily experience. This concept contradicts Newton’s theory
of an “absolute time” that is the same everywhere in the universe and progresses at a constant
rate. As a result, time dilation is commonly misinterpreted as a change in one’s perception of
time. However, in reality, the rate at which time passes fundamentally changes in the presence
of mass and energy. This concept can confuse first time learners of GR.

Unfortunately, the ball and sheet demonstration commonly used to explain GR has some
drawbacks. Spacetime is represented as two-dimensional, even though there are actually three
spatial dimensions and one temporal dimension. Therefore, the demonstration does not
correctly depict how spacetime curves in response to massive objects. Additionally, this
demonstration can lead to misconceptions about the direction in which objects fall in a
gravitational field. Since the sheet is depressed due to Earth’s gravitational field, users can only
place objects on top of the sheet, limiting how many possible orientations of the objects can be
explored. Furthermore, if students first place a heavy object and then a lighter object on the
sheet, the lighter object will always roll “down” to the heavier one. However, in space, there is
no preferred direction, and objects in a gravitational field fall to the center of mass. For a
summary of the strengths and weaknesses of the ball and sheet demonstration, see [5].

The connection between gravity and time dilation is also unclear in the ball and sheet
demonstration. Thus, if including a discussion of time dilation, the instructor must describe the
effect verbally without a visual component to illustrate this connection. Reference [5] points
out that “the time dimension tends to be a neglected feature” in this analogy. They also find
that students struggle to understand that curvature and movement in spacetime equate to
curvature and movement in both space and time or that objects are moving continuously along
the time dimension.

To avoid these issues, a more complete visualization of spacetime curvature requires a
three-dimensional spatial model that viewers can immerse themselves in, as well as a
demonstration of time dilation. One method for providing this immersive experience is through
VR. VR allows the user to view grid lines representing the deformation of distances in three
dimensions, accurately showing how space responds to the presence of matter and energy.
While VR is visually limited to three dimensions, time dilation can be illustrated in other
ways. For example, in VR analog clocks and a ticking noise can demonstrate the passage of
time to build a full picture of what happens to spacetime, not just space.

Existing Literature

Limited research has been done on the best way to teach the concepts of GR to students. Until
very recently, most high school physics instruction covered only classical theories of

gravity [5], [6]. When schools do introduce relativity, it is often through the theory of special
relativity (SR), which describes how speed affects mass, space, and time in the absence of
gravity. There have been efforts to evaluate methods for teaching SR to students [7]-[12].
However, as a special case of GR that does not include the effects of gravity, metrics that have
been developed to measure student understanding of SR, like the Relativity Concept Inventory
presented in [13], do not encapsulate all of the same concepts that one needs to measure to
ascertain an understanding of GR.



Although discovered over a century ago, it is only in the last decade that educators began to
introduce GR to middle and high school curricula and study student’s comprehension of the
topic [5], [14]-[18]. These recent efforts to introduce GR at a younger age suggest that
students benefit from an earlier conceptual understanding of GR, as this may help them to
grasp the complex concepts of spacetime later in life [19]. Students as young as 10 years old
are capable of statistically significant improvement in conceptual understanding of GR after 6
in-class lessons [14]. However, GR is usually not introduced until the undergraduate or
graduate level. Even for undergraduate understanding, studies are scarce [20]—[22].

The merits of the common ball and sheet demonstration are widely debated by physicists and
science educators but rarely quantified systematically. Additionally, when it has been studied,
this demonstration has been used to teach aspects of classical gravity rather than

GR [23], [24]. A “systematic metaphor analysis of textbooks and research literature,” first
performed by [5], also analyzes high school students’ application and understanding of the
analogy to explain GR. As described in that paper, there are several ways that this
demonstration can lead to misconceptions. The results of [5] are confirmed by [25], but [26]
find that some of these misconceptions might be mitigated with a detailed discussion about the
limitations of the ball and sheet demonstration.

One novel method that might be employed to communicate the concepts of GR is VR.
Numerous studies have been conducted on the effectiveness of VR as a learning tool. A
meta-analysis of 27 of these studies finds that virtual worlds had a positive impact when used
with learning [27]. Another study finds VR interventions effective for students with varied
learning styles [28]. Additional studies compare the effectiveness of VR interventions to
demonstrations using previously existing technologies for various subject areas. For example,
[29] compares the impact of immersive VR to that of a slideshow. They find the VR simulation
increases engagement and excitement, but students learn more from the slideshow.

Preliminary work developed rendering methods for visualizing GR and other relativistic effects
using large-screen immersion [30]. However, portable VR devices were not used, and
implications for enhanced learning were not investigated.

Despite the growing body of literature on teaching GR and the more established research about
using VR as a learning tool, few studies explore both. This dearth of literature is in part due to
the lack of VR simulations that target these specific topics. To the authors’ knowledge, only
four simulations currently exist, including our own. One interactive VR simulation, Spheres,
features three astrophysics modules, including one that allows viewers to fall into a black hole
and observe the generation of gravitational waves [31]. Another simulation, Black Holes: Light
& Matter, demonstrates gravitational lensing around a black hole and explores the different
orbits that one can produce near a spinning black hole [32]. A third, SciVR, is a smartphone
application with multiple interactive VR modules that explore topics in astronomy and
astrophysics [33]. The most relevant module to our work shows the generation of gravitational
waves and how these waves appear in a detector.

