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Abstract 

Low immersion and sickness experienced in virtual reality (VR) are two important 

barriers that inhibit the widespread adoption of VR technology. Both are thought to relate to 

visual-vestibular mismatch. Recoupling multisensory cues can generate more convincing illusory 

self-motion (vection) and reduce sickness, but current methods rely on expensive or invasive 

techniques to simulate expected cues. According to a Bayesian framework of sensory integration, 

adding sensory noise may also reduce mismatch by changing sensory weights. This thesis 

explores this idea and proposes that ‘noisy’ vestibular stimulation presents an attractive solution 

to the above problems.  

I investigated the potential for improving VR experiences using two techniques that 

generate noise in the vestibular system. Rather than recoupling the senses, I aimed to encourage 

discounting of vestibular cues that are inconsistent with vision. In Chapter 2 I assessed the 

potential for improving immersion by measuring the effect of noisy vestibular stimulation (either 

bone-conducted vibration, BCV; or galvanic vestibular stimulation, GVS) on vection onset 

latency. I found a large reduction in vection latency when transient BCV or GVS were used at 

visual motion onset. The evidence suggests that a more compelling sensation of self-motion is 

achieved when sensory mismatch is reduced.  

In a second study I examined the extent to which sickness is reduced when BCV is 

applied during path navigation in a high-end VR display (Chapter 3). Results revealed lower 

sickness when transient noisy stimulation was applied. In a replication of this experiment I found 

that BCV reduced sickness to a similar extent when observers used a commercial head-mounted 

display. 
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The results of Chapter 2 and 3 offer evidence that BCV reduces multisensory mismatch 

by down-weighting vestibular information according to Bayesian cue combination models. 

Given this context I also expected BCV to reduce self-motion sensitivity in a real-world 

movement discrimination task (Chapter 4). The results of a third study did not support my 

predictions, suggesting that the effects of noisy stimulation on self-motion may be more complex 

than previously considered.  

Together the findings give rise to a variety of opportunities for further testing of the 

technique, which are discussed in Chapter 5. 
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Chapter 1 

General Introduction 

1.1 Current state of virtual reality 

Virtual reality (VR) has often been used to probe human behaviour in experimental 

studies of perception, but recent advances in technology have opened the door for consumer-

oriented VR displays. With an ideal VR experience, a user could feel as if transported into a new 

world, one that feels convincing enough to be real. They see their own simulated body in perfect 

clarity, can smell the sweetness of the simulated flowers surrounding them, and feel vibrations in 

their chest from a simulated volcano that has started to erupt.  

However, this is not the current state of technology. Most VR experiences are limited to 

visual and auditory stimulation, and lack the ability to present the sensory information that one 

expects when exploring the simulated world (Slater, 2009; O’Regan & Noë, 2001a,b). Therefore, 

it is not surprising that experiences in VR feel vastly different to experiences in the real world, as 

shown by a variety of studies. Some of these studies have identified a lack of ‘immersion’, or 

feelings of ‘presence’, in a virtual environment (Sanchez-Vives & Slater, 2005; Slater et al., 

1994; Slater & Wilbur, 1997). Related to this, visually-evoked self-motion illusions (vection) 

experienced in VR tend to be experienced only after a large delay following visual motion onset, 

whereas self-motion perception in the natural world is immediate and compelling (Palmisano et 

al., 2015; Wong & Frost, 1978; Wong & Frost, 1981). Others have shown that a large proportion 

of users are afflicted with headache, nausea, and other symptoms during and after sessions of VR 

use, known as ‘simulator sickness’ (Kennedy et al., 1993). There is a pressing need to discover 

the underlying reasons for such phenomena, given that the worldwide consumer head mounted 
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display industry is predicted to reach a value of 80 billion USD by 2025 (Bellini et al., 2016). In 

this thesis, I examine these barriers to the widespread adoption of VR technology and discuss 

attempts to overcome them. In Chapters 2 and 3, I argue that immersion and user comfort in VR 

can be increased by the use of a non-invasive technique for adding noise to the vestibular system, 

bone-conducted vibration (BCV). Although BCV is well-studied in terms of its physiological 

effects (Curthoys et al., 2014; Sheykholeslami et al., 2001; Todd et al., 2000), this work marks 

the first use of BCV in studies of self-motion perception and multisensory integration. I also 

propose a mechanism through which the techniques used here result in lower sickness scores and 

more rapid illusions of circular (rotating) self-motion, based on Bayesian principles of perceptual 

inference. Chapter 4 serves to test this proposed mechanism in an examination of sensitivity to 

real-world self-motion. As an introduction, I discuss here the theoretical context leading to these 

studies and outline the results of each. 

1.2 Problems related to sensory mismatch in VR 

Previous work has provided crucial insights into simulator sickness and the lack of 

immersion experienced in VR, and it has been argued that a common cause underlies both issues. 

