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Abstract—We present an efficient locomotion technique that can reduce cybersickness through aligning the visual and vestibular
induced self-motion illusion. Our locomotion technique stimulates proprioception consistent with the visual sense by intentional head
motion, which includes both the head’s translational movement and yaw rotation. A locomotion event is triggered by the hand-held
controller together with an intended physical head motion simultaneously. Based on our method, we further explore the connections
between the level of cybersickness and the velocity of self motion through a series of experiments. We first conduct Experiment 1 to
investigate the cybersickness induced by different translation velocities using our method and then conduct Experiment 2 to investigate
the cybersickness induced by different angular velocities. Our user studies from these two experiments reveal a new finding on the
correlation between translation/angular velocities and the level of cybersickness. The cybersickness is greatest at the lowest velocity
using our method, and the statistical analysis also indicates a possible U-shaped relation between the translation/angular velocity and

cybersickness degree. Finally, we conduct Experiment 3 to evaluate the performances of our method and other commonly-used
locomotion approaches, i.e., joystick-based steering and teleportation. The results show that our method can significantly reduce
cybersickness compared with the joystick-based steering and obtain a higher presence compared with the teleportation. These
advantages demonstrate that our method can be an optional locomotion solution for immersive VR applications using commercially

available HMD suites only.

Index Terms—Ilocomotion, cybersickness, head motion, translation, rotation, velocity, presence

1 INTRODUCTION

IRTUAL reality (VR) applications using head-mounted

displays (HMDs) have become very popular in recent
years with the affordance of high presence in immersive
virtual environments (VEs). When a user moves in the
physical world, the user will feel that he walks over the
same distance in the virtual environment, making himself
feel really in the VE. However, the physical space available
is generally limited. Therefore, locomotion technique is one
of the key solutions to help the users move over a long
distance in an immersive virtual environment while keeping
themselves staying in a tiny physical area [1].

Steering locomotion is a commonly used locomotion
technique [2]], of which joystick-based steering (abbr. ]S)
utilizes joysticks to help the user smoothly move or turn
in the VEs. Generally, steering locomotion can bring high
presence but may induce strong cybersickness (motion sick-
ness in VEs) [2]]. In addition to steering locomotion, walking-
based methods [3]], [4], [5] and leaning-based methods [6]
are used for locomotion. However, walking-based methods
may induce increased tiredness and fear of collision (e.g.,
walking-in-place technique [7]). Leaning-based locomotion
techniques were found to have no significant difference on
cybersickness with JS [8]], [9] or show even higher cybersick-
ness than JS [10]. Cybersickness is one of the most important
problems of VR systems, and the existence of cybersickness
will significantly influence the comfort of the users [11].
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Therefore, to reduce cybersickness when performing loco-
motion is crucial for virtual reality applications. Redirected
walking (RW) may be a solution to locomotion, but it gen-
erally requires a relatively large space [12], [13]], [14], [15].
Teleportation (TP) [16] is a widely used locomotion tech-
nique that can induce less cybersickness than JS. However,
TP was found to perform worse in the aspect of presence
due to unnatural movement [7]]. Given that presence is one
of the most critical features of VR applications [17], it is
necessary to explore a new locomotion technique that can
dramatically reduce cybersickness while maintaining a high
level presence.

Our goal is to develop a new locomotion technique
that reduces the users’ cybersickness and provides a high
presence using the commercially available HMD suite only.
In principle, a mismatch between efferent (expected) and
sensory (actual) movement is probably the primary cause
of motion sickness [18] and contributes to cybersickness
[19]. Moreover, Harris et al. [20] found that a complete
consistency between visual and vestibular cues was not nec-
essary to help induce sickness-free self-motion. Originating
from this finding, we design a simple and efficient locomo-
tion technique based on intentional head motion (actively
physical movement) to maximize the synchronization of
the visual and vestibular induced self-motion illusion, i.e.,
making the vestibular system’s sense always consistent with
the visual perception in the coherent direction of accelera-
tion. When our method is activated, the visual self-motion
illusion is coherent with the proprioception from intentional
head motion in direction but has a different speed for loco-
motion. Proprioception refers to knowledge of one’s own
movement, action, and location, especially the collective
mechanoreceptors information during self-movement of a
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Fig. 1: (a) Working paradigm of our intentional head-motion assisted locomotion technique. When navigating in a virtual
world (upper-middle), our method can significantly reduce cybersickness through an intentional movement of head and
body (lower-middle) simultaneously in the coherent direction with the virtual world. (b) A pair of controllers are used as
the input for interaction. Button ‘B’ on the right-hand controller is used for translation, and button "Y” on the left-hand one

is used for rotation.