Of these simulations, only SciVR has been studied as a tool to communicate science concepts.
This study did not cover gravitational topics with participants [34]. Furthermore, the focus of
each of the above programs is to visualize a specific topic within GR rather than to teach
fundamental concepts, such as the nature of spacetime and how its curvature relates to gravity.



Ball & Sheet Demonstration VR Demonstration
Uses a 2D grid to represent a 4D spacetime. Uses a 3D grid and clocks to represent a 4D spacetime.
Unclear that the curvature of spacetime is the | The curvature of spacetime is the same on every side
same on every side of the object. of the object.
No visual representation of time dilation. Time dilation represented with clocks.
Objects only fall “down.” Objects can be released from any orientation

and always fall to the center of mass.

Table I: A list of the drawbacks of the ball and sheet demonstration and how the VR simulation
addresses them.

With this pilot project, we introduce a new simulation targeted at these fundamental concepts
and explore the existing gap in the literature.

Study Design and Research Questions

The purpose of this study is to investigate the benefits and disadvantages of using VR to
communicate abstract concepts in GR that may be hard to visualize. To do this we compare
two different demonstrations: a traditional physics demonstration and a new VR simulation.
Study participants for both demonstrations fill out a pre-post survey designed to address
specific research questions.

Study Design

Ball and Sheet Demonstration: The traditional demonstration used to illustrate gravity as a
curvature of spacetime features a two-dimensional elastic sheet stretched over a frame.
Participants are guided through the demonstration by an instructor with a script. The sheet
represents spacetime, and an object placed on the sheet, such as a heavy ball, represents an
astrophysical object (e.g., a star). The weight of the object causes the sheet to dip, providing a
visible curvature that is used as a model for the curvature of spacetime in response to matter.
One benefit of this demonstration is that the amount of curvature is directly related to the mass
of the object placed on the sheet, which is a good analogy for what happens in GR. Participants
can also see how this curvature affects other objects placed on the sheet. The first object warps
spacetime, creating a gravitational effect on other objects, which fall into the center.

Virtual Reality Simulation: POINT has developed a new VR simulation to communicate
some of the fundamental concepts of GR and address the drawbacks of the ball and sheet
demonstration (Table I). Participants are guided through this simulation using a similar script
as in the ball and sheet demonstration. The simulation begins with the user standing in space,
with a three-dimensional grid and two clocks visible (Fig. 1a). The hands of the clocks are
rotating at the same constant rate, and a slight audible ticking sound represents the passage of
time on the clock closest to the user. Together, the shape of the grid and the ticking of the
clocks represent spacetime.

In front of the user is a yellow sphere, which the instructor describes as an object with the
same mass as our sun. The user can pick up this sphere and move it into the three-dimensional
grid, which curves in response to the location of the sphere (Fig. 2a). The amount of curvature
of this grid is determined by the mathematical equations of GR (see Appendix A). Hence, the
curvature at a particular point in the grid depends on the mass of the object and the distance
from the object. This visualization is more physically accurate than the traditional analogy of a



(a) The grid on the left is a represen- (b) Each massive object curves the (c) The clocks slow down in the pres-
tation of space and the clocks on the grid. When released they move to- ence of massive objects to demon-
right show the passage of time. wards each other along the curvature. strate time dilation.

Figure 1: Inside the VR simulation.

ball on a sheet. Additionally, bringing the object close to one of the clocks will cause that
clock to slow down relative to the other (Fig. 1c). The rate of change is again determined by
the mathematical equations of GR (Appendix A).

Once these concepts have been explored, the user can progress through the simulation by
clicking on one of the menu items to select a different mass. The “Big Mass” option replaces
the yellow sphere with a blue one, which the instructor describes as an object with a mass
several times the mass of our sun. The designers of the simulation chose an object that was
two times more massive than the previous object to make the difference very apparent. Moving
this sphere in the three-dimensional grid makes it curve much more dramatically (Fig. 2b).
Similarly, moving this sphere close to one of the clocks creates a greater difference in rates
than the previous sphere did. The use of two different masses helps participants explore the
connection between the amount of mass and the strength of gravity.

Finally, participants can select the “Two masses” menu item to work with both the yellow
mass and the blue mass at the same time. Participants are encouraged to grab both objects,
pull them apart, and simultaneously release them. The objects move towards each other,
obeying the laws of gravity. Although the yellow object travels farther, both objects move.
Hence, this simulation addresses the misconception that only the less massive object falls
towards the more massive one, like an apple falling toward Earth. Another misconception is
that the apple is falling “down.” In reality, the apple is moving toward the center of the more
massive object—the Earth. In our simulation, objects can be released from any orientation and
will move toward each other, demonstrating that there is no preferred “downward” direction in
space. Additionally, the user can throw one object to make it orbit the other. As long as the
user does not throw the object too hard or too far away from the other object, it will be pulled
in and naturally enter a physically accurate orbit. If the objects are within the three-dimensional
grid, the user can see the orbit following the natural curvature of the grid.
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(a) A smaller mass. (b) A larger mass.