Providing a VR experience to a user involves convincing the user that they are in another world 

(or, at least, another location) through the use of visual and auditory stimulation, as well as 

providing the ability to interact with the environment. If the visual stimulation is not consistent 

with the sensory experience of the real world, the user may not be convinced. For example, if 

motion parallax is not afforded to the user as they move, the virtual world will not seem 

compelling. However, even in cases where the visual stimulation is extremely consistent with 

real-world sensation, a variety of problems remain. If the viewpoint of a user is moved passively 

through a virtual world, the visual stimulus evokes the idea that the user is moving (Gibson, 
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1950; Gibson, 1966); in this case, however, the information derived by the vestibular sense does 

not corroborate the inference of self-motion. In fact, the vestibular system provides a strong 

indication that the body is stationary in the world. De-coupling the actions of the user from the 

input of their sensory apparatus is thought to be ruinous to the feeling of presence in the 

environment (Slater, 2009; O’Regan & Noë, 2001a,b). On top of this, the disagreement between 

senses may be interpreted by the nervous system as a sign that the sensory systems are 

dysfunctional. This is because in natural conditions, mismatch between vision and vestibular 

cues is uncommon. The rare circumstances under which sensory mismatch occur, in evolutionary 

terms, are confined to cases where neurotoxins have been ingested (Treisman, 1977). As a result 

of this association between mismatch and toxin ingestion, the nervous system adopts an emetic 

response in order to expel the stomach contents when significant sensory mismatches arise in VR 

(Duh et al., 2004; Reason & Brand, 1975; Rebenitsch & Owen, 2016).  

1.3 Critique of the sensory mismatch account 

One issue surrounding the sensory mismatch explanation of sickness in VR is the 

difficulty involved in testing the theory. There have been several criticisms of the inability to 

falsify the sensory mismatch account given that sensory mismatch cannot be directly measured 

in the brain (Riccio & Stoffregen, 1991). While the sensory conflict account of sickness in VR 

currently forms the dominant explanation (Rebenitsch & Owen, 2016; Oman & Cullen, 2014; 

Wang & Lewis, 2016), it is not the only theory that exists (Riccio & Stoffregen, 1991; Stoffregen 

& Riccio, 1991). In particular, Riccio and Stoffregen (1991) proposed that sensory mismatch is 

not related to the sickness experienced in VR, or other forms of sickness experienced during 

vehicular travel or spaceflight. The authors have instead proposed that sickness is caused by 

postural instability, and the inability to regain stability, which can result from visual stimulation 
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or conditions of perturbed balance. There are no attempts by Stoffregen and Riccio to identify 

the reason why instability leads to sickness; the account is merely a descriptive one. A recent 

example supporting their case was provided by Chang and coworkers (2012), who identified that 

postural instability measured during video game use predicts the amount of sickness experienced 

following exposure to the video game. The theory developed by Stoffregen and Riccio (1991) 

has evidently provided a novel perspective from which sickness in various forms has been 

studied (e.g., Chang et al., 2013; Keshavarz et al., 2017; Stoffregen et al., 2014). Perhaps most 

importantly, the growth of this alternative explanation has highlighted the need for further 

studies that identify the role and degree of influence of sensory mismatch on sickness. 

1.3 Improving the VR experience using noisy vestibular stimulation 

 Given that two major problems of VR use might be attributed to sensory mismatch, it is 

not surprising that a large amount of research has been targeted at improving user comfort 

through reducing cue mismatch in VR. However, there have been few successes to date. A 

frequent approach has been to re-couple visual and vestibular cues using a method of electrically 

stimulating the vestibular system (galvanic vestibular stimulation, GVS; Swaak & Oosterveld, 

1975). This technique has proven effective in reducing measures of sickness in VR (Reed-Jones 

et al., 2007), but it is not considered generally viable for widespread adoption given the 

invasiveness of the method (Lenggenhager et al., 2008). As well, it is likely to prove difficult to 

accurately re-couple vision and vestibular sensation in some cases; for example, in VR video and 

film experiences the appropriate vestibular stimulation must be inferred from the video footage.  

In this context, I reasoned that a technique that adds noise to the vestibular system would 

be sufficient to reduce cue mismatch. According to the principles of Bayesian inference, cues 
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from different sensory systems are weighted based on their reliability. It follows that a reduction 

in sensory reliability for the vestibular system will cause the nervous system to rely more on 

visual information, and to disregard the mismatch with an unreliable vestibular source. Given the 

importance of this reasoning for the studies carried out in this thesis, I will briefly describe the 

Bayesian integration framework and its relation to my experiments in the following section. 

1.4 Bayesian approach to sensory mismatch reduction 

 The experiments that comprise the following three Chapters of this work are all 

motivated by principles of the statistical (Bayesian) multisensory cue integration framework. 

Significant past work has indicated that incoming sensory cues that relay information about the 

state of the world are dealt with by means of an integration process that usually produces a 

highly coherent percept (Ernst & Banks, 2002; Greenlee et al., 2016; Landy et al., 1995). The 

brain achieves this perceptual coherency chiefly by integrating sensory cues based on weights 

that are assigned to senses according to their reliability – highly reliable senses are allotted high 

weights, whereas lower sensory reliability gives rise to lower weights. The concept of sensory 

reliability is central to this framework, and it relates to the degree of internal (sensory) noise or 

external noise that accompanies the incoming data. Visual reliability can be decreased by 

blurring or by reducing visual contrast, for example – this constitutes the addition of external 

noise to the incoming signal. Models of statistical cue combination characterise the weight of a 

sensory estimate as inversely proportional to the relative variability of the estimate. In the case of 

combining cues from two modalities, this can be formalised as 

𝑤𝑖 =
1/𝜎𝑖

2

1/𝜎𝑖
2+ 1/𝜎𝑗

2   (1) 
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where 𝑖 is the estimate from a given modality, 𝑤𝑖is the weight of the estimate from that modality, 

𝜎𝑖 is the variance of the underlying probability distribution of the estimate, and 𝜎𝑗 is the variance 

of the estimate from the second modality (Ernst & Banks, 2002; Geisler, 2011; note that a similar 

formula to equation 1 exists for the sensory estimate 𝑤𝑗). Research has used manipulations of 

sensory reliability to illuminate the sensory integration process in several settings, including 

visual-haptic integration (Ernst & Banks, 2002; Helbig & Ernst, 2008), visual-auditory 

integration (Maheu et al., 2017), visual-vestibular integration (Fetsch et al., 2010; Fetsch et al., 

2009; Morgan et al., 2008), and visual-vestibular-proprioceptive integration (Assländer & 

Peterka, 2014). Human performance approaches that which is predicted by an ideal observer 

model more often than not, meaning that cues with redundancy are integrated according to their 

reliability, and the final outcome is more reliable than those obtained from either individual 

sense (for a review see Geisler, 2011). The wealth of research showing near-optimality in 

multisensory integration grants considerable support to the Bayesian cue combination approach. 

