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Figure 1: Screenshot of the
developed maze navigation game,
with the lobby area (top) and the
maze itself (bottom)
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Abstract

Locomotion in virtual reality (VR) is one of the biggest prob-
lems for large scale adoption of VR applications. Yet, to our
knowledge, there are few studies conducted in-the-wild to
understand performance metrics and general user prefer-
ence for different mechanics. In this paper, we present the
first steps towards an open framework to create a VR lo-
comotion benchmark. As a viability study, we investigate
how well the users move in VR when using three differ-

ent locomotion mechanics. It was played in over 124 ses-
sions across 10 countries in a period of three weeks. The
included prototype locomotion mechanics are arm swing,
walk-in-place and trackpad movement. We found that over-
all, users performed significantly faster using arm swing and
trackpad when compared to walk-in-place. For subjective
preference, arm swing was significantly more preferred over
the other two methods. Finally for induced sickness, walk-
in-place was the overall most sickness-inducing locomotion
method.
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LBWO073, Page 1


https://doi.org/10.1145/3334480.3383035

CHI 2020 Late-Breaking Work

Introduction

VR locomotion is about providing the sense of moving
through virtual space, akin to walking or running physi-
cally without actually taking up equal amount of physical
space. One of the primary issues plaguing VR locomotion
is motion sickness, which is caused by our visual system
perceiving the optical flow of movement, yet the fluids in our
ears do not, creating sensory mismatch. At the same time,
VR prioritizes realistic motions and optical flow, which cre-
ates a contradiction. To achieve realism, developers need
to create a motion input and optical flow that is closest to
our physical locomotion in space, but this creates a bigger
sensory mismatch; on the other hand, methods like instant
teleportation will not be perceived as actual movement and
thus reduces motion sickness, yet it is unrealistic which
defeats the purpose of using VR. To circumvent this, devel-
opers have created a myriad of locomotion methods with
mixed results on speed and accuracy, being highly depen-
dant on the content.

Since there are millions of VR users in the current market,
we decide to leverage this number to conduct a large-scale
study on preference and performance of VR locomotion
mechanics by leveraging data from these consumers via

an in-the-wild study [12, 9]. In the wild studies have been
gaining traction in human-computer interaction (HCI) partic-
ularly due to large sample size and a more accurate repre-
sentation of actual use-case scenarios. To our knowledge,
this is also one of the first study to be published for VR re-
searchers in an uncontrolled, in-the-wild scenario [9, 11,

6]. We implemented three common locomotion methods
methods; arm swing, walk-in-place, and trackpad move-
ment. These methods will be compared based on three key
parameters; speed, simulator sickness and subjective pref-
erence. To evaluate speed, we log the completion time of
the selected method from each participant. To evaluate sim-
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ulator sickness, the simulator sickness questionnaire (SSQ)
is deployed alongside the game for players to optionally an-
swer before and after any session. Finally, we use the data
from play frequency, play time, and subjective feedback to
determine the most preferred method. Based on the gath-
ered results, we derived design guidelines for locomotion as
well as propose a system to determine user’s personal pref-
erence and measure their susceptibility to motion sickness
to suggest the ideal locomotion mechanic. Our contribution
in this paper are the following:

1. We published a VR game that is publicly available
under http://mazerun.hcilab.io/ that wraps several es-
tablished locomotion mechanics into a navigation
game to investigate their speed performance, simula-
tor sickness and objective/subjective preference.

2. We found that arm swing performed the fastest and
walking-in-place performed the slowest.

3. We found that walk-in-place induced the most motion
sickness whereas arms swing was preferable both
objectively and subjectively.