Figure 2: The massive objects curve the spacetime grid; the more massive the object, the more
the grid curves. The curvature of the grid, when shown in a two-dimensional photo, looks slightly
different than in the VR headset due to its curved screen.

Research Questions

A pre-post survey is given to all participants before and after the demonstrations. The
questions included in the pre-post survey assess the following research questions:

1) Comparing participants using the traditional demonstration with those using the VR
simulation, is there a measurable difference in comprehension on the following topics:
a) the shape of spacetime curvature
b) the relationship between time and gravity
c) the direction objects move in a curved spacetime

2) Is there a difference in attitude or engagement between the two groups?
3) Does experiencing the immersive VR simulation improve participants’ confidence in
their answers relative to traditional methods?

The targeted concepts represent some of the main features of GR. These features are
inherently different from everyday experience and are typically not taught in introductory
physics courses. Moreover, the traditional demonstration can be misleading [5], [25]. Thus, we
expect a greater benefit from using VR in these areas. Additionally, measuring engagement is
important because better engagement of students tends to lead to better outcomes, both in
conceptual understanding and in long-term involvement with the material [27]. Finally, by
assessing confidence, we hope to separate good guesses from true comprehension of GR.

We hypothesize that an interactive VR demonstration involving masses in a curved
three-dimensional spatial grid, with clocks representing the relative passage of time, would
support improved conceptual understanding and positively impact attitude among students
learning general relativity compared to traditional methods.



Methods

To test our hypothesis, we base our methodology primarily on [35] and [36]. We randomly
split half of our undergraduate participants into a control group, which perform a traditional
physics demonstration, and the other half into an experimental group, which engage with a VR
simulation. We record their prior knowledge and attitudes with a pre-survey and compare these
to a post-survey to measure learning gains and attitudinal changes. In the remainder of this
section, we report on the participants’ demographic information, followed by the materials and
procedures of our study.

Participants

Participants are recruited from volunteer undergraduate students at the authors’ institution, all
of them majoring in a STEM discipline. Of the 20 total participants, 15 are physics majors, 2
are computer science majors, 2 are majoring in both mathematics and computer science, and 1
is an electrical engineering major. Half of these are freshmen, 3 are sophomores, 5 are juniors,
and 2 are seniors. We require that participants have not had formal coursework in GR, but
expect the majority to be acquainted with basic physics concepts, such as Newtonian gravity.
Half of the participants are randomly placed in the control group, while the other half are
placed in the VR group.

Of the n = 20 participants, 75% are male (n = 15), while only 15% are female (n = 3) and

10% are non-binary (n = 2). With such a small sample size, we defer gender-related analysis
to future studies. Indeed, the recent study [37] finds slight gender differences in responses to
conceptual questions while finding larger differences in responses to attitude questions.

As part of the pre-survey, participants are asked about their prior experience with VR and GR.
60% of participants report they have used some type of VR headset before, although only 10%
of participants report their VR experience is “extensive.” Although participants have had no
formal training in GR, they report varying degrees of informal experience with GR; 80% of
participants report “little” or “no” experience with GR and only 20% report “some”
experience.

Materials

Our study places participants in one of two activities: a traditional ball and sheet
demonstration or a new VR experience. The ball and sheet demonstration features a flexible
cloth sheet stretched over a fabric hoop that is two feet in diameter. The fabric hoop is
balanced between two flat supports so that most of the sheet is suspended and can dip under
the weight of objects placed on it. Participants place a golf ball and then a billiard ball on the
sheet, which are described by the experimenter as astrophysical objects with different masses.
In the VR experience, spacetime is represented by clocks that slow down and a
three-dimensional grid that curves near virtual spheres. This simulation runs on Meta Quest 2
headsets, and participants can interact with the simulation via handheld controllers. Images of
both demonstrations can be found in Figures 1 and 3.

Procedures

Participants are randomly assigned to either the control group or the VR group before arrival
at the study location. The study proceeds similarly for both groups. Each participant arrives for



(a) Traditional demonstration of different (b) The Meta Quest 2 VR headset and con-
masses on an elastic fabric. trollers.

Figure 3: Demonstration materials.

their individual time slot and begins with the pre-survey, where randomized numerical
identifiers are used to match surveys. Following a script designed for this study, we give a
brief verbal description of spacetime and the historical reasons for replacing Newtonian gravity
with GR.

The participants then engage in their assigned activity, the ball and sheet demonstration or the
VR experience. Both feature guided exploration prompted by researcher questions. For
example, “What characteristics do you notice about the curvature of the grid?” or “Is the
curvature the same from all directions?” Participants are asked to make predictions and to test
those predictions.

Most of the language is consistent between the two scripts, but some necessary adjustments
are made for the VR simulation. For instance, participants in the VR group are shown how to
hold the VR controllers and are told what buttons to push to interact. Furthermore, given that
there is no visual analogy for time dilation in the ball and sheet demonstration, researchers
explain this effect verbally. In the VR group, participants are prompted to “bring the mass
close to the clock” and asked, “Does proximity to the mass affect the passing of time, and if
so, how?” In the VR script, no explicit statement is made that time slows down in a
gravitational field; rather, students discover this concept on their own.