 In certain artificial situations multisensory cues are incompatible due to their conflicting 

nature. In the case of simulated self-motion in a virtual environment, for example, a difficulty 

arises in resolving the conflict between one modality that indicates ‘I am stationary’ and another 

that indicates ‘I am moving’. One way in which the nervous system achieves a solution is by 

disregarding one source of sensory information, and it has been shown that the less reliable 

information is most likely to be disregarded (Welch & Warren, 1986; Ernst & Bülthoff, 2004). 

This can be considered as a perceptual capture mechanism, where one sensory modality will 

capture the perceptual decision (Anstis, 1973; Soto-Faraco et al., 2004). Consequently, the 

experiments in the following Chapters build upon the idea that mismatches between sensory cues 

can be resolved through a manipulation of the sensory reliability of a modality. Specifically, by 
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reducing vestibular reliability I aimed to reduce the impact of two problems that surround the use 

of VR technology – vection onset latency, and simulator sickness. In both cases, I predicted that 

noisy vestibular stimulation should encourage a rapid downweighting of cues derived from the 

vestibular organs if applied at critical times for the process of self-motion perception (that is, at 

the onset of salient visual accelerations that are typically associated with vestibular cues). 

Sensory modalities can be downweighted rapidly if they provide an unreliable source of 

information (Jeka et al., 2010; Oie et al., 2002), and I expected to find similarly quick 

reweighting to occur as a result of noisy vestibular stimulation in the experiments of this thesis. 

In the context of sensory weighting in statistical cue combination models (equation 1), this 

approach consists of increasing  𝑤𝑣𝑖𝑠𝑢𝑎𝑙 and decreasing 𝑤𝑣𝑒𝑠𝑡𝑖𝑏𝑢𝑙𝑎𝑟 through an increase in 

𝜎𝑣𝑒𝑠𝑡𝑖𝑏𝑢𝑙𝑎𝑟, which we aimed to achieve using noisy vestibular stimulation. 

1.5 Vection latency is reduced by bone-conducted vibration and noisy galvanic vestibular 

stimulation (Chapter 2) 

In Chapter 2, I test the idea that noisy vestibular stimulation reduces sensory mismatch 

and improves the experience of vection. The experience of illusory self-motion is likely to be 

related to the concept of immersion, whereby the two factors mutually reinforce each other 

(Palmisano et al., 2015; Riecke, 2011). However, given that there is currently a distinct lack of 

consensus regarding direct measurements of immersion in VR (Slater, 2009), I took vection 

onset latency as an indirect measure of immersion of visual stimuli. I selected noisy GVS as a 

candidate technique for adding vestibular noise, but also selected a second vestibular stimulation 

technique that is novel in self-motion studies: bone-conducted vibration (BCV) applied at the 

mastoid processes. In the experiment, participants observed a vection-inducing visual stimulus 

presented on large field-of-view projection screens. Some participants were also stimulated with 
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BCV or noisy GVS at visual motion onset, and their vection onset latency was recorded. The 

data indicated a significant reduction in vection latency for both vestibular stimulation 

techniques compared to control conditions. I replicated this result for all axes of rotation, and 

confirmed that non-vestibular auditory or body vibration stimuli were not sufficient to reduce 

vection latency. These results provide the first evidence that noisy vestibular stimulation reduces 

vection latency, which provides a significant clue as to the possibility of improving immersion in 

VR. I also concluded that BCV offers significantly more promise than GVS for improving 

immersion in VR, given the non-invasiveness and ease of use of BCV. 

1.6 The influence of bone-conducted vibration on simulator sickness (Chapter 3) 

Having identified a non-invasive technique for reducing sensory mismatch, I wanted to 

employ the same approach in a study involving simulator sickness. Drawing upon literature that 

connects sensory mismatch with simulator sickness (Duh et al., 2004; Reason & Brand, 1975; 

Rebenitsch & Owen, 2016) I posited that BCV administered during VR navigation might reduce 

or prevent simulator sickness. In Chapter 3, I designed a task where participants navigated 

through a simple environment that was presented using a large field-of-view projection-based 

VR system. Participants used a motion controller to perform the navigation task, but I also 

included trials where participants were passively moved through the environment. Some 

participants received BCV whenever the angular acceleration of the projection camera surpassed 

a threshold (i.e., when vestibular cues were typically to be expected), and some received BCV 

randomly throughout a trial. The results of Chapter 3 showed participants that received BCV 

concurrent with large accelerations of the viewpoint exhibited lower sickness scores than those 

that did not. This effect of stimulation was observed for both active and passive movement 

control conditions. As well, in a second experiment I confirmed an effect of BCV on sickness 
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when the virtual environment was presented using an off-the-shelf head-mounted display. The 

effectiveness of this technique across movement control and display conditions serves to 

highlight the promise of BCV for improving comfort in a broad range of VR conditions. The 

data supported the hypothesis that sensory mismatch was reduced by noisy vestibular stimulation 

and argue for further investigations to test the consumer potential of the technique.  