body [21]. To study the cybersickness induced by varying
translation velocities (also known as linear motion) and
varying angular velocities using our locomotion technique,
we conducted Experiment 1 and Experiment 2, respectively.
Our results show a new finding different from the com-
mon conclusions in literature obtained without intentional
head-motion assistance. We conducted Experiment 3 to
compare our method with two other well-known methods:
joystick-based steering (JS) and teleportation (ITP) in terms
of sickness, presence, and experience. It turned out that
our approach can reduce cybersickness significantly when
compared with JS, and can bring more presence when com-
pared with TP. Consequently, our method enables users to
navigate in the VEs freely without any auxiliary equipment
except a commercially available HMD suite, Fig. [[[a) illus-
trates our approach’s workflow, taking forward translation
as an example using intentional head motion assistance.

To summarize, our main contributions include:

We propose a novel locomotion technique with the
assistance of intentional head motion, which yields
low cybersickness while maintaining a high pres-
ence.

We reveal some relations between transla-
tion/angular velocity and cybersickness through
user studies on cybersickness, and they all present a
possible U-shaped relation.

We validate our method’s effectiveness through user
studies, and the results demonstrate that our method
can be a feasible locomotion solution to VR appli-
cations using the commercially available HMD suite
only.

2 RELATED WORK

In this section, we start from the fundamental of cybersick-
ness and then survey different locomotion techniques with
relevant issues about locomotion velocity.

2.1 Cybersickness and Alleviation

The most common explanation of motion sickness is the
sensory conflict theory [16]. According to this theory, when
the perceived information from different senses conflicts
with each other or conflicts with the user’s expectation, the
user will feel sick [22]]. The conflict between visually induced
self-motion illusion (vection) and vestibular perception in a
virtual environment is considered to be the main cause of
cybersickness [2]. Another widely accepted view is postural
instability theory, which considers that prolonged postural
instability (uncontrolled movement) results in cybersick-
ness [23], [24]. Other well-known theories include rest frame
theory and poison theory [26].

Some techniques have been proposed to alleviate cy-
bersickness. Fernandes et al. shrank the field of view
(FOV), while Porcino et al. tried to reduce cybersickness
by reducing blur level and improving focus speed. Hab-
good et al. proposed a node-based navigation system
that allows the player to move between predefined node po-
sitions. Buhler et al. utilized peripheral visual effects to
reduce cybersickness. Liu et al. utilized padded swing
arms that lightly tap the head when users walk to provide
haptic cues. Peng et al. used two vibration motors on the
left and right sides of the user’s head to provide vibrotactile
feedback to reduce cybersickness while improving presence.
Compared with these methods, we aim at developing a
method that neither changes the visual sense [27], [28],



[30] nor introduces additional vibration feedback [31], [32],
and can navigate freely without restrictions like prede ned
nodes [29].

2.2 Locomotion Techniques

Real walking is the most natural and comfortable navigation

way in VR. However, since the available space is often
limited in reality, locomotion techniques are necessary to
help users explore a larger virtual space.

In addition to the most commonly-used locomotion tech-
nigues like joystick-based steering and teleportation [16],
walking-based locomotion methods via step-like movement
are also widely investigated [33], which include treadmill
walking [3], [34], walking-in-place (WIP) [4],|[5],|[35],|[35],
[37] and redirected walking (RW) [38], [39], [40]. Omnidi-
rectional treadmills [3]| enable locomotion in a wide range
of VR space. Besides its limited commercial availability,
the major limitation of treadmill walking is that it limits
freedom of movement, since some belts are tied to the
user, hindering the user from squatting down or doing
other unexpected movements. User's motion cueing can
enhance self-motion perception (vection illusion) in virtual
reality [41], which explains some users' preference for WIP.
WIP techniques have some variants that are based on other
gestures [33] or only require head tracking data [42], [43],
but WIP generally requires additional equipment to track
the user's feet or leg, and may still result in an increased cy-
bersickness [4]. RW exploits human perceptual mechanisms
and manipulates the walking user's physical path to keep
them inside the tracking space [38]. RW with distractors
in the VE that distract the users can achieve a performance
no worse than real walking [44]. Generally, RW requires a
larger walking space (at least room-scale) to achieve the best
performance [12], [13], [14], [15], [45], |4€], [47].

