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Abstract
Background: Virtual Reality (VR) devices are becoming more and more common
as game systems. Even though modern VR Head Mounted Displays (HMD) allow
the user to walk in real life, it still limits the user to the space of the room they
are playing in and the player will need virtual locomotion in games where the environment size exceeds that of the real life play area. Evaluations of multiple VR
locomotion techniques have already been done, usually evaluating motion sickness
or usability. A common theme in many of these is that the task is search-based,
in an environment with low focus on interaction. Therefore, in this thesis, four VR
locomotion techniques are evaluated in an environment with focus on interaction, to
see if a difference exists and whether one technique is optimal. The VR locomotion
techniques are: Arm-Swinging, Point-Tugging, Teleportation, and Trackpad.
Objectives: A VR environment is created with focus on interaction in this thesis.
In this environment the user has to grab and hold onto objects while using a locomotion technique. This study then evaluates which VR locomotion technique is
preferred in the environment. This study also evaluates whether there is a difference
in preference and motion sickness, in an environment with high focus in interaction
compared to one with low focus.
Methods: A user study was conducted with 15 participants. Every participant
performed a task with every VR locomotion technique, which involved interaction.
After each technique, the participant answered a simulator sickness questionnaire,
and an overall usability questionnaire.
Results: The results achieved in this thesis indicated that Arm-Swinging was the
most enjoyed locomotion technique in the overall usability questionnaire. But it
also showed that Teleportation had the best rating in tiredness and overwhelment.
Teleportation also did not cause motion sickness, while the rest of the locomotion
techniques did.
Conclusions: As a conclusion, a difference can be seen for VR locomotion techniques between an environment with low focus on interaction, to an environment
with high focus. This difference was seen in both the overall usability questionnaire
and the motion sickness questionnaire. It was concluded that Teleportation could be
the most fitting VR locomotion technique for an interactive environment.
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Chapter 1

Introduction

Virtual Reality (VR) devices are becoming more and more common as game systems.
The percentage of users on the digital video game distribution platform Steam that
had a VR system connected to their computer was at 0,96% in March 2019 [9], which
is more than doubled from March 2018 where it was 0,4% [8]. A Head Mounted
Display (HMD) for VR allows the user to control an application’s viewport position
and rotation by head movement, and modern HMDs also allow the user to walk
around in a limited area, usually called room scale walking. In a blog post made
by HTC, the company behind the HTC Vive (Vive) VR system explains that their
system allows for a play area of up to 5 meters diagonally across. In this area the
user can walk around freely, with their movement being tracked and translated into
the virtual environment in real time [13].
Even though modern VR HMDs allow the user to walk in real life, it still limits the
user to the space of the room they are playing in and the player will need virtual
locomotion in games where the environment size exceeds that of the real life play
area. Many different techniques for virtual locomotion exist. They usually involve
some form of player input that is used to handle the locomotion, with the input
typically coming from a handheld controller. One of the most common locomotion
techniques in VR is the Teleportation technique, which lets the user teleport to a
desired position. This technique is frequently used since it is less prone to cause
motion sickness [5, 4]. Motion sickness is a common problem in VR and therefore,
many locomotion techniques have been evaluated in order to find out which ones are
the most optimal. Even though Teleportation reduces motion sickness, it has also
been proved to cause disorientation [5], therefore, other options have been considered.
Most of the currently existing locomotion techniques for VR have already been evaluated [4, 2, 5]. These experiments are usually search-based or selection-based, which
results in a low focus on interaction. The participants may be asked to walk to
different points or find a specific object. In modern VR most interaction is done
with motion controls, which allows the user to pick objects up with hand or arm
movements. The likelihood of a player never being tasked with moving while holding
an object or moving to pick up an object in a game is low. Therefore, their result
might not be accurate for a more interactive environment.
In research where an interactive environment was included, it involved evaluation of
handheld controllers and the interaction was within arms reach of the user. Therefore, locomotion was not needed and was not evaluated in an interactive context in
these articles [3, 26]. Existing evaluation that is done on locomotion combined with
1
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interaction uses hardware that is not part of current standard consumer VR products
[10].
Therefore, there is no current evaluation of VR locomotion techniques in an interaction focused environment using standard consumer VR products. A lot of VR games,
applications, and simulators involve interaction of some kind. VR locomotion techniques may therefore, get different results when evaluated in an environment with a
focus on interaction. Therefore, it is a relevant area to evaluate since it might give
some insight on whether interaction affects the preference of locomotion techniques.
This thesis is based on the work by Coomer et al. [5], and will focus on evaluation of
the four VR locomotion techniques: Arm-Swinging, Point-Tugging, Teleportation,
and Trackpad. This evaluation was made in an interactive virtual environment,
instead of a search and selection focused approach as done by Coomer et al. [5]. The
evaluation will be done through a user study. In the second chapter, related work and
background is covered. In the third section the implementation of the VR locomotion
techniques, materials and procedure is explained, as well as the questionnaires. In
the fourth chapter the results from the questionnaires are presented. The results are
then analyzed and discussed in the fifth chapter, and is then concluded in the sixth
chapter, along with proposed future work.

1.1

Aim and Objectives

The aim of this project is to test the four virtual locomotion techniques: ArmSwinging, Point-Tugging, Teleportation, and Trackpad, in an virtual environment
with focus on interaction, as opposed to the selection focused approach of Coomer
et al. [5].
Objective 1. To create a user study experiment in order to test the different virtual
locomotion techniques.
Objective 2. To examine whether different virtual locomotion techniques are preferred in different virtual environments.
Objective 3. To identify one virtual locomotion technique that is preferred in an
interactive virtual environment where the user will grab and hold onto objects while
using the technique.
Objective 4. To examine if there is a difference in motion sickness in virtual locomotion techniques in the context of interaction.

1.2

Research Question

This paper aims to answer the following research questions:
RQ1: Which one of the four virtual locomotion techniques: Arm-Swinging, PointTugging, Teleportation, and Trackpad, is the most optimal for an interactive virtual
environment, based on intuitiveness, enjoyment and motion sickness?