1.7 The impact of noisy vestibular stimulation on self-motion estimation (Chapter 4) 

 If the effects of BCV obtained in Chapters 2 and 3 were achieved through reducing the 

reliability of the vestibular sense, then the method should also disrupt the process of estimating 

self-motion in a real-world movement task. In Chapter 4 of this thesis, I tested this idea. The 

experiment consisted of an amplitude discrimination task. Blindfolded participants were moved 

left and right using a motion platform and asked to identify their final location relative to their 

start position. To test if noisy vestibular stimulation resulted in lower discriminability of self-

motion, some participants received BCV or noisy GVS while moving. Results of the experiment 

revealed there was no difference in self-motion sensitivity between participants who experienced 

BCV, noisy GVS, or no stimulation. On average, all groups performed the task with a high 

degree of performance accuracy. Although the vestibular stimulation used here was sufficient to 

reduce vection latency and sickness in some situations, it did not interfere with self-motion 

estimation for small real-world body movements. I contend that issues related to methodology 

offer a possible explanation for the pattern of results I obtained. It is also possible that the pattern 

of responses across groups was dominated by other sensory cues such as proprioception from the 

neck, which can provide significant self-motion information and can compensate for deteriorated 

vestibular sensation (Pettorossi & Schieppati, 2014; Schweigart et al. 2002; Mergner et al., 

1991). I attempted to reduce the impact of proprioception with cushioning on the chair of the 
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participant, but future investigations will need to further reduce the impact of proprioceptive 

information in order to further examine the effect of noisy stimulation on self-motion.  

 The studies described in this thesis describe the first efforts to employ noisy vestibular 

stimulation to improve the VR experience. The pattern of results obtained in Chapter 2 and 3 

show a clear effect of this stimulation technique on vection latency and sickness. I have provided 

significant support for the idea that both of these phenomena are caused to some degree by 

multisensory mismatch. While the data obtained in Chapter 4 did not explicate the mechanism 

underlying the effect of noisy vestibular stimulation to self-motion perception, they underline the 

complexity of the stimulation techniques I have employed in this work. Perhaps most 

importantly, this thesis contributes evidence that BCV offers a non-invasive and effective 

method for reducing sickness in the consumer VR setting. 
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Chapter 2 

Vection latency is reduced by bone-conducted vibration and noisy galvanic vestibular 

stimulation 

2.1 Introduction 

Recent developments in graphics technologies permit real-time rendering of complex 

three-dimensional environments that approximate the natural world with a high degree of realism 

(see Scarfe & Glennerster, 2015, for a review). Virtual reality (VR) environments can be 

rendered to provide stereoscopic views with a veridical centre of projection at high refresh rates 

and with low motion-to-photon latency. These technological advancements continue at a rapid 

rate (e.g., Friston et al., 2016; Greer et al., 2016). Developments in this area are likely to be 

crucial for bridging the gap between real and artificial conditions that can impair the ability for 

participants to gather information and perform naturally in a virtual world (Riecke, 2011; Slater, 

2009). Researchers have taken advantage of this emerging technology in myriad studies of 

human perception-action coupling in VR that appear to generalize well to real-world situations 

(Jain & Backus, 2010; Linkenauger et al., 2015; Vignais et al., 2015; also see Hardiess et al., 

2015, and Wilson & Soranzo, 2015, for reviews). 

Although these studies shine a new light on the process by which sensory information 

guides action, there are a number of physical differences and resulting perceptual discrepancies 

between the real world and virtual worlds that are commonly used in studies of human 

perception and action. The physical differences between natural and VR conditions can be 

exemplified by the following: mismatches in VR displays between accommodation and vergence 

cues (e.g., Hoffman et al., 2008; Wann et al., 1995); latencies between self-motion and the 

response of the visual stimulus to these movements; spatial resolution issues; and mismatches 
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between multimodal sensory cues (note this is not a comprehensive list). As a result, perception 

in VR differs in many ways from the way we perceive the real world. Examples include: 

consistent underestimation observed when evaluating egocentric distances in VR settings 

(Loomis & Knapp, 2003; Willemsen & Gooch, 2002); simulator sickness produced by VR tasks 

that are not nauseogenic in the real world (Sharples et al., 2008); the deforming effect of display 

latency on the visual 3D environment (Deering, 1992); and differences between self-motion 

perception in the virtual world compared with the natural environment (McCauley & Sharkey, 

1992). The process of linking the various physical discrepancies between VR and real world 

settings with the perceptual or physiological differences observed between these conditions has 

been the focus of much attention. A number of hypotheses exist, for example, that link sensory 

mismatch in VR with self-motion perception and simulator sickness (for a review see Shupak & 

Gordon, 2006). 

Given the growth and future potential for VR in studying naturalistic human behaviour, 

the characteristics of self-motion perception in VR are of particular importance. In the natural 

environment, active or passive movement of the body through space results in immediate 

perception of body motion (Dichgans & Brandt, 1978). The most often studied case involves 

visually evoked illusions of self-motion, known as ‘vection’, which emerged from a rich history 

of research that demonstrates the robust link between visual flow and control of bodily posture. 

Seminal work by Gibson (1950; 1966) outlined the basis for the specification of body movement 

through optic flow, and a series of contemporaries went on to provide compelling examples of 

the laws that Gibson described. Examples include the elegant demonstration by Lishman and Lee 

(1973) showing that a room that swayed around a stationary observer could give rise to illusory 

self-motion and coherent postural responses (also see Lee & Aronson, 1974; Lee & Lishman, 
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1975). Vection was also documented by Johansson (1977), where the phenomenon was called 

the ‘elevator illusion’ since illusory upwards self-motion was evoked by downward optic flow. A 

similar dependency between visual motion and perceived body movement was shown by Warren 

(1976), who used optic flow consisting of a simple dot display to show that observers perceived 

vection that felt similar to real movement. Cases such as these, where there is a perceived 

translation of the body, are known as ‘linear vection’, while an illusory rotation of the body 

produced by a rotating visual surround is termed ‘circular vection’ (Dichgans & Brandt, 1978; 

Palmisano et al., 2015). 