After finishing their respective activity, participants are given the post-survey. Upon completion,
the surveys are collected and processed electronically to be analyzed. Once finished with the
study, participants in the control group are given the option to see the VR demonstration.

Measures

Surveys are used to measure participants’ understanding, confidence, and attitude towards the
subject. The pre-survey begins by asking some basic biographical questions including the
participants’ year in college, major, and gender identity, which are used to identify trends in
our data. Participants are then asked to rate their previous experience levels with both VR and
GR on a five-point scale. Since neither group of participants has had formal experience with
GR, their levels of prior knowledge and attitudes are expected to be similar.



Main Concept Acceptable Responses

The universe consists of a 4D Use the word “spacetime,” indicate that space and time are connected,
spacetime. describe dimensions of spacetime.

Spacetime curves. State that spacetime curves or any synonym. Also accepted “space curves.”
This curvature is gravity. Say gravity is equivalent to, caused by, or causing the curvature of spacetime.
Gravity is related to mass. State that mass and gravity are related.

Time slows down near massive | State that time is affected by gravity. This could include “time dilation,”
objects. “time slows down,” or “time warps.”

Table II: A rubric to grade the free response question, “Explain how space, time, and gravity
are connected.” One point is awarded for each of the main concepts addressed in the answer.

The survey includes multiple choice questions addressing the shape of spacetime curvature, the
relationship between time and gravity, and the direction objects move in curved spacetime.
These questions were developed specifically for this study, as the Relativity Concept Inventory
only contains questions about SR and not GR [13]. For a complete list of survey items used,
see Appendix B. The pre-post surveys can be compared between the two groups to see how
the different demonstrations affected participants’ understanding of these topics.

Participants’ rate their agreement with nine statements on a standard five-point Likert scale to
record their attitudes toward GR, physics, and science in general. These statements are largely
drawn from [25] but modified for undergraduates and to reflect the focus on GR.

Additionally, following the example of [13], after each multiple choice question, participants
are asked to rate their confidence in their answer on a five-point scale: “Guessing”, “Hesitant”,
“Neutral”, “Confident” or, “Certain.” This metric may help differentiate between similar
pre-post survey responses, distinguishing true understanding from lucky guesses. Confidence
levels across the two groups of participants can be compared to see if one type of
demonstration leads to more confident responses than the other.

To help assess the practicality of using the VR program instead of the traditional method,
participants are asked a series of questions about the activities’ usability. These include rating
how easy the equipment was to use and how interesting the demonstration was. These
questions should help identify common issues with the VR simulation and determine if these
can be improved in future iterations. Participants in both groups are also asked to “Leave any
additional comments you have about the usability of the activity.”

Finally, the post-survey contains one open-ended free response question. Participants are asked
to “explain how space, time, and gravity are connected” in their own words. The research team
developed a five-point rubric to code these responses (Table II).

To analyze the survey responses, we utilize non-parametric tests to estimate the significance of
differences between groups. Since the data is ordinal, it fails the presumptions of parametric
tests like the t-test [38]. First, a Kruskal-Wallis H-test checks if the four batches of data
(separated by pre/post and VR/control) are centered equally [39]. If the Kruskal-Wallis H-test
rejects the null hypothesis that all the batches come from the same population, then a
Mann-Whitney U-test determines if the unpaired groups (VR and control) are distributed
similarly [40]. For the four batches of data described above, the Kruskal-Wallis H-test fails to
reject the null hypothesis, so a Mann-Whitney U-test cannot be run, as it would overestimate
the likelihood of a significant result [40]. Therefore, we run a Wilcoxon signed-rank test to



examine if the paired sets (pre-post survey) are distributed differently [39], [41].

Non-parametric tests are underpowered and underestimate the likelihood of a significant result
[42]. Given this fact and the small sample size, the critical p-value of 0.05 is more applicable
for this analysis. For all tests, p-values less than 0.05 are taken to be significant [42]. To
quantify the effect size of our study we use Cohen’s d, which normalizes the difference in
pre-post survey results by their pooled standard deviation [43]. Generally, Cohen’s d indicates
a study’s impact—the larger the d-value of a survey question, the larger the effect of the study
on participants. The effect size is considered small for d ~ 0.2, medium for d ~ 0.5, and large
for d ~ 0.8. Note that d can be negative for a given question in the event that more students
answered the question correctly in the pre-survey than in the post-survey. For a given question
@, we define Cohen’s d [43], including Hedges’ small sample size correction [44], as

d- — Mpost - ,U/pre I (u)
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2 2
o2 = (npre - 1)Sgre + (nPOSt - 1)Sgost
pool — N —2 )

where fipe and fip0q are the mean group scores for question (), nye and 7y are the sample
sizes of each group, and s, and sp. are the sample standard deviation of each group for the
pre- and post- surveys respectively. Additionally, N = npye + npost 18 the pooled number of
samples and agool is the pooled sample variance. Equation (1) is applied to each group (VR
and control) separately. Because /V is small (in our case N = 20), we modify the traditional
formula for d with Hedges’ correction factor (in square brackets) [44].