1.2. Research Question
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RQ2: Are the virtual locomotion techniques: Arm-Swinging, Point-Tugging, Teleportation, and Trackpad, rated differently in usability and motion sickness in an
interaction focused environment, compared to a low interaction environment?

Chapter 2

Related Work

2.1

Controller-based VR locomotion

In recent years as VR has become more popular, new VR locomotion techniques
have been developed and existing techniques have evolved. Teleportation is one of
the most common locomotion techniques in modern VR games [1], and it is the
technique used in Steam’s VR plugin for the game engines Unity and Unreal Engine
4 (UE4) [14]. The Teleportation technique involves the user pointing towards a
position in the world and then instantly moving to it, resulting in a teleportation
effect. A reason for the popularity of this technique is that it is less likely to induce
motion sickness in users [4, 5, 11, 23]. These mentioned articles all describe how easy
the Teleportation technique was to use, that it was not prone to inducing motion
sickness, and that it was one of the more used techniques. Even if these statements
have been proven and no further evaluation would be necessary, it felt relevant to
use this technique as a baseline for comparison to other techniques.
However, the Teleportation technique also has a tendency to disorient the user [4, 5],
and some studies have found that the technique is considered to be frustrating [5, 14].
An evaluation made by Bozgeyikli et al. compares a Teleportation approach where
the user can decide which direction they will face after teleporting, to an approach
where users do not specify which direction they will face. The results of their usability
questionnaire showed that the approach without direction specification was preferred
over the approach with direction specification [2]. Even though Teleportation is an
easy locomotion technique to use and requires little effort, it is not as immersive
as walking freely [14]. There are indeed still complications with the Teleportation
technique, and attempts to improve the technique have been unsuccessful. Therefore,
it gives a motivation to evaluate other techniques in order to find a more suitable
technique.
Therefore, other techniques have been developed and evaluated over the years. Another easy to use technique simply involves using a joystick, thumbstick or trackpad
for locomotion. But this locomotion technique is instead prone to inducing motion
sickness [5, 23]. This makes it a good baseline for motion sickness testing.
Ruddle et al. evaluated rotation and movement when using a mouse and keyboard,
compared to a user rotating with an HMD and moving around freely on their own. In
a search-based test where a participant was tasked with finding objects in a room, the
results showed that they performed better while rotating and moving on their own.
5
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Their study shows that information from physical movement through translation and
rotation is important, however this is only tested in the context of a navigational
search. Their research also showed that a realistic environment is not needed for a
user to easily navigate in a virtual environment [22]. A realistic environment is not
necessary for a user to easily navigate. Therefore, the test environment created for
this study was not designed with realism in mind. Users have shown to navigate better when relying on full physical movement for input, it could therefore, be relevant
to evaluate motion based VR locomotion techniques.

2.2

Motion-based VR locomotion

Recent VR locomotion techniques have as a result instead involved physical movement. Walking-in-place (WIP) is one of the techniques that resemble real walking
the most, where feet movement is tracked and then translated to movement in the
virtual environment. Wilson et al. evaluated the technique along with real walking
and Arm-Swinging. Their approach to tracking the feet movement involved placing
sensors around each ankle of a participant. Their study evaluated the participant’s
spatial orientation and perception of distances. They suggest that WIP might be better than Arm-Swinging, but also conclude that it does not outperform real walking
[25]. Sarupuri et al. also tracked feet movement by putting trackers on each ankle.
They evaluated the technique, along with Trigger-Walking, Joystick and Teleportation. Even though WIP was the most physically demanding, it was rated almost
the same as Teleportation for motion sickness [23]. WIP shows that a locomotion
technique that resembles physical movement can perform well in VR, but it is not
possible to use the WIP locomotion technique without using additional hardware.
Therefore, it is relevant to investigate locomotion techniques that resemble physical
movement without relying on additional hardware.
Arm-Swinging is a VR locomotion technique that lets the user move forward when
they move their arms. This technique has many different approaches. McCullough
et al. tracked arm movement by placing a Myo Armband, an armband with various
tracking features, on the forearm. The orientation of the armband is then tracked
to determine if the user is moving their arms. Their evaluation resulted in that the
participants performed better with the Arm-Swinging than with the Joystick [19].
The Arm-Swinging approach in the research by Wilson et al. also used the Myo
armband [25]. Coomer et al. tracked the movement of the arms by calculating the
distance the controllers had moved from the last frame to the current frame. Their
result for Arm-Swinging was that it induced the least motion sickness, and was a
preferred technique by users in the usability questionnaire [5]. Arm-Swinging has
shown promising results. While it might not be as immersive as WIP, it has been
implemented without relying on additional hardware for tracking, making it more
easily available for consumers. The mentioned works all involve a search-based task,
and seeing if there is a difference in the results of an interactive task could be relevant.
Ferracani et al. evaluated WIP and Arm-Swinging, along with two natural gestures. The natural gestures used were: directional finger tapping, and a forwards fist