Real self-motion is associated with cues from senses other than vision, including 

auditory, haptic, and proprioceptive signals. Visual self-motion illusions can be facilitated by 

auditory movement cues (Väljamäe, 2009) and movement cues conveyed through body vibration 

(Riecke et al., 2008). Entirely non-visual illusions of self-motion have also been demonstrated, 

including so-called ‘auditory vection’ produced by auditory cues that imply self-motion 

(Lackner, 1977; Väljamäe et al., 2004). Haptic stimulation in blindfolded participants is also 

sufficient to produce self-motion illusions, termed ‘haptokinetic vection’ for tactile stimulation 

that implies motion (informal observations were recorded by Dichgans & Brandt, 1978) and 

‘arthrokinetic vection’ for tonic limb rotation (Brandt et al., 1977). In addition, ‘vestibular 

vection’ has been identified in cases where the vestibular organs are stimulated using a caloric 

method (Fasold et al., 2002). 

The immediacy of self-motion produced by real motion is not observed in the case of 

vection. The latencies between the onset of visual motion and the establishment of a sense of 

self-motion typically range between one and ten seconds, depending on how the visual stimulus 

is rendered and presented. For example, vection tends to occur faster and feels stronger for roll 
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rotation than for pitch rotations, and is experienced more quickly for pitch rotations than for yaw 

rotations, although this pattern can differ depending on the mode of presentation (Tanahashi et 

al., 2012; Ujike et al., 2004). The latency between visual motion onset and the impression of 

self-motion has the potential to drastically alter the way in which participants act in tasks 

involving VR. 

Researchers have identified a potential cause for vection onset latency in the mismatch 

between visual and non-visual sensory cues at the onset of a motion stimulus (e.g., Flanagan et 

al., 2004; Israël & Warren, 2005; Wong & Frost, 1978; Wong & Frost, 1981). Perceiving the 

degree to which ones’ own body is moving mainly relies on an integration of visual and 

vestibular information (Angelaki et al., 2011; Israël & Warren, 2005). A variety of human 

psychophysics studies and macaque imaging studies, as summarized by Greenlee and colleagues 

(2016), show that self-motion perception is likely served by interconnected populations of 

neurons that respond to both visual and vestibular cues in particular.  

Behavioural studies often probe this self-motion network by inducing vection in 

observers. The classic conditions required to induce vection involve the presentation of a large-

field visual stimulus that specifies the direction and magnitude of virtual self-motion through 

optic flow. Given that the participant is stationary in space (often seated in a chair in front of a 

screen or computer monitor), the vestibular organs do not receive the corroborating activation 

that would arise if the participant actually started to move. Sensory mismatch occurs particularly 

at visual motion onset, when the visual stimulus suggests acceleration of the body but no 

accelerations are detected by the vestibular organs. Eventually an observer acquires sufficient 

evidence that they are likely to be in motion from the visual cues that signal constant velocity, 

and the feeling of vection takes hold (Israël & Warren, 2005). The relationship between sensory 



21 

mismatch and vection is supported by research that shows that physical rotation of an observer at 

visual motion onset results in a decrease in vection onset latency, although this effect was only 

produced when visual and vestibular cues were coherent in their direction (Brandt et al., 1974; 

Riecke et al., 2006; Wong & Frost, 1981). Schulte-Pelkum (2007) confirmed the results of Wong 

& Frost (1981) where a vestibular ‘kick’ through body rotation caused a large reduction in 

latency for linear vection in a VE. On the other hand, conflicting visual and vestibular cues seem 

to suppress rather than enhance vection (Ash & Palmisano, 2012; Lackner & Teixeira, 1977; 

Young et al., 1973). These results support the idea that vection onset latency can be attributed to 

the delay required by the nervous system to acquire sufficient information from visual cues 

indicating self-motion in order to resolve the sensory mismatch.  

The idea that visual-vestibular mismatch underlies vection onset latency gained further 

support from studies on vestibular dysfunction patients. Patients with a low vestibular sensitivity 

to a specific direction of head rotation show decreased vection latency for that direction 

compared to other directions (Wong & Frost, 1981). A similar negative relationship between 

vestibular threshold and vection onset latency was identified in a healthy population (Lepecq et 

al., 1999). This finding highlights the importance of cue uncertainty in guiding the decision 

about whether the body has moved or not. Participants with vestibular deficits appear to rely 

strongly upon visual motion signals to decide whether or not the body is likely to be in motion, 

given that they cannot rely on information provided by the vestibular sense. 

Other research has shown that the use of galvanic vestibular stimulation (GVS) in VR can 

strongly influence the strength of vection experienced by users. This technique involves applying 

a small direct current to stimulate the vestibular system via electrodes placed at the mastoid 

processes (Curthoys & MacDougall, 2012; Day & Fitzpatrick, 2005; Swaak & Oosterveld, 
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1975). Cress and colleagues (1997) showed that GVS can increase vection magnitude if applied 

during observation of a vection-inducing visual stimulus. As well, Lepecq and colleagues (2006) 

provided evidence that directional GVS can modify the perceived direction of illusory self-

motion. This research is in line with the studies discussed above that show facilitation of vection 

when visually-consistent body rotation is applied at the onset of visual motion (Brandt et al., 

1974; Riecke et al., 2006; Wong & Frost, 1981). 