Another metric for student learning is the Hake gain, which normalizes the changes in
students’ pre-post answers by their maximum possible improvement [45]. We calculated the
Hake gain ¢ for each question () within each group using the equation

_ Hpost Hopre ' (2)
1 - ,upre
However, according to [46], the Hake gain introduces a bias that renders it uninformative for
researchers interested in the impact of interventions on student learning. Furthermore, they
recommend the use of Cohen’s d to avoid the bias introduced by Hake, since Cohen’s d
mitigates the bias towards higher pretest means. In agreement with the findings of [46], our gg
values illustrate only the ceiling effect of our study, not the amount of student improvement.
Thus, go will not be used to evaluate our results. The results of the other tests and metrics are
discussed in the following sections.

9Q

Results

We analyzed the survey to test our hypothesis: an immersive VR simulation improves
comprehension and attitude towards GR as compared to traditional methods. To address
comprehension, we performed a one-sided Wilcoxon signed test on the answers to our
conceptual physics questions, which are listed in Appendix B. We used this test to quantify the
amount of improvement in the correctness of survey responses (Table III).

For the control group, we found no significant improvements in the scores, and for the VR
group, only two questions showed significant improvement. Q1 asks “Is the curvature of



Question Control VR
% correct in pre-survey | p-value | Cohen’s d | % correct in pre-survey | p-value | Cohen’s d

Ql 70% 0.290 0.202 30% 0.037 0.759
Q2 100% N/A N/A 90% 0.290 0.410
Q3 80% N/A N/A 90% N/A N/A
Q4 100% N/A N/A 100% N/A N/A
Q5 80% 0.683 -0.202 90% 0.290 0.410
Q6 80% 0.683 -0.202 100% N/A N/A
Q7 80% N/A N/A 60% 0.037 1.005

Average 84% 80%

Table III: Table of results of the one-sided Wilcoxon signed test for the conceptual physics
questions; a p-value/d-value of “N/A” indicates that the pre-survey responses did not differ
from the post-survey responses for all subjects. Significant p-values (p < 0.05) are shaded. No
questions from the control group showed a significant improvement, while there was significant
improvement for two questions in the VR group. Notably, these questions were less affected by
the ceiling effect. See Appendix B for the list of questions and answers.

spacetime the same on all sides of a spherical object?”, while Q7 features four sets of images
of spacetime curvature around two different masses and asks participants to choose the most
accurate illustration. These are the two questions that best highlight the differences between
GR and Newtonian gravity. To answer the question correctly, the participant must recognize
that the image showing curvature from every side is the correct choice. Therefore, those in the
control group have to understand that the curvature of the sheet in the ball and sheet
demonstration is not accurate for a four-dimensional spacetime.

For the two statistically significant questions (Q1 and Q7) in the VR group, the results of
Cohen’s d-test (Table III) showed a large improvement in conceptual understanding. Due to the
large values of Cohen’s d for Q1 and Q7, we expect that the pre-post changes for these
questions will remain significant with a larger sample size. For Q5 and Q6 in the control
group, the d-value is negative because some respondents answered these questions correctly in
the pre-survey and incorrectly in the post-survey.

The pre-survey scores in the control group were higher than the pre-survey scores in the VR
group. Thus, while the VR group showed more improvement, we cannot be sure if this
difference was because of a ceiling effect in the control group. Although the difference
between the two demonstrations may not be as great as indicated in this pilot project, the VR
simulation did help correct misconceptions in the VR group.

Overall, most of the questions had already been answered correctly by participants in both
groups. Considering participants’ STEM backgrounds, the high pre-survey scores are not
surprising, even with minimal experience in GR. It is possible that younger participants, such
as those in middle and high school who have more limited experience with the material, would
show a more dramatic improvement. Alternatively, a larger sample size of college students,
particularly those from outside STEM majors, may allow additional analysis by providing
more statistical power and mitigating the ceiling effect.

The results may have also been affected by unclear question wording. Some participants
expressed confusion about Q5— “When you release a smaller mass in the presence of a larger
mass, which direction does it fall?”—because the relative positions of the masses were not



Question Control VR
Pre-survey mean | Post-survey mean | p-value | Pre-survey mean | Post-survey mean | p-value

Q1 24 44 0.003 2.5 3.7 0.004
Q2 33 4.9 0.003 33 4.7 0.001
Q3 2.3 4.4 0.006 2.7 4.9 0.038
Q4 4 4.9 0.019 4.3 49 0.003
Q5 39 4.6 0.028 39 49 0.003
Q6 4 4.1 0.398 42 4.9 0.01
Q7 3.6 4.6 0.006 2.9 4.8 0.001

Average 34 4.6 34 4.7

Table IV: Table of one-sided Wilcoxon signed test results for the Likert scale confidence scores
regarding the conceptual physics questions. Significant p-values (p < 0.05) are shaded. All
questions showed a significant improvement in confidence scores aside from Q6 for the control
group. See Appendix B for the list of questions and answers.