2.2. Motion-based VR locomotion
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motion. The gestures were tracked with a Kinect that tracked body joints, and a
Leap Motion that tracked each finger bone. In the experiment the participants were
tasked with six different tasks, including walking over to an object, picking it up and
bringing it back while avoiding obstacles. Therefore, their experiment included an
interactive part. The interactive part was not used for all techniques, grabbing an
object could not be done while using Arm-Swinging. Therefore, the evaluation for
the Arm-Swinging was not complete. The results of their user study showed that the
tap motion felt more natural than the Arm-Swinging, and the push motion felt only
a little bit less natural than Arm-Swinging [10]. It has been shown that some locomotion techniques could be difficult to use in combination with certain interactions,
although those results come from tests that do not use standard consumer VR equipment. Therefore, it might not be an issue when using modern VR equipment, but it
is worth considering how some locomotion techniques could interfere with different
interactions when creating an experiment.
Boletsis made a literature study of research articles evaluating VR locomotion techniques between 2014-2017. The study included 36 articles that all evaluated at least
one VR locomotion technique each. All the articles included a user study that examined aspects of the evaluated techniques, and they were done by utilizing HMDs with
a immersive VR setup. The study gives an overview of recent VR locomotion research
and proposes future work based on current studies. They also propose a VR locomotion typology to help categorize VR locomotion techniques. The categories are:
motion-based, room scale-based, controller-based, and teleportation-based. Motionbased and room scale-based are physical categories, while the other two are artificial.
Teleportation-based is non-continuous, while the others are continuous. Room scalebased is limited, while the others are open. Boletsis proposes that this typology can
be used to distinguish techniques from each other, and can serve as a common ground
in the future. According to the typology, Joystick would be controller-based, WIP
and Arm-Swinging would be motion-based, real walking would be room scale-based,
and Teleportation is teleportation-based [1]. Boletsis literature study has provided
a good overview of relevant research regarding VR locomotion, and a useful typology to distinguish VR locomotion techniques from each other. Their results suggest
that evaluation on VR locomotion techniques should be based on user experience
rather than user performance. This motivated the decision to exclude performance
measuring of the participants in this study.
This thesis is based on the work by Coomer et al. where they evaluated Teleportation,
Joystick, Point-Tugging, and Arm-Swinging. Their search and selection-based test
tasked participants with searching for a specific amount of chests in a virtual city.
When a chest was found, the participant checked to see if it was empty or not by
pressing a button on their controller to select it. The chest then became transparent
for a short amount of time, revealing if it was empty or contained a yellow ball.
The evaluation was done through a usability questionnaire and a motion sickness
questionnaire. They also evaluated how well the participants performed with distance
traveled, rotations made, time to complete the test, how many treasures were found,
and how many revisits to a treasure the participant did. Their experiment was tested
on 10 participants. Their significant results in the usability questionnaire indicated

8
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that Arm-Swinging and Point-Tugging caused more tiredness. Joystick and ArmSwinging were more enjoyable, while teleporting and Point-Tugging were considered
to be more frustrating.
In the motion sickness questionnaire, the Joystick and Point-Tugging techniques were
more prone to inducing motion sickness. Coomer et al. discussed this and proposed
that the motion sickness was caused by the user not moving in the direction that they
were looking towards. In their performance test, Joystick and Arm-Swinging had
similar results in time and were the fastest, while teleporting took the longest time.
Participants using the Teleportation technique also traveled the longest distance,
rotated the most, found the least amount of treasures, and had the most revisits.
These results show the disorientation that Teleportation can cause. Participants
using Arm-Swinging traveled the shortest distance and had the least amount of
revisits [5]. The article by Coomer et al. was chosen as a comparison in this thesis
because it is one of the latest evaluations. It also included Point-Tugging, which is
a relatively new VR locomotion technique that has only been evaluated by Coomer
et al. [5].

2.3

Interaction in VR

There is a need in VR for haptic devices that let the user interact with objects in the
virtual environment by manipulating them with actions similar to the real world,
while also not restricting the user from moving around freely in VR. Choi et al.
created a controller that restrains the index finger while grabbing an object, to get
the sense of actually holding the object. The controller also gave feedback when
the user touched an object, and depending on the object the texture was different
[3]. For current VR products, the PlayStation VR can use the PlayStation Move
controller to track hand movement [20]. Vive uses the Vive controllers designed for
VR to track hand movement, which include haptic feedback in form of vibrations
[6]. The Oculus Rift used a Xbox One controller when it launched, but now uses
their Oculus Touch controllers that allows the user to control the thumb and index
fingers separately from the other fingers, while also tracking hand movement [16].
Similar to that, the Valve Index controllers have sensors that track hand position,
finger position and grip pressure, enabling the user to squeeze objects in VR [7].
As VR controllers improve and become more technically advanced with a focus on
interaction, suitable locomotion methods should be identified that do not interfere
with VR interactions.
The Elder Scrolls V: Skyrim VR (Skyrim VR) [2017] is a game developed by Bethesda
Game Studios, and is a VR version of the original game. Skyrim VR is an open
world game that lets the user choose between Teleportation or Joystick locomotion
for movement. To reduce motion sickness for the Joystick locomotion, the game has
a comfort vignette that darkens the edges of the view when the user moves. Most
of the interaction the user performs in the game consists of combat. This is done by
either attacking with a melee or ranged weapon, with one or both hands. The game
also includes objects with physics applied, which the player is able to pick up with
the VR controllers [17].

2.3. Interaction in VR
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The Lab [2016] is a small scale collection of VR-experiences developed by Valve. Most
objects in the game can be picked up and thrown by the player. The player can use
an archery bow, and there is also a game-mode where the player defends a castle
using the bow. The player can also fix a broken robot, and take care of a robot dog.
The game uses Teleportation locomotion where the Teleportation is instant [21].
GORN [2017], developed by Free Lives, is a combat game where the player fights
gladiators in an arena. The player uses a range of medieval weapons, including onehanded, two-handed and ranged weaponry. Players are able to pick up loose objects
within the arena and use them as weapons, including but not limited to: weapons,
rocks and defeated enemies. All objects that can be picked up can also be thrown.
The game uses Point-Tugging for locomotion [12].
Vindicta [2017] is a first person VR shooter developed by Game Cooks. Enemies
are defeated with ranged and melee weapons. Except for attacking enemies, the
game also has objectives that task the player with picking certain objects up and
bringing them to specific points on the level. The player can choose between ArmSwinging locomotion and Trackpad locomotion. With the Arm-Swinging locomotion,
the player can choose whether to move in the direction the player is facing, or the
direction the controllers are facing [24]. The games mentioned above give an overview
of the different interactions that exist in VR applications, and which locomotion
methods they are combined with.
The most typical interaction shared between all the mentioned VR games involves
the user picking up objects with their controllers. This motivated the design of the
experiment environment and the experiment task of this study.