 The research discussed above has shown that vection latency is shorter when the body is 

physically moved to corroborate visual motion cues. Likewise, GVS has been shown to influence 

vection if the stimulation is congruent with visual motion. On the other hand, several studies 

have indicated that in some cases sensory mismatch is irrelevant to the experience of vection, 

and may even lead to enhanced vection (Ash & Palmisano, 2012; Palmisano & Keane, 2004; 

Palmisano & Kim, 2009; Palmisano et al., 2000, 2011). For example, introducing visually 

simulated viewpoint jitter into a visual stimulus can enhance vection despite introducing a 

significant degree of visual-vestibular conflict. These findings are intriguing as they appear to 

contradict much of the literature cited here, and the effects have been shown to be robust to 

changes in experimental methodology and instruction (Palmisano & Chan, 2004). It is possible 

that viewpoint jitter increases the compelling nature of vection by adding ecological validity to 

the visual signals (see Palmisano et al., 2011, for a discussion). However, viewpoint jitter that 

does not cause a sensory conflict is associated with stronger vection (Ash & Palmisano, 2012). 

The mixed evidence described here shows the need to further examine the relationship between 

vection and sensory mismatch. 

In the current study, I wanted to test if noisy, non-directional vestibular signals which are 

neither congruent nor incongruent but mask the vestibular information transfer can facilitate 
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quicker vection. The motivation for this study was based on principles of multisensory 

integration. The process of resolving self-motion is thought to be guided by sensory cues that are 

integrated based on their reliability (see Ernst & Banks, 2002; Landy et al., 1995). When two 

cues are in conflict an estimate of the reliability of the cues may be used in order to come to an 

appropriate decision. This theory predicts that manipulating the reliability of the vestibular sense 

by applying noise to it would cause the nervous system to disregard the conflicting vestibular 

signals at motion onset, and instead to assign more weight to visual motion cues. Consequently, 

noisy vestibular stimulation applied at visual motion onset is expected to lead to shorter vection 

latency. 

To date, no study has tested the proposition that noisy stimulation of the vestibular 

system decreases vection onset latency. I designed Experiment 1 to test this hypothesis, taking 

advantage of two types of noisy stimulation to the vestibular system — galvanic vestibular 

stimulation (GVS) and bone-conducted vibration (BCV) applied at the mastoid processes. The 

effects of GVS on vection are well studied, as described above. BCV has been shown to affect 

the vestibular system (e.g., Curthoys et al., 2014), but this research marks the first test of the 

effects of BCV on vection. GVS remains the standard for artificial vestibular stimulation in 

studies of vection and here I test if BCV has similar effects to GVS. It is important to note that 

there are several considerations involved when using GVS: GVS use requires significant 

technical expertise, and it is considered an invasive technique that is not appropriate for all users 

(Lenggenhager et al., 2008). On the other hand, BCV is easy to employ and non-invasive. I also 

included a condition where I applied a non-vestibular stimulation by vibrating the lower back 

using a vibrating cushion (body vibration; BV). Body vibration has been previously shown to 

enhance the perceived magnitude of vection, but its effect on vection latency is unclear (Riecke 
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et al., 2008). In Experiment 1, I also included a control condition where no stimulation was 

applied. My prediction was that noisy vestibular stimulation will reduce sensory mismatch 

through downweighting vestibular and upweighting visual cues, facilitating shorter vection onset 

latency as a result. I also predicted that body vibration, which does not involve stimulating the 

vestibular system, will not cause a reduction in vection onset latency compared to the control 

condition. While I only presented visual motion about the roll axis in Experiment 1, I added pitch 

and yaw motion in Experiment 2. Finally, as an important control for the possible effects of the 

500 Hz sound that is produced by BCV, I conducted Experiment 3 to test if sound administered 

through headphones affects vection latency. 

2.2 Experiment 1 

Research has shown that vestibular stimulation that corroborates visual motion can 

influence vection. However, corroborating stimulation should not be required if the aim is simply 

to reduce the influence of conflicting vestibular motion signals. I designed Experiment 1 in order 

to assess the effect of noisy vestibular stimulation on vection onset latency. My hypothesis was 

that noisy stimulation would reduce the influence of the vestibular sense in self-motion 

perception due to increased sensory uncertainty. Assuming Bayesian cue integration (Ernst & 

Banks, 2002; Greenlee et al., 2016; Landy et al., 1995), I posited that reduced reliability for 

vestibular signals will lead visual cues to dominate self-motion perception. As a consequence, I 

expected to observe a reduction in vection latency when noisy stimulation is applied to the 

vestibular system. 
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2.2.1 Material and Methods 

I tested the effects of three methods of stimulation during the experiment. The techniques 

I used are outlined below. 