Related Work

Two strong considerations for implementing a VR locomo-
tion are the speed it can deliver, as well as how realistic it
is, i.e how close does it resemble actual human locomo-
tion and motion in three-dimentional space. For applica-
tions that prefer realism, the methods use often rely on
gesture detection. One of the most well-known VR loco-
motion mechanic is walking-in-place, where the user can
navigate using a stationary walking motion. This is seen in
papers like VR-Step [10], which uses the smartphone’s ac-
celerometer and gyroscope to detect head bobbing. Such a
method is derived from the logic of keeping the motion to be
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Figure 2: The initial lobby showing
basic controls, session ID (top) and
start button (bottom)

Figure 3: The difference in motion
between (left) trackpad, (middle)
armswing, and (right) walk-in-place

as close to actual walking as possible, without actually us-
ing the same physical space. This applied to arm swinging
as well which is akin to actual walking [8], with the added
benefit of consuming less energy than walking-in-place so-
lutions. Methods that prioritize speed on the other hand,
compromises on realism. One of the most used method

is teleportation, where the user simply points at a position
and press a button to teleport there [3]. This method com-
pletely eliminates any visual transition in positional change,
thus also significantly reduces motion sickness. However,
even though teleportation is arguably one of the most used
method in deployed applications, we chose not to include

it in our game because unlike the other methods, it is an
instantaneous transition that breaks the continuity of move-
ment in space.

In-the-wild studies, also known as in-situ, is about conduct-
ing a large scale study out of the comfort of a laboratory
environment [1]. Such a study can be advantageous as
they not only are able to reflect a true use-case scenario
of a proposed system, but also allows for gathering of a
large sample size. However, ethical concerns need to be
addressed, and long term studies require proper planning.
Common in-the-wild studies in HCI lies mostly in the realm
of public displays and smartphone applications. For exam-
ple, Claes et al. [2] conducted a study on public display by
comparing between in-the-wild, and controlled in-the-wild
(CITW), which uses lab-based procedures in an in-the-wild
environment. CITW was found to be a viable alternative,
though this only applies for hardware research like public
displays. Another study placed a physical game machine
in the arcade which collected data from 690 participants
over a period of a year [5]. The deployment of hardware for
in-the-wild studies brings together some novel approaches
to conducting studies, such as the participation of the re-
searcher themselves by joining the evaluation process
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based on different roles [4]. This offers some additional key
insight over the proposed system.

Game Development

The entire game was developed using the Unreal Engine.
After getting past the main menu and and the starting area
of the game shown in Figure 2 and Figure 1 respectively,
the procedurally generated maze is loaded. This means
that the maze layout is different for each session of the
game. The route towards the exit will not take more than

5 minutes, and its procedural nature ensures that the routes
cannot be memorized. We choose to keep it short and fun
so that users are motivated to perform multiple runs using
different locomotion mechanics. The reason we chose to
use a maze-like environment for our game is to force the
user to move in all four different directions. If they reach a
dead end, they will also be forced to make a U-turn. This
exposes them to the benefits and limitations of each loco-
motion method.

At the end of the game, players are presented with a 3-level
Likert Scale of their preference for the selected locomotion.
We use this as a quick subjective measure of the player’s
preference.

The three provided locomotion methods are arm swing,
walk-in-place, and trackpad movement, with their motions
shown in Figure 3.

Arm swing

For arm swing, the user moves depending on the speed

of their arm swing. This is achieved by first pressing the
grip buttons and observing the relative positions of the VR
controllers within a certain time window. The faster the user
swings, the faster the locomotion speed until it reaches a
maximum threshold.
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Figure 4: The landing page of the
website, detailing the game with
the download and questionnaire
links
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Figure 5: Pie chart for the player
demographics

walk-in-place

For walk-in-place, the user is required to walk with both feet
while remaining in a fixed position. The movement depends
on how fast their head bobs, to simulate walking-in-place.
The faster the user walks in place (which in turn, bobs their
head), the faster the locomotion speed until it reaches the
same maximum threshold as armswing.

Trackpad movement

The trackpad movement is our baseline, where the user
simply moves using the trackpad on the Vive controllers,
akin to conventional gamepad analog controls. The max-
imum value for the trackpad, where the finger is furthest
from the center dead-zone of the input, corresponds to the
maximum speed threshold.