Chapter 3

Method

3.1

Literature Review

This work is based on the work presented by Coomer et al., and therefore, much of the
literature referenced in this thesis is also referenced in their work [5]. The referenced
work was reviewed to decide if it was relevant or not for the thesis. Occasionally a
referenced article would include technology that was not relevant for this thesis. The
literature study made by Boletsis [1] gave a quick overview over articles that could be
relevant. To gather further information that could show other aspects that may have
been important, searches were made on Google Scholar and the Blekinge Institute of
Technology library, with keywords such as: virtual reality, locomotion, interaction,
and evaluation. It was important to see how other researchers had handled the
interaction part in combination with VR, and the literature review revealed that
very few had included interaction in combination with VR locomotion.

3.2

Experiment Evaluation

The thesis experiment research method follows the experiment design presented by
Coomer et al. [5], with a change of task and virtual environment. It consists of an implementation, an experiment, and two types of questionnaires. The implementation
involved recreating some of the VR locomotion techniques and creating the experiment environment. The experiment and questionnaires were used in order to gain
data on how participants evaluated the VR locomotion techniques for enjoyment,
intuitiveness, and motion sickness in an interactive environment. While the work by
Coomer et al. uses a Joystick for one of its locomotion methods [5], it is replaced by
Trackpad locomotion for this experiment. The reason being that a joystick is not a
part of current VR consumer products, and most modern VR controllers have either
a built in Trackpad or a small thumb-joystick(thumbstick).
The experiment presented compares the VR locomotion techniques Teleportation,
Trackpad, Arm-Swinging and Point-Tugging as four different conditions. The participant had to use these locomotion techniques to move around in a test environment
in UE4 to collect cubes and deposit them in a container. The interaction task was
inspired by the interactive task described in the work by Ferracani et al., where the
participants were asked to walk over and retrieve an object while avoiding obstacles
[10]. How well the participants performed is not compared, since this study only
evaluates enjoyment, intuitiveness, and motion sickness.
11
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15 young adults participated in this study. All participants had normal or correctedto-normal eyesight. No one had to stop the test due to severe motion sickness.

3.3

Ethics

The primary risk of using a VR HMD is experiencing motion sickness. How severe
the motion sickness is depends on many factors. Since the experiment performed in
this study requires participants to wear a VR HMD and perform tasks in a virtual
environment, participants risk experiencing motion sickness. Experiencing motion
sickness is undesirable and uncomfortable, which could put the ethics of the experiment into question. An ethics committee was consulted and they stated that there
were no ethical hindrances to performing the thesis and its experiment as planned.
This study did not handle sensitive data in any kind of way, and the data that was
gathered was stored so no unauthorized individuals could access it. The data was
also presented in the thesis in a way that it could not be connected to an individual.
The experiment did not physically affect the participants, more than that they could
feel some symptoms from motion sickness. To reduce the risk of participants getting
motion sick, they were only exposed to VR for a maximum of five minutes a time,
with a break after every locomotion test. Participants were also recommended to
quit if they felt significant symptoms of motion sickness. This was done to ensure
that no lasting side-effects of VR occurred.
The participation was voluntary, but many of the participants recruited were friends
or acquaintances. Therefore, it was heavily emphasized during recruitment that there
was no obligation to participate in the study, and that there would be no consequence
of any kind if the invited individual chose to decline participation. The participants
were also informed that they were allowed to quit the experiment at any moment
without giving a reason.

3.4

Implementation

The VR equipment used in this study was the Vive HMD, with the included Vive
controllers being used for input (see Figure 3.1). The two screens of the HMD each
have a resolution of 1080x1200, resulting in a combined resolution of 2160x1200 with
a field of view of 110 degrees. Each screen runs at a refresh rate of 90Hz [6].
The experiments were conducted in UE4, a video game engine made by Epic Games.
UE4 has support for VR and also provides a template for easier creation of VR content. The functionality for the user to grab an object already existed in the engine,
therefore, there was no need to create a new implementation for grabbing objects.
The user picked up an object by holding down the trigger button on the Vive controller. Since an implementation for the Teleportation locomotion technique already
existed in the engine, the existing implementation was used and no new implementation was created. The existing implementation of Teleportation locomotion created
an arched laser when the user pressed the trackpad button on their Vive controller
(see figure 3.2). At the end of the arched laser a rectangle was displayed that showed
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Figure 3.1: The HTC Vive controller and the buttons, taken from the HTC Vive
manual [15]

the user where their Teleportation destination would be. By releasing the trackpad button, players could teleport to the the chosen location. The Teleportation
implementation also allowed users to choose which direction they would face when
teleporting by choosing a direction on the trackpad.
The Joystick, or Trackpad locomotion was performed by using the left Vive controller’s trackpad. When the user moved their thumb to the upper side of the trackpad, the user moved forward. Depending on how far away the user put their thumb
from the center of the trackpad, they moved faster. The speed was scaled to resemble
walking speed. This was done for the x and z-axis.
The Point-Tugging was performed like the approach described by Coomer et al.,
where the user pressed and held the trackpad which created a grabbing point. This
was saved as grabPos (grabX, grabZ ). The grabbing point was the position of the
Vive controller at the time its trackpad was pressed. Until the trackpad was released,
the current position of the controller was saved for every frame as currPos (currX,
currZ ). The new position of the user was then calculated as explained by Coomer et
al., newPos = (grabX - currX, 0, grabZ - currZ) + currPos [5]. This moved the user
in the direction they were dragging themselves in the xz plane, while the y-position
was controlled by the HMD.

14
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Figure 3.2: Visualization of the Teleportation technique implemented in UE4.
The Arm-Swinging implementation only required the user to press one trackpad in
order to activate the locomotion technique, unlike the implementation by Coomer et
al. where the user needed to press both controller trackpads simultaneously. When
a trackpad was pressed, the current relative position of the corresponding controller
was saved as oldPos, (oldX, oldY, oldZ ). Every frame until the trackpad was released,
the current relative position of the controller was saved as currPos, (currX, currY,
currZ ). The user was moved forward in the direction the HMD was facing, and the
speed was determined by the translation amount between oldPos and currPos. The
value was retrieved by taking the difference of the positions and taking the length
of that vector, speed = ||(oldP - currPos)||. The speed value was first scaled with a
low value to resemble walking speed before being applied as movement. The forward
vector of the HMD was normalized and multiplied with the speed to get the new
position. The oldPos was then replaced with the currPos, to be used for the next
frame.
Collision was implemented in order to prevent the participant from leaving the testing
area. This was done by creating a collision box around the testing area. When
the participant left the collision box, the locomotion stopped translating in that
direction, until they moved back inside the collision box. In order to make sure that
the participant could not pass through shorter obstacles, further implementation was
necessary. The default implementation for the collision only checked if the HMD was
triggering the collision, which meant that if the HMD was above an obstacle then the
collision would not be triggered. The solution used for this problem was to attach
a tall capsule collider to the XZ position of the HMD, which ensured that collision
would be detected regardless of the height of the HMD position.