specified. Participants who interpreted the small mass as being above the larger one may have
incorrectly answered, “Both” (i.e., down and towards the center of the larger mass). While this
answer is true for some orientations, it does not hold in all cases and was graded as incorrect.
For Q6—“Imagine two objects with different masses being held apart in space. When they are
released, what happens?”—some participants may have chosen the correct answer choice,
“They both move,” despite a misunderstanding about the direction of that motion. Several
participants in the control group reported during the activity that the larger mass moves away
from the smaller mass because of the recoil as the two balls collided. They did not seem to
understand that this was just an artifact of the analogy, not a gravitational effect. Furthermore,
some students in the control group answered Q5 and Q6 correctly in the pre-survey and
incorrectly in the post-survey, as demonstrated by the negative Cohen’s d-value. This decrease
in scores occurred only in the control group, which suggests participants may have been
misled by the ball and sheet demo. However, the insignificant p-values for Q5 and Q6 indicate
that more data is required to form conclusions.

Participants’ confidence ratings were also analyzed with the Wilcoxon signed test (Table IV).
Although the majority of the questions were answered correctly in the pre-survey, the
confidence levels averaged around “Neutral” for both control and VR groups. Both groups
became significantly more confident after their respective demonstrations, even if their
responses to the conceptual questions had not changed. However, this increase in confidence
did not always come with an improvement in understanding. Confidence increased for all
participants regardless of whether they were correct in the post-survey.

To further explore the differences in comprehension between groups, we used a rubric (Table
IT) to score the free response question from the post-survey: “Explain how space, time, and
gravity are connected.” Average scores for these responses (Table V) were very similar
between groups, although the VR group listed slightly more of the main concepts from the
rubric. Almost all participants mentioned that spacetime curves and that this curvature is
gravity. They were less likely to describe the relationship between gravity and time or to name
mass as the source of the spacetime curvature (note that mass was not explicitly asked about).
Although the control group was told verbally about the relationship between gravity and time,
while the VR group was not, 20% more of the VR participants discussed this relationship in
their free response. While this result is promising, we need a larger sample size to determine if



Group | Description of | Spacetime | Curvature = | Gravity-mass | Gravity-time | Total
spacetime curves gravity relationship relationship | score
Control 0.6 1 0.9 0.4 0.5 34
VR 0.6 0.9 0.9 0.5 0.7 3.6

Table V: Average free response scores; points were assigned based on the rubric (Table II).

Statement Control VR
Pre-survey | Post-survey | Pre-survey | Post-survey
mean mean mean mean
I think physics is interesting. 4.8 4.8 5 4.9
I enjoy learning new scientific concepts. 4.8 4.9 4.9 4.9
I prefer to learn physics through activities rather than 39 3.9 35 4
through lectures.

General relativity is an important idea for modern science. 4.5 4.7 4.6 4.7
I want to learn more about general relativity. 4.7 4.8 5 4.9
I can understand new physics topics quickly. 39 4 3.8 3.9
I could be a good physicist. 3.9 4.1 3.9 4.2
Science is only for smart people. 1.7 1.7 1.9 2
Physics is useful and relevant to me. 4.5 4.6 4.6 4.8

Table VI: Table of average attitudinal scores. No further statistical inferences were made because
a Kruskal-Wallis test of the four groups failed to reject the null hypothesis.

exploring time dilation in VR improves student comprehension.

Examining the language of the responses themselves gives a better picture of the participants’
understanding. For example, one of the participants in the VR group who improved on both
QI and Q7 gave the following well-written free response: “The three dimensions of space and
the one dimension of time provide a location for any object. Put together, space and time
create a four-dimensional grid that every particle lies on. Gravity is the bending of this
spacetime, distorting space and time around massive objects.” In contrast, the free response
answer sometimes revealed gaps in understanding. One participant in the VR group answered
more conceptual questions correctly in the post-survey, but reported “A strong gravitational
force appears to pull space towards it and to slow down the time around it. I am not too sure
how space or time impact gravity or each other.” The phrasing indicates uncertainty and
confusion, attitudes that were reflected in this participant’s confidence scores. Furthermore, this
participant indicated later that they struggled to adjust to the controls in the VR headset, so
perhaps this impacted their experience and confidence.

We tested for significant differences in participants’ change in attitudes (i.e., comparing
averages from pre-post surveys) between the VR group and control group using the Wilcoxon
signed test, Kruskal-Wallis H-Test, and Mann-Whitney U test. We found no significant
difference between these groups. Comparing averages, the largest change was found for the VR
group whose preference for learning physics “through activities rather than through lecture”
increased towards “Agree” (Table VI). Yet both groups arrived at very similar attitudes across
all questions, as may be expected for a group composed primarily of physics majors.

Participants were also given the opportunity to leave comments about the usability of the
activity. Though we expected these responses to be most useful for improving future iterations
of the VR simulation and did receive feedback about the controls, they yielded some other
notable results. Two of the participants in the control group mentioned that they struggled to



conceptualize time dilation with the ball and sheet demonstration. One reported, “It was hard
to see where time is involved with the grid. Although I understood how space distorts with
gravity, it was hard to put together how time is impacted,” and the other said, “i [sic] enjoyed
the simplicity...but I feel like I didn’t really understand how time affected it? how [sic] do you
add an extra dimension?” Meanwhile, two participants in the VR group reported high
engagement with the simulation. The first said, “I really enjoyed it and would love to see
similar activities in formal physics classes,” while the second wrote, “If I could access that on
my home device I would spend a lot of time in there. It was genuinely extremely interesting to
engage with.”