Data Acquisition

After the player completes a session, the logged data is
sent to a server that logs them into a comma separated
value (CSV) file with one session per line. The logged data
includes the unique session identifier, Internet Protocol (IP)
address, time the level starts, time the level finishes, se-
lected locomotion method, and selected preference level.

For the SSQ questionnaire, the link is shown on the web-

page and also in game, where it brings the player to a Google

Form where they fill in the generated session identifier, fol-
lowed by the SSQ. Even though every player should fill it
before and after a session, we made this an optional re-
quirement. We do not control who contributes to the ques-
tionnaire as people access the link at their own will.

Publishing the Game

To enable access of the game to a wide audience, we cre-
ated a website for publicizing the game, where we shared

the link across various social media platforms (Facebook,

Reddit, Twitter, etc.). On the website, we provide a landing
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page detailing the gameplay, the purpose of the game, the
data being collected, the download link for the game, the
SSQ questionnaire, system requirements, consent state-
ment, and comments sections. The description of the game
is shown in Figure 4.

Results

MazerunVR was available online starting on the 25th of
August 2019 and has an estimated total participants of

n = 40 with a total play sessions of n = 80 on the 20th of
September 2019. From the logged IP address of the play
sessions, 30% of them are from New Zealand, while the
second largest player base is from Germany with 26.3%.
The remaining countries are Japan (13.8%), USA (7.5%),
Egypt (6.3%), Mexico (5%), China (3.8%), Turkey, Nether-
lands, and Korea(all are 2.5%). This is illustrated in Figure
5.

To evaluate the speed of each locomotion method, we com-
pared between the arm swing (n = 31), walk-in-place (n =
23) and trackpad movement (n = 26). There was a statisti-
cally significant difference in the speed between the differ-
ent locomotion methods, x2(2) = 35.985, p < 0.001, with a
mean rank score of 53.06 for arm swing, 46.92 for trackpad
and 16.3 for walking in place. With Bonferonni correction
for adjusted significance, we find that both trackpad (p <
0.001) and armswing (p < 0.001) was significantly faster
than walk-in-place. The plot is shown in Figure 6

For evaluating preference between arm swing (n = 31),
walk-in-place (n = 23) and trackpad movement (n = 26),

A Kruskal-Wallis H test showed that there was a statistically
significant difference in the preference between the differ-
ent locomotion methods, 2%(2) = 35.056, p < 0.001, with a
mean rank score of 58.06 for arm swing, 33.1 for trackpad
and 25.2 for walking in place. Using Bonferonni correction
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Plot of Locomotion Method against Speed from Beginning of Maze to Exit
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Figure 6: Plot of the speed to
navigate from the start to the exit

(right)

for adjusted significance, we find that armswing was pre-
ferred significantly more than both trackpad (p < 0.001) and
walk-in-place (p < 0.001).

To analyze simulator sickness, we categorize the collected
data into induced nausea, oculomotor, disorientation and
total score. The sample sizes for the pre-study, armswing,
walk-in-place and trackpad are 22, 16, 14 and 18 respec-
tively, aged between 18 to 86 (48 males, Mean: 30.67,
STD: 11.457).

There was a statistically significant difference in the induced
nausea between the different locomotion methods, z%(2) =
13.33, p < 0.005, with a mean rank pain score of 27.7 for
the baseline, 27.59 for armswing, 42.53 for trackpad and
47.75 for walking in place. Pairwise comparison showed
that only walk-in-place induced significant increase in nau-
sea (p < 0.05). We also find the baseline level of nausea to
already be relatively high. For oculomotor, there was a sta-
tistically significant difference between the different locomo-
tion methods, x2(2) = 18.036, p < 0.001, with a mean rank
pain score of 22.91 for the baseline, 27.53 for armswing,