3.5

Materials

The introduction area was a rectangular virtual environment that was smaller than
the testing environment (see Figure 3.3). Cubes that could be picked up by the user
were placed on a table in the room, with a couple of other cubes lying on the ground
further away. A container similar to one used in the experiment area was present,
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Figure 3.3: View of the introduction area in UE4.

Figure 3.4: Overview of the experiment area in UE4.

where the participant could deposit cubes. A number above the container told the
participant how many cubes were in the container.
The experiment area was a large rectangular virtual environment that contained
various obstacles, with eight small cubes scattered around the room (see figure 3.4
and 3.5). The obstacles were grey and the ground had a beige textured surface,
while the cubes were bright blue in order to make them easier to identify in the
environment. The participant was tasked with collecting all of the small cubes and
depositing them in a container that was located at the center of the room. The
cubes were either positioned alone or in pairs throughout the experiment area. This
was to make sure that the participant needed to move as much as possible, and also
to encourage them to occasionally hold two cubes at the same time while using a
locomotion technique.
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Questionnaires

The motion sickness questionnaire used is the same as the one used by Coomer et al.
[5]. It is a simulator sickness questionnaire (SSQ) created by Kennedy et al. [18]. The
SSQ includes 16 questions that refer to different symptoms. The symptoms are as follows: General discomfort, fatigue, headache, eyestrain, difficulty focusing, increased
salivation, sweating, nausea, difficulty concentrating, fullness of head, blurred vision,
dizzy (eyes open), dizzy (eyes closed), vertigo, stomach awareness, and burping. The
questions were answered with how severe these symptoms felt with a 4-point scale,
ranging between 0 to 3 where 0 was none, and 3 was severe.
The overall usability questionnaire was also the one used by Coomer et al. [5], which
was based on the questionnaire presented by Bozgeyikli et al [2]. The questionnaire
included 22 questions that measured the following: difficulty of understanding, difficulty of operation, feeling of being in control, overwhelment, tiredness, frustration
and enjoyment. The questions were answered with a 5-point likert scale that corresponded to: strongly disagree (1), disagree (2), neutral (3), agree (4), and strongly
agree (5).
For our approach one question was removed from the overall usability questionnaire.
The question being: I felt like there was not enough time when using this method.
This decision was made since the time to complete the task was irrelevant for our
research question and our objectives. The test was not about completing the task
fast, but about how easy or fun the task was. Therefore, this question was not in
the questionnaire, and only 21 questions were included instead.

3.7

Procedure

Before a participant began testing they were informed about the test and the tasks
they would perform. This information had also been given before in the information
letter, which is included in Appendix A. After this they were asked to sign a consent
paper, which also is included in Appendix A. They were also informed that they were
allowed to cancel the test at any point without providing a reason and were advised
to cancel the test if they started feeling too nauseous to continue. Before starting
the test the participant answered a pre-exposure SSQ, in order to get a baseline for
symptoms, as done by Coomer et al. [5]. The participants tested the VR locomotion
techniques in a randomized order that had been generated beforehand, in order to
make the results for each technique unaffected by time spent in VR and previously
used locomotion techniques. Before the participant started the test for the current
technique, the Vive controller and its buttons were explained to the participant. The
technique and how it is used was explained, followed by the participant putting on
the HMD. Once the participant had put on the HMD they were placed in a virtual
introduction area where they were able to get familiar with the controls and the
current locomotion technique. The introduction area was used for each locomotion
technique in order to prevent the participant from feeling unprepared during the
tests.

3.7. Procedure

17

Figure 3.5: View of the experiment area in UE4.
Once the participant felt accustomed to the controls and the locomotion method,
they were placed in another virtual room to start the actual test. The test lasted
until they had finished collecting all eight cubes, or until five minutes had passed.
The tests usually lasted less than three minutes, and the time limit of five minutes was
only there to make sure that the testing would stay on schedule. Participants were
informed of the time limit and that reaching the time limit did not count as failing.
After the test was completed for one locomotion technique, the participant removed
the HMD and answered the SSQ again, evaluating motion sickness for the technique
that they had just tested. They also answered the overall usability questionnaire as
an evaluation for the technique. The questionnaires also served as a small break from
using the HMD, as wearing the HMD for a longer period of time can be straining.
After the questionnaires for the current locomotion technique had been answered,
the participant would test the next VR locomotion technique and repeat this process
until all four techniques had been tested. When they finished the test, they were
thanked for their participation. No compensation was given to the participants.

Figure 3.6: The room where the test was conducted in, showing the VR space.

Chapter 4

Results

4.1

Overall Usability Questionnaire

Arm-Swing
Understanding
4.5
Difficulty of operation
1.9
Control
4.1
Tiredness
3.1
Enjoyment
3.8
Overwhelment
2.8
Frustration
1.8

Point-Tug
4.5
2.1
4.3
3.3
3.1
2.9
2.3

Teleportation
4.6
1.6
4.3
1.3
3.6
1.2
2.1

Trackpad
4.2
1.9
3.9
2.6
3.1
2.7
2.3

Table 4.1: Results of the overall usability questionnaire.

Figure 4.1: Results for the tiredness
category, showing standard error bars.

Figure 4.2: Results for the enjoyment
category, showing standard error bars.