Some leaning-based locomotion techniques [48], [49]
were developed based on detecting the tilting of the head [9]
or detecting weight shifting via Wii Balance Board [50]
or user-powered chair [51], NaviBoard and NaviChair [52]
to translate towards the expected direction. These tech-
niques also require auxiliary equipment [50]| [53]| There are
some movement-boosting locomotion techniques, such as
scaling the motion [L0], translational gain [54], [55], and
LazyNav [56]. Studies found that upper body leaning has
a positive effect on self-motion perception [57]. However,
in principle, self-motion perception by leaning may still
con ict with vestibular perception. Therefore, leaning-based
locomotions do not necessarily reduce cybersickness. Some
studies reported that the cybersickness can be reduced when
using extra equipment like NaviBoard or NaviChair [52],
[58] while others reported that leaning-based locomotion
techniques have almost the same level of cybersickness as JS
or WIP [B], [9]. Some even reported that leaning-based tech-
nigues have a signi cant increment of cybersickness when
compared with JS [10]. Both steering locomotion and TP
have universal applicability in immersive VR. Clifton and
Palmisano made comparisons between steering locomotion
and TP [2] and found that steering was more sickening on
average than TP. Langbehn et al. [59] also found that JS
has a signi cant effect on cybersickness when compared
with TP. Boletsis et al. [7] found that TP (an improved

3

version called dash) has a relatively low presence due to the
"jump” of the view and immersion breaking. Kitson et al. [6]
compared JS with four other motion cueing interfaces in-
cluding NaviChair (stool with springs), MuvMan (sit/stand
active stool), Head-Directed (Oculus Rift DK2), and Swivel
Chair (everyday of ce chair with leaning capability). They
found that JS is more comfortable and precise due to the
reduced perceived control ability and the motion cueing
interface's safety. Hashemian et al. [53] also compared JS
with real-rotation, Swivel-Chair, and NaviChair. The result
did not show signi cant differences in various aspects (in-
cluding cybersickness) between these three techniques and
JS. Recently, Buttussi et al. also con rmed that leaning-based
locomotion does not differ with JS or WIP in terms of cyber-
sickness [8]. Through the above comparisons, to develop a
locomotion technique that can preserve high presence while
reducing the cybersickness is worth studying.

2.3 Cybersickness and Locomotion Velocity

Many parameters during locomotion may in uence the
level of cybersickness in virtual reality [60]| Only a few
works considered the in uence from acceleration in loco-
motion [61], [62]. Particularly, acceleration can be a bigger
contributor to cybersickness than other factors because of
a strong induced vection [62], and cybersickness can be
reduced by controlling accelerations [63].

Nevertheless, more researches investigated the correla-
tions between cybersickness and locomotion velocity rather
than acceleration/deceleration. So et al. [64] studied the
effect of different velocities on cybersickness using joystick-
based steering. They found that the translational velocity
can affect the degree of cybersickness. Generally, faster
translation or rotation was assumed to induce stronger
cybersickness. Other studies also drew similar conclusions
[65], [66]. Liu and Uang [67] studied the effect of differ-
ent angular velocities on cybersickness and reported that
a signi cant difference occurs within a range of 15 =s —
60 =s wherein the cybersickness increases with the incre-
ment of velocity. However, when the speed is too fast,
cybersickness seems to decrease [16], [64], [67]. So et al. [66]
proposed a metric called “spatial velocity” that combines
speed and scene complexity to predict cybersickness levels.
They found a strong positive correlation between spatial
velocity and the level of cybersickness. As a newly proposed
method, the effect of different velocities on cybersickness
under the consistent head/body-motion assistance is wor-
thy of investigation.

3 HEAD-MOTION ASSISTED LOCOMOTION

Sensory con ict theory indicates that cybersickness can be
alleviated when the discrepancy between visual sense and
vestibular sense is reduced [22]. However, a complete con-
sistency between visual and vestibular cues is not neces-
sary to help induce sickness-free self-motion [20]. Based on
these principles, our method makes the head (wherein the
vestibular system is located) intentionally move to reduce
visual-vestibular con icts and consistently links the motion
cue between the virtual world and physical world, i.e., using
intentional head motion to assist the locomotion in the VEs.






	Introduction
	Related Work
	Cybersickness and Alleviation
	Locomotion Techniques
	Cybersickness and Locomotion Velocity

	Head-Motion Assisted Locomotion
	Locomotion Method
	Our Method vs. Leaning-based Method

	Experiment Design
	Experiment Overview
	Apparatus and Setting
	Materials

	Experiment 1: Translational velocity
	Task-driven Sub-experiment
	Participants
	Procedure
	Result

	Exposure-driven Sub-experiment
	Design and Participants
	Result

	Analysis and Discussion

	Experiment 2: Angular Velocity
	Procedure
	Result
	Additional Experiment on Angular Velocity Using JS locomotion
	Analysis and Discussion

	Experiment 3: Comparison
	Participants
	Procedure
	Result
	Analysis and Discussion

	Conclusion, Limitation and Future Work 
	References
	Biographies
	Zehui Lin
	Xiang Gu
	Sheng Li
	Zhiming Hu
	Guoping Wang