Conclusion

General relativity (GR) is a difficult subject for students to learn due to its conceptual and
mathematical difficulty. Visualizing spacetime curvature poses a particular challenge.
Interactive activities have been demonstrated to improve conceptual understanding; however,
current methods, such as the ball and sheet demonstration, are oversimplified and may cause
confusion. We present an immersive virtual reality (VR) simulation, which demonstrates
spacetime curvature, emphasizing time dilation, to investigate its effectiveness as a learning
tool for undergraduate students.

Improvement in understanding was measured via paired questions in a pre-post survey.
Participants were also asked to report their confidence in their answers on a Likert scale. We
found that participants in the ball and sheet demonstration (the control group) did not show a
significant improvement, though their confidence scores increased for all but one question.
Meanwhile, subjects in the VR group significantly improved on two of the questions with a
large effect size and reported increased confidence for all questions. However, it is not clear
whether improvements in confidence correlate to improvements in conceptual understanding.
We also measured via Likert scale questions whether participants’ attitudes toward physics
changed, since increased interest in, or appreciation for, physics is beneficial regardless of
increases in conceptual understanding. However, we were unable to perform statistical
measures of significance for attitudinal scores.

The results of this pilot project suggest the need for improvement of the survey items. As there
is no concept inventory for GR and testing materials are limited, the questions developed for
this study address a gap in the literature. However, this first test of the survey items revealed
some issues with question or answer choice wording that could be improved upon in future
iterations. The survey items could be further strengthened through survey validation
techniques. Additionally, all of our survey items featured conceptual questions and none
targeted numerical problem solving. Future studies could address the question of whether
students find numerical problem solving easier after using VR to understand the concepts. This
could be done in collaboration with an introductory GR graduate course.

Although our study was conducted at a large R1 university with ample recruitment potential,
our recruitment process encountered challenges that restricted the number and diversity of
participants, limiting the generalizability and utility of our findings. One of the primary
challenges was the time constraint on our recruitment process, which resulted in a small
sample size of only 20 participants, 10 in each group. Additionally, limited advertising
opportunities in courses offered by other departments led to a recruitment pool that was
primarily drawn from undergraduate physics courses. As a result, we observed a ceiling effect



in both the conceptual and attitudinal questions. Moreover, the underrepresentation of women
in physics may have influenced the gender ratio of participants, as women constituted less than
25% of physics bachelor’s degree recipients in 2020 according to the American Institute of
Physics [47]. In the future, we aim to enhance our study by broadening and diversifying our
participant pool. With sufficient time and improved advertising strategies, we are confident that
this goal can be attained.

The development of the VR simulation used in this study provides educators and students with
an immersive tool to experience advanced physics concepts. Once finished, the developers plan
to make this simulation open-source so that any institution or individual with Meta Quest 2
headsets will have access. The Meta Quest 2 was chosen for being commercially available,
relatively affordable, and highly interactive via handheld controllers. Some institutions already
have VR labs that lend out these headsets. In fact, VR simulations for science teaching at an
undergraduate level have already been implemented internationally in multiple

schools [48]—[52]. The present simulation can be used in classes related to GR such as Modern
Physics, graduate General Relativity, and possibly undergraduate Classical Mechanics.
Moreover, the wide accessibility of the simulation is well-suited for outreach projects and
middle or high school classrooms.

Another interesting avenue for future work is improving the simulation to better communicate
GR concepts. We plan to explore alternate visualization techniques, such as using glyphs
instead of a grid to represent the curvature of spacetime and drawing an object’s trajectory in
space to better illustrate the effect of gravity on its motion. We also plan to refine the user
interface, adding guidance and simplifying the user experience to better support active learning
within the VR environment.

Given a more diverse recruitment pool and potential improvements to the VR simulation,
continued research could have a significant impact on how students learn GR. The positive
impact already seen in our small study encourages us to continue using the interactive learning
that VR offers to make abstract concepts in physics more accessible to young students.
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Appendix
A The Physics of the Virtual Reality Demonstration

Here we discuss the physical equations implemented to curve space and dilate time within the
virtual reality (VR) simulation of this study. This section is intended for an audience familiar
with general relativity (GR). The background and derivations of the fundamental concepts
discussed can be found in any introductory GR textbook. The reader should note that the focus
of this section is not on mathematical rigor but rather on formulating expressions derived from
GR optimized for practical implementation and visual understanding in VR.

For our demonstration, we are interested in the curvature of spacetime outside a spherically
symmetric non-rotating mass. This is given in its exact form by the Schwarzschild metric,
derived from Einstein’s field equations. The line element associated with the Schwarzschild
metric in natural units takes the form [53]



2 1
ds* = — (1 — 7m> At + g dr® + 7% (67 + sin” 0dg?) 3)

where dr, df, and d¢ are infinitesimal spacetime intervals as measured by an observer far from
an object of mass m. Together, these provide an expression for the invariant spacetime interval
ds as measured by an observer a distance r from the gravitating body.