The mean results for every question can be seen in Table A.1 in the Appendix
A. The mean results for every category can be seen in Table 4.1. An analysis of
variance(ANOVA) was run for all the techniques to see if a significant difference
existed between them. This resulted in p < 0.01, therefore, a significant effect existed
between the techniques. An ANOVA was run for the categories to see if there was
any significant effect between the techniques in the different categories. The results
showed that a significant effect could be seen in the tiredness category, with p <
0.01. Pairwise t-tests showed that Teleportation was different from the rest of the
techniques, causing very little tiredness (see Figure 4.1). A significant effect could
also be seen in enjoyment with p < 0.01. For the enjoyment category, pairwise t-tests
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showed that the Arm-Swinging and Teleportation techniques were more enjoyable
than the Point-Tugging and Trackpad techniques (see Figure 4.2). There was also a
significant effect in overwhelment with p < 0.01, and pairwise t-tests revealed that
Teleportation felt less overwhelming than the rest of the techniques (see Figure 4.3).

Figure 4.3: Results for the overwhelment category, showing standard error bars.

4.2

SSQ
Pre-Exp
28

Arm-Swing
55

Point-Tug
72

Teleportation
31

Trackpad
61

Table 4.2: Results of the SSQ.

Figure 4.4: Results for the SSQ, showing standard error bars.
The mean results for every technique from the SSQ, as well as the pre-exposure
baseline, can be seen in Table 4.2. An ANOVA was run to see if a difference could
be seen between the groups. With a p value of p < 0.01, the result was that a
significant effect existed. Pairwise t-tests on the techniques revealed a difference between pre-exposure and Teleportation, to the rest of the techniques. Arm-Swinging,
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Point-Tugging, and Trackpad are all more prone to induce motion sickness, while
Teleportation is less prone to it.

Chapter 5

Analysis and Discussion

This work presents an interaction focused task experiment based on previous work
by Coomer et al.. The experiment is used to determine which of four locomotion
methods are most suitable for VR experiences that have a focus on interaction. The
four locomotion methods used are: Arm-Swinging, Point-Tugging, Teleportation, and
Trackpad. No questionnaire was created that asked if the participants had previous
experience with VR, or if they had previously experienced motion sickness. This
could have provided useful information that could have helped further explain the
results.

5.1

Overall Usability

The Teleportation locomotion technique was rated the highest in the overall usability
questionnaire. The technique was the best rated in the tiredness and overwhelment
categories, which is not unexpected given that the technique is easy to use and
requires very little physical movement from the user. Compared to the other locomotion techniques, it is straightforward and also visually informs the user of where
they will be moved to. Some participants might have little to no previous experience
with VR and those that do have previous experience might only have experienced
Teleportation locomotion prior to testing, given the widespread use of the Teleportation techniques in modern VR applications. It could be that the Teleportation
technique is less overwhelming to less experienced users due to its simplicity and
widespread use.
The Trackpad locomotion technique got a relatively poor rating in tiredness and
overwhelment compared to the Joystick locomotion results presented by Coomer et al.
[5]. The reason for the difference might be that the Joystick is more straightforward
to operate than the Trackpad. The Trackpad could have been a new way to control
movement for participants, as trackpads are not typical on common game controllers.
It is also easy to unintentionally touch the Trackpad which results in unintended
locomotion. Therefore, it was instead tiresome to use and felt overwhelming, which
explains the bad rating.
Similar to the results presented by Coomer et al., the Arm-Swinging technique had
the highest enjoyment score [5]. Teleportation had the second highest score in the
category, which was an unexpected result and is different from the result of the study
by Coomer et al. where it was tied with Point-Tugging as the lowest rated technique.
The causes for the high rating could be due to it being beginner friendly and easy
23

24

Chapter 5. Analysis and Discussion

to use, as discussed in the overwhelment category. It could also have been due
to the technique being a novelty for participants, similar to the study presented by
Bozgeyikli et al. where the participants commented that the Teleportation technique
felt like a superpower or a magical experience [2]., it is possible that the technique
would not be considered as enjoyable once the novelty wears off.
Another factor for the high enjoyment rating of the Teleportation technique could
be the design of the environment. Both the introduction and testing environment
were very bare areas, only including large grey walls and boxes. Compared to the
modern village that Coomer et al. used [5], the environment used in this study
could be perceived as a futuristic setting. The participants might have felt like the
Teleportation technique did not feel out of place, instead it could have been an
immersive locomotion technique when combined with the environment. A different
environment might have given a different result for enjoyment, and it could be an
important aspect to take into consideration when designing a test environment.
Most importantly, the task to be performed was different in this study. It was not a
search-based test, which meant that there were very few or no occasions where the
user would get lost. The testing area was small enough that the participant saw the
cubes from the center of the area. Teleportation instead allowed the participants to
get to the cubes in a fast and easy manner.
Both Trackpad and Point-Tugging had low rating in the enjoyment category. Except
for being tiresome and harder to use, these techniques also strictly limited the user’s
speed, resulting in the participants moving very slowly. Some participants asked
while testing the Trackpad technique if there was a sprint button that would let
them increase their speed. This could be a factor that lowers the enjoyment, and
might have made the technique tedious. The task for the experiment would probably
only increase the feeling of tediousness. The participants need to travel a lot around
the area in order to complete the task, which could be tedious if it takes a longer
time. But if the task would have been defeating an enemy in combat, instead of
walking around to pick objects up, it might have gotten a different result. The extra
control and the ability to walk backwards could then have improved the experience.