2.2.1.1 Noisy galvanic vestibular stimulation 

A small direct current applied to the mastoids stimulates the vestibular system, producing 

postural and oculomotor responses (Curthoys & MacDougall, 2012; Day & Fitzpatrick, 2005; 

Swaak & Oosterveld, 1975). In particular, for a coherent bipolar GVS signal applied at the 

mastoid processes, participants tend to lean towards the anodal stimulus and away from the 

cathodal stimulus (Pavlik et al., 1999). The method causes an excitation of vestibular afferents 

on the cathodal side of stimulation, while an inhibition occurs on the anodal side (Goldberg et 

al., 1984). Alternatively, cathodal current can be applied at both mastoids with the anode being 

placed at C7 above the spine, resulting in a lean in the anterior-posterior direction (Pal et al., 

2009). Stimulation can also be applied in the form of a signal that randomly varies in amplitude, 

termed stochastic or noisy GVS (Pal et al., 2009; Pavlik et al., 1999). GVS has been used often 

to explore the relationship between the vestibular sense and control of the body (see for example: 

Benson et al., 1986; Fitzpatrick et al., 1999; Goldberg et al., 1984; Nashner & Wolfson, 1974; St 

George & Fitzpatrick, 2011). Although there is some controversy regarding what GVS actually 

stimulates – either primarily otolithic neurons (Cohen et al., 2012), or semicircular canal afferent 

neurons (Fitzpatrick & Day, 2004; Reynolds & Osler, 2012) — the common consensus is that it 

stimulates a combination of both types of neuron (Curthoys & MacDougall, 2012; Day & 

Fitzpatrick, 2005; Kim & Curthoys, 2004; Wardman & Fitzpatrick, 2002).  



26 

Research has shown that the nervous system interprets noisy GVS differently depending 

on the magnitude and frequency of stimulation. In one study, low-current noisy GVS stimulation 

(< 0.5 mA with a 1/ƒ power spectrum) was observed to produce an increase in body stability for 

Parkinson’s patients, but not for normal control participants (Pal et al., 2009). The authors have 

claimed that this stability increase occurred due to the principle of stochastic resonance. This 

theory states that signal detection can be improved by addition of a small amount of noise to the 

system, due to the fact that a summation of the noise and the true signal is more likely to breach 

the sensory threshold (Moss et al., 2004). Stochastic resonance has been termed a 

‘counterintuitive’ phenomenon, because the addition of noise to a system will tend to lower 

signal detection (McDonnell & Abbott, 2009). I wished to avoid the possibility that noisy 

stimulation might improve signal detection in the current experiments, as I was primarily 

interested in determining if reduced sensory reliability can facilitate vection. The enhanced 

signal detection resulting from stochastic resonance depends upon low intensity stimulation of 

the vestibular organs, identified as < 0.5 mA by Pal and colleagues (2009), while greater current 

will disrupt signal detection by reducing the signal-to-noise ratio. In order to ensure that 

stimulation did not facilitate signal detection, I used current levels that were approximately four 

times greater than the upper limit of currents administered by Pal and colleagues (2009).  

I used a Vestibulator (Draisey & Mullins, 2004; Good Vibrations Engineering, King City, 

ON, Canada) to electrically stimulate the vestibular system for one second per trial. In each trial I 

generated a unique zero-mean noise signal with a 1/ƒ type power spectrum and maximum 

amplitude of ±1.96 mA. The noise signal for that trial was then delivered at 40 Hz using a host 

program on the workstation. I prepared the skin over the left and right mastoid processes by 

gently rubbing the skin at the application site with alcohol using cotton pads, and attached 2 cm
2
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electrodes with conductive gel to each mastoid process. Participants of each experiment were not 

informed about the perceptual effects of GVS. 

2.2.1.2 Bone-conducted vibration 

Bursts of BCV applied at either the forehead (Fz) or the mastoid processes stimulate the 

vestibular system by causing small linear accelerations of the utricle and the saccule (Curthoys et 

al., 2014; Sheykholeslami et al., 2001; Todd et al., 2000). The stimulation triggers large 

vestibular evoked myogenic potentials (VEMPs) in the sternocleidomastoid muscle 

(Sheykholeslami et al., 2000) and in the extraocular muscles (Rosengren et al., 2005). 

Predictable eye movements result from BCV stimulation (Cornell et al., 2009, 2015; Manzari et 

al., 2010). The effectiveness of stimulation depends on the frequency of vibration used, with 

research showing a well-defined frequency tuning range for BCV bursts whereby tones between 

200 and 500 Hz produce the largest myogenic potentials (Sheykholeslami et al., 2001; Todd et 

al., 2000; Townsend & Cody, 1971). 

I applied clinical bone vibrators (Radioear B71, New Eagle, PA, USA) to the left and 

right mastoid processes. The vibrators operated at a frequency of 500 Hz for one second per trial. 

Note that the use of BCV produces an audible sound given the proximity to the ears. In this 

study, this resulted in a pure tone at 500 Hz. The voltage signal used to drive the vibrators was 

generated with MATLAB and delivered using a sound card attached to a custom-built audio 

amplifier. An elasticated head-band secured the vibrators in place on the surface of the skin 

(Figure 2.1). 
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The degree to which BCV stimulates the vestibular sense depends on a multitude of 

factors, including the location of application, the size of the head of the participant, the shape of 

the skull, and the anatomy of the vestibular labyrinth for an individual participant (Blanks et al., 

1975; Curthoys et al., 2009). It is therefore important to tailor the magnitude of stimulation for 

each participant so as to ensure comfortable but consistent vestibular stimulation. I selected a 

standard BCV magnitude based on the lowest magnitude of stimulation that reliably produced a 

small degree of oscillopsia in a separate group of participants that I had assessed in a pilot study. 

Before each experimental session I stimulated each participant with the standard magnitude of 

BCV, and asked if they could tolerate this magnitude (all participants were able to do so). 

Participants of each experiment were not informed about the perceptual effects of BCV. 

2.2.1.3 Body vibration 

I used a vibrating cushion (Interactor Cushion, Aura Systems Inc., El Segundo, CA, 

USA) to apply vibration to the lower back of the participant at a frequency of 62.5 Hz for one 

second per trial. I selected this frequency as it produced the most intense sensation of vibration 

that I could achieve with this apparatus. The vibrating cushion produced an audible sound at this 

 

Figure 2.1. A: Location of vibrators behind the ear. B: Depiction of apparatus secured with a 

headband. 
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frequency when activated. I considered that the additional auditory stimulation might have 

influenced whether or not participants experienced self-motion. To mitigate this influence, I 

ensured that participants wore noise-canceling headphones (Logitech Unreal Ears 6000) during 

trials in this condition. 