To decouple the curvature of space from that of time for visual representation in three
dimensions, we slice our four-dimensional spacetime through a moment in time so that ¢ is
constant. Furthermore, taking advantage of the spherical symmetry of the scenario, we
consider a slice through the equatorial plane of the massive object with § = 7/2. Additionally,
we narrow our scope to the change in radial distances between events along a line of constant
¢, and Eq. (3) reduces to

do? =

dr?, “4)

2m

1—=="

where do is the infinitesimal radial length component measured by an observer at their
location r, near the gravitating body.

Thus, the factor by which the radial length component at radial distance r near the mass as
seen from the perspective of an observer at infinity differs from the same length component as
seen by an observer at radial distance r is given by

dr 2m

— =/1-—. 5

do r )
In the simulation, this equation is used as a scaling factor for the displacement of the grid
point positions as a function of their proximity to the center of the mass.

Similarly, the equation for time dilation considering a constant spatial location (i.e. r, ¢, and ¢
are constant) follows directly from Eq. (3) with

2
dr? = —ds? = (1 — —m> dt?, (6)

r

where d7 is an infinitesimal time interval measured by the clock of an observer at r, close to
the massive object, and dt is the time interval measured by a distant observer watching the
same clock positioned at r. Thus we find that the factor by which a time interval at r
measured by an observer at infinity differs from the same interval at r measured by an
observer at r is given by

dt 1

(7

Within the simulation, the inverse of this factor is used to calculate the change in frequency of
the hands of the visual clocks as the mass is moved towards and away from them.



B Survey Instruments

Throughout this section we list all of our survey items. We begin with those questions that are
only on the pre-survey, then list questions common to both the pre-survey and post-survey, and
finish with questions that are only on the post-survey. For all of the multiple choice questions,
the answer choices are listed with the correct answer highlighted in bold, and are followed by
a confidence rating (listed only after Q1 for brevity).

Pre-survey only:
Q: I am in my (...) year of college.

° FiI'St

e Second
. Thlrd
o Fourth
« Fifth+

Q: Please list your major:

Q: What is your gender identity?

o« Male

o Female

« Non-binary

o Prefer to self-identify
« Prefer not to say

Q: Have you used a virtual reality headset before (i.e. Google Cardboard, Oculus headset,
HTC Vive)?

e Yes
« No

Q: Please rate your level of prior experience with virtual reality.

« No experience at all
« Little experience

« Some experience

« Regular experience
« Extensive experience

Q: Please rate your level of prior experience with general relativity.

« No experience at all
« Little experience

« Some experience

» Regular experience
« Extensive experience

Both pre-survey and post-survey:



QI: Is the curvature of spacetime the same on all sides of a spherical object?

o Yes
° NO

Confidence Q: How confident are you about your answer?

o Guessing
o Hesitant
o Neutral

« Confident
o Certain

Q2: Does the amount of spacetime curvature relate to gravitational field strength?

e Yes
° NO

Q3: How does a gravitational field affect the passage of time?

o Time passes more slowly in a gravitational field.
« Time passes more quickly in a gravitational field.
» Time does not change in the presence of a gravitational field.

Q4: A more massive object has effect on the gravitational field.

« A greater
o A lesser
e The same

Q5: When you release a smaller mass in the presence of a larger mass, which direction does it
fall?

e Down
o Towards the center of the larger mass
« Both

Q6: Imagine two objects with different masses being held apart in space. When they are
released, what happens?

o They both move
o Only the smaller mass object moves
o Only the larger mass object moves

Q7: In the following set of diagrams there are two separate objects with different masses. The
object on the left is much more massive than the object on the right. Please select the set of
diagrams that correctly illustrates the relative curvature around each object.
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Figure 4: Answer choices for Q7; the correct answer choice is (c).

Q: Please rate your agreement with each of the following statements. (Strongly Disagree,
Disagree, Neutral, Agree, Strongly Agree)

« Statement: I think physics is interesting.

« Statement: I enjoy learning new scientific concepts.

o Statement: I prefer to learn physics through activities rather than through lectures.
« Statement: General relativity is an important idea for modern science.

o Statement: I want to learn more about general relativity.

« Statement: I can understand new physics topics quickly.

« Statement: I could be a good physicist.

« Statement: Science is only for smart people.

« Statement: Physics is useful and relevant to me

Post-survey only:

Q: In your own words, please explain how space, time, and gravity are connected.

Q: I participated in the...

» immersive virtual reality demonstration
« tabletop demonstration

Q: Please rate your agreement with each of the following statements. (Strongly Disagree,
Disagree, Neutral, Agree, Strongly Agree)

« Statement: I liked the graphics/visuals within the activity.
« Statement: I continued the activity because I was curious.



« Statement: I was engaged throughout the activity.

« Statement: I was interested in the activity.

« Statement: I thought the activity was worthwhile.

o Statement: I thought the equipment was easy to use.

Q: Please leave any additional comments you have about the usability of the activity.