5.2

Motion Sickness

Coomer et al. found in their study that Arm-Swinging did not cause any motion sickness [5]. However in this study the result indicates that it did cause motion sickness,
almost as much as Trackpad locomotion. The difference in results could be in the
implementation of the technique. For this study, the user was able to move very fast
with the technique, even with a value to scale the speed down. Participants quickly
found different approaches to travel faster, resulting in large arm movements. The
approach by Coomer et al. could possibly have limited or scaled the user’s movement
differently than what was done for this study, which could affect the motion sickness. Their approach could also have been faster, meaning that participants would
not sweat as much after using the technique since less physical movement would be
required. Since the technique involves constant physical activity it will most likely
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result in the user sweating, which could make the sweating symptom rating in the
SSQ inaccurate for this technique given that the sweating is likely to have been
caused by physical activity rather than motion sickness.
Another possible cause for why Arm-Swinging caused motion sickness could be that
the participants had to stop and position themselves a lot more, in combination with
reaching for objects. Moving backwards requires the user to turn around, as opposed
to Trackpad and Point-Tugging locomotion. Therefore, it requires more rotation
from the user. Precision was important for picking up objects, and therefore, the
technique could have been more demanding in an interactive environment and for an
interaction task, as opposed to a search-based task.
Point-Tugging got the highest rating in the SSQ, making it the technique that causes
the most motion sickness. The cause could also be that it is a very physically demanding technique, which causes a lot of sweating. Coomer et al. proposes that
the cause for motion sickness with Point-Tugging and Joystick is that the user can
move in another direction that the one they are facing [5]. Some comments from
the participants in this study proposes another possible case. Participants might
have unintentionally moved when using this technique because it was harder to use.
Sometimes participants reported accidentally releasing the trackpad button too late,
resulting in them unintentionally moving backwards. Since the technique requires
motions to move, and that the movement speed is based on the real world, it theoretically should not cause more motion sickness than the Trackpad technique. Therefore,
it could be possible that the participants were not used to the Point-Tugging technique, hence the large amount of motion sickness.
Other possible causes could be the sweating symptom being a misleading condition.
The Point-Tugging technique usually took the longest time for completing the task,
meaning that participants spent the most time in VR with it. Sweating would
therefore, most likely be more severe than for the Arm-Swinging technique. It would
also mean that participants were exposed to VR longer, and were therefore, more
prone to experiencing a larger amount of motion sickness. This could also be why
Teleportation had such a low motion sickness score, because participants finished the
task faster with it than with the rest of the techniques.
Even though the results from both this study and previous work by Coomer et al. indicate that Arm-Swinging is an enjoyable technique that induces less motion sickness
than Trackpad locomotion, Joystick locomotion, and Point-Tugging locomotion [5],
the fact that users need to constantly move their arms in order to use the locomotion
technique means that interactions that require the user to move while holding their
arms still are not possible with Arm-Swinging locomotion.

Chapter 6

Conclusions and Future Work

6.1

Conclusion

In conclusion, the results shows that Teleportation had the best overall score in both
usability and motion sickness. Answering the first research question(RQ1), Teleportation is the most fitting VR locomotion technique for an interactive environment.
As previous research has found, the Trackpad and the Joystick locomotion techniques might not be suitable for most VR applications. They are prone to causing
motion sickness. For this implementation the result also showed that depending on
what type of controller is being used it could cause tiredness and overwhelment, and
might not be enjoyable.
Furthermore, this study has achieved different results compared to the results presented by Coomer et al. [5], which answers the second research question(RQ2). The
results indicate that Arm-Swinging is more enjoyable than the rest of the techniques.
While these results are consistent with the results from Coomer et al. [5], there are
also significant results for the other techniques that are different. This could mean
that depending on the task or environment, the user perceives the VR locomotion
techniques differently. There is also a possibility that other factors affect this as well,
such as the visual design of the environment, or sound effects such as footstep audio
or other sounds.
The results suggest that Arm-Swinging could be more prone to induce motion sickness in an environment with focus on interaction. The score for motion sickness was
a high number, which is different from the results in the search-based task presented
by Coomer et al., where the Arm-Swinging technique had a lower score than the preexposure score [5]. However there are still other factors that may have contributed
to the result. The implementation of the technique might have been done in a different way, resulting in a faster or slower speed. It could also be the misleading use
of the sweating symptom in the SSQ. Therefore, it can not be concluded that the
interactive environment is the cause for the motion sickness.
The results suggest that users perceive locomotion techniques differently depending
on whether the VR experience has a focus on interaction or not. Therefore, it is
important for VR game developers to find the most fitting locomotion technique for
their type of VR experience. The results presented in this thesis could give game
developers some guidelines regarding creating VR experiences with a focus on interaction. The results could also be beneficial when designing simulations for training
27

28

Chapter 6. Conclusions and Future Work

or education. For these situations a VR locomotion technique that makes the user
feel overwhelmed should be avoided, since an overwhelming locomotion technique
could become a hindrance to the purposes of the simulation. The locomotion technique should not cause motion sickness either. If these simulations include interaction
based tasks combined with locomotion, the presented results might be able to provide
relevant information.

6.2

Future Work

The issue still remains that for some applications the Arm-Swinging technique will
not work. It is not possible for the user to move while holding both of their arms still,
and therefore, some interactive tasks might not be compatible with this locomotion
technique. Even if this technique was suitable for the task in this study, it will not
be suited for all interaction tasks. Another problem with this technique is that it
is not suitable for prolonged VR sessions as it is tiring for the user. A possible
solution would be to give the user the ability to switch easily between a motion
based technique and a controller based technique, to ensure that the user gets the
best experience at all times.
It could be relevant to evaluate these VR locomotion techniques with different kinds
of VR controllers. For example the Oculus Rift controller uses a thumbstick instead of a trackpad. Therefore, it could give different results for the Joystick/Trackpad/Thumbstick locomotion technique.
The results from the overall usability questionnaire show that the focus on user
experience in researching VR locomotion techniques should be increased, as proposed
by Boletsis et al. [1]. As shown in these results, a poor usability rating does not
necessarily result in poor enjoyment. The results presented in this research shows
that Arm-Swinging had an overall poor score in both questionnaires, but it still had
an enjoyment rating equal to Teleportation. Therefore, it could be relevant to test
how important the enjoyment rating is, and if poor rating in other categories could be
ignored if the enjoyment rating is high. Except for evaluating the user experience of
the technique itself, it might be relevant to evaluate for different tasks, and different
visual environments. As shown in the study one technique might not be fitting for
all situations.
Further research to determine whether moving in the direction the user is facing
reduces motion sickness or not is also relevant. One variant of the Arm-Swinging
technique makes the user move in the direction the controllers are facing, instead of
the direction the user is facing. This can be compared to normal Arm-Swinging, to
see if the direction of movement is connected to motion sickness. Furthermore, the
fact that some techniques might result in the participants being in VR for longer
than other techniques also shows that motion sickness should be tested within a
specific time span. This would be to ensure that participants are exposed to VR for
the same amount of time for all techniques that are being tested. This would give
a more accurate result and remove validity threats. The results of future research
mentioned could give guidelines that would help avoid motion sickness in further
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development of VR locomotion techniques.
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Appendix A