42 for trackpad and 51.32 for walking in place. We find that
walking-place induced significantly higher oculomotor than
both the armswing (p < 0.05) and the baseline (p < 0.005).
For disorientation, there was a statistically significant differ-
ence between the different locomotion methods, x2(2) =
20.784, p = 0.001, with a mean rank pain score of 23.43
for the baseline, 29.34 for armswing, 45.25 for trackpad

and 48.96 for walking in place. We find that both trackpad
(» < 0.005) and walk-in-place (p < 0.001) induced signif-
icantly higher disorientation over the baseline results. Fi-
nally, there was a statistically significant difference in the
total sickness score between the different locomotion meth-
ods, z2(2) = 17.558,p < 0.001, with a mean rank pain
score of 24.8 for the baseline, 28.66 for armswing, 43.81 for
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trackpad and 49.46 for walking in place. We find that both
trackpad (p < 0.05) and walk-in-place (p < 0.005) induced
significantly higher total sickness score over the baseline
results.

Discussion

Even though each method was coded to have the same
maximum speed, overall it was easier for armswing to achieve
that maximum speed compared to trackpad and walk-in-
place. Armswing was also deemed overall more enjoyable
to use. Even though trackpad only required thumb move-
ments, armswing strikes a careful balance between fun and
speed, which contributes to its overall better performance
and higher preference. Walking-in-place was the overall
least preferable method, as well as being the hardest to
achieve the maximum speed. Among the three methods,
only walk-in-place was purely gesture-based and required
no button input. Therefore, it led to higher false positives,
where even though the user has stopped moving, the sys-
tem occasionally thinks that the user is still moving forward.
Drifting also occurs, where after the user stops, the system
required a few milliseconds to recognize this before actually
stopping. Since walking-in-place follows head movement,
this means that the user’s view cannot be independent from
the body movement. In scenarios where the user needs to
go backwards, this required additional time for walk-in-place
since they must first stop they’re current motion, physically
turn, and continue moving. Armswing and trackpad area
easier to use in this case, because they can move in all di-
rections at any time, independent of the head direction.

Regarding simulator sickness, walking-in-place induced

the most amount of oculomotor. Oculomotor refers to the
nerves responsible for eyeball and eyelid movement. There-
fore, the nature of walking-in-place that required continuous
head movements caused high oculomotor sickness. Even
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Figure 7: Plot of the nausea (first from left), oculomotor (second from left), disorientation (second from right) and total SSQ score (first from

right)

though regular running or jogging also involved periodic ment. Armswing users tend to look towards the direction
head bobbing, other factors such as the weigh of the HMD they are swinging their arms, leading to lesser disorienta-
display could contribute towards higher oculomotor in VR. tion.

Nausea, as mentioned previously did not show any signif-

icant rise, though we found that this is largely due to the Conclusion

baseline values being already relatively high for the partic- In this work, we present one of the earliest in-the-wild ap-
ipants. Since this experiment is in-the-wild and we do not proach towards understanding users’ preference, perfor-
control the participants’ activities prior to or post experi- mance and simulator sickness level for different locomo-
mental session, we cannot determine the cause for sure. tion methods in VR. We published a VR locomotion game,
One possible reason is that participants may have played MazeRunVR, on a website and shared the link to the masses
the sessions back-to-back without rest, causing a slow rise which allows us to collect data from a wider demographic.
in nausea before each new session. Regarding disorien- In the future, we wish to have the game available on an on-
tation, walking-in-place also induced high disorientation, line game platform like Steam for a longer period of time
followed by the trackpad. Disorientation is defined as losing to enable us to collect more data. We would also like to in-
the sense of direction, and walking-in-place’s constant head clude a secondary task alongside locomotion to test the
bobbing could potentially cause additional disorientation accuracy of movement, i.e the ability to move to specific lo-
due to the constant vertical movement. Both the trackpad cations as fast as possible [7]. We would also like to include
and armswing methods allow the users to move indepen- more locomotion options for a more in-depth comparison
dently from where they are looking at. However, it is easier data.

to do so with the trackpad which only required thumb move-
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