Supplemental Information

1. I thought this method was easy to understand.
2. I thought this method was hard to use.
3. I felt like I had control over my actions.
4. I did not have a hard time visualizing this movement in my head.
5. I understood how my movements translated to the
environment.
6. This method made me tired.
7. I felt like I could go where I wanted to.
8. I liked using this method.
9. I had a hard time remembering the controls for this
method.
10. I think that this method added to the virtual
experience.
11. I think this method made the task harder to complete.
12. I did not get lost as I used this method.
13. I felt like this method required a lot of energy.
14. I felt like this method required a lot of effort.
15. I felt like this method was buggy.
16. I felt like this method was unpredictable at times.
17. I would not like using this method again.
18. I felt like I needed a break after using this method.
19. I would like to see this method implemented in a
video game.
20. I felt overwhelmed when using this method.
21. This method made me frustrated.

Arm-Swing
4,7
1,7
4,2
4,2

Point-Tug
4,7
2,5
4,5
4,5

Teleportation
4,7
1,7
4,4
4,5

Trackpad
4,8
2,4
3,8
3,4

4,5

4,3

4,5

4,3

2,7
4,1
3,6
1,5

2,9
4,3
3
1,4

1,0
4,4
3,9
1,1

2,1
3,7
2,6
1,5

3,5

3,1

3,1

2,8

1,9

2,7

1,3

2,1

4,1
3,7
3,6
1,7
1,9
1,9
2,8
4,2

4,1
3,8
3,8
1,9
1,5
3,0
3,2
3,1

4,0
1,1
1,1
2,1
2,5
2,2
1,7
3,9

4,2
2,5
2,9
1,8
1,7
3,3
3,4
3,1

1,9
1,8

2,1
2,4

1,3
1,6

2,5
2,0

Table A.1: Mean responses to the overall usability questionnaire for every technique.
The participants answered the questionnaire with a 5-point Likert scale that corresponded to: strongly disagree (1), disagree (2), neutral (3), agree (4), and strongly
agree (5).
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Information for participation in study about evaluation
of virtual reality locomotion techniques
In recent years virtual reality has gained a lot of popularity as household entertainment
system. Because of it gaining popularity only recently, virtual reality games still face some
issues that have yet to be solved. In games where a user needs to move around in a large
virtual environment they will need to use virtual locomotion, and there are currently many
different approaches to virtual locomotion.
We therefore want to evaluate four locomotion techniques, with hopes that the results can
show which technique is most suited for an interactive virtual environment.
The goal with the study is to examine how virtual reality users evaluate the different techniques, based on enjoyment, intuitiveness and motion sickness.
Students present in school will be asked about participation in the study. No previous
experience with virtual reality is required. Individuals with very large glasses can face
problems with them while wearing a virtual reality headset, and might have to participate
in the experiment without them.
If you choose to participate, you will test four different locomotion techniques. After each
locomotion test, you will be asked to evaluate it by answering two surveys. If you are
interested in participating please sign up on the paper we brought with us, or contact one
of us via email.
The participation for this study is completely voluntary. You can anytime during the study
withdraw your participation, without giving any explanation. The experiment is expected
to take around 30 - 40 minutes.
Virtual reality has a tendency to cause motion sickness for users, and therefore there is a
risk that you will feel some of these symptoms. The test won’t be long, and you will have 3
breaks from virtual reality during the test, which will reduce the risk for stronger symptoms.
The answers from the surveys will be treated as confidential and will be stored so no one
unauthorized can access it. No participants will be identifiable from the results of this thesis.
Our names are David Bond and Madelein Nyblom. We’re currently studying Technical artist
in games at Blekinge Institue of Technology, and the education includes writing a bachelor
thesis. This is the reason we are conducting this study. If you have any questions you can
contact us or our supervisor.
Karlskrona 2019-04-22
Student
David Bond
dabo16@student.bth.se

Student
Madelein Nyblom
many16@student.bth.se
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Supervisor
Dr. Yan Hu
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Consent form for evaluation of virtual locomotion techniques
This is a study where four different virtual reality locomotion techniques are evaluated in
an interactive environment, and we are asking if you want to participate in this study. We
are two students that are currently studying Technical artist in games at Blekinge Institute
of Technology, with Dr. Yan Hu as supervisor.
The test should take maximum 40 minutes in length, and in the test you will be asked to:
• Test four different virtual locomotion techniques with the HTC Vive virtual reality
system.
• Pick up objects and deposit them in a container in the virtual environment.
• Fill in a motion sickness questionnaire, before you start the test and after you test
each locomotion technique.
• Fill in a overall usability questionnaire after each locomotion technique has been tested.
The participation in this study is voluntary, and you can stop the participation at any time
during the experiment without giving a reason. The information that is obtained during the
study is confidential and no one unauthorized will have access to it.
Virtual reality can induce motion sickness, and therefore it is possible that you will experience motion sickness in this study. If these symptoms get strong or severe you are
recommended to stop the participation.
I have read the information above. By signing below and returning this form, I am consenting
to participate in this study as designed by the Blekinge Institute of Technology students
mentioned below.
Participant name:
Signature:
Date:
If you have any other questions concerning your participation in this project, please contact
one of us at:
Student
David Bond
dabo16@student.bth.se

Student
Madelein Nyblom
many16@student.bth.se

1

Supervisor
Dr. Yan Hu
yan.hu@bth.se

Faculty of Computing, Blekinge Institute of Technology, 371 79 Karlskrona, Sweden