2.2.1.4 Participants 

I recruited 12 participants (10 were female) from a graduate student mailing list at 

Queen’s University. Each participant took part in an individual session lasting approximately one 

hour. Participants were compensated $10 per hour. Mean age was 23.08 (SD of 2.02). All had 

normal or corrected to normal vision. Each participant gave informed written consent before the 

study in accordance with the Declaration of Helsinki. 

2.2.1.5 Stimuli 

I created the visual stimulus using the OpenGL library of the Psychophysics Toolbox 

(3.0.10; Brainard, 1997) in MATLAB (Version 2011a). The stimulus consisted of a pattern of 

300 white cubes (side length 4 cm) that were uniformly positioned in the environment at 

simulated distances of between 60–100 cm from the centre of the virtual space. Density of the 

cubes was 0.33 per square degree of visual angle. The centre of the virtual space was aligned 

with the viewpoint of the observer. When set into motion, the stimulus accelerated instantly to 30 

degrees per second angular velocity. The stimulus rotated about a point at eye height straight 

ahead of the observer. In half of the trials the stimulus rotated clockwise and in the other half the 

stimulus rotated counter-clockwise.  

I projected the virtual environment onto three large screens that surrounded the 

participant (see  
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Figure 2.2). The centre of projection was half way between the two lateral screens and 

100 cm in front of the central screen at a height of 135 cm above the floor. Position and height of 

the chair was adjusted such that the observer’s eyes were located at the centre of projection. The 

projection subtended approximately 86 degrees of visual angle vertically, and approximately 285 

degrees of visual angle horizontally. The cubes that comprised the stimulus subtended 

approximately 2.30–4.00 degrees of visual angle. I used short-throw projectors located above 

each screen to display the visual stimulus at 60 frames per second. 
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2.2.1.6 Design 

The experiment consisted of three stimulation conditions that I ran within-subjects: bone-

conducted vibration (BCV), galvanic vestibular stimulation (GVS), and body vibration (BV). 

The fourth condition, the control, contained no non-visual stimulation. I replicated each 

condition 10 times (five clockwise and five counter-clockwise stimulus rotations) resulting in a 

total of 40 trials. The experiment lasted approximately one hour including introduction and 

debriefing. 

The design of the study was blocked by condition and I ordered the presentation of 

blocks using a Latin square design. The order of the trials within a block was randomized. 

I measured latency of vection after visual motion onset by asking participants to press a 

button on a wireless remote control (Nintendo Wii Remote) when they experienced vection. The 

responses of participants were recorded in MATLAB using the WiiLab library (Brindza et al., 

2009). 

 

 

 

 

 

 

 

 

 

Figure 2.2. Depiction of the setup used in Experiment 1. Distance between the participant and 

front screen was 100 cm. 
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2.2.1.7 Procedure 

The participant entered the room and the experimenter seated him/her on a chair located 

100 cm from the central projection screen. The height of the chair was adjusted to align the line 

of sight of the participant with the axis of stimulus rotation that was located 135 cm above the 

floor. The experimenter requested that the participant should rest their feet on the footrest that 

was attached to the chair at all times. Next the experimenter explained the task and described the 

perception of self-motion that could arise for the participant. The experimenter gave the 

participant the wireless remote control and instructed the participant that during trials they may 

experience the illusion that their body was in motion. The task was described as following: “Push 

the button on the remote if you feel the illusion of yourself moving. Hold down the button until 

the sensation ceases or until the trial ends.” Movement of the participants was not restrained by 

the use of a chinrest or a bite bar, but participants were asked not to move. Given the size of the 

apparatus, small deviations from the desired head position would only cause very minor 

distortion of the projection. 

Each trial began with the presentation of a static frame of the visual stimulus. Next, the 

experimenter pressed a button on the keyboard to begin recording participant responses. Five 

seconds later, the visual stimulus began to move. At visual motion onset, stimulation was applied 

according to the condition. GVS, BCV, and BV were each applied for 1 s per trial at visual 

motion onset. If the participant pressed the button on the wireless remote to indicate vection 

onset, the stimulus continued to move for another 10 s before the trial ended. If the participant 

did not report vection at any time, the motion stimulus would terminate after 60 s, although this 

did not occur in any trials in the current experiments. At the end of each trial the experimenter 
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pressed a key on the keyboard to progress, and the experiment continued until all trials had been 

completed. 

2.2.2 Results and Discussion 

Compared to the control condition, vection onset latency decreased by approximately 

40% for both the BCV and GVS conditions, but did not decrease in the BV condition. A 

repeated-measures analysis of variance applied to the latency data showed that the type of 

stimulation influenced the latency of vection onset, F(3, 117) = 25.81, p < .001, η
2

p = 0.39. I 

conducted follow-up tests on the four types of stimulation using estimated marginal means. In 

both the GVS and BCV conditions, latencies were shorter than in the BV condition 

(GVS vs. BV, p < .001; BCV vs. BV, p < .001). These two conditions did not differ from each 

other (p = .32). Also, the BV condition did not differ from the control condition (p = .62). The 

latency data are plotted in Figure 2.3. 
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I conclude that noisy vestibular stimulation facilitates vection. The data support the 

original hypothesis and indicate that sensory mismatch was reduced through noisy vestibular 

stimulation. 

These results provide the first indication that noisy vestibular stimulation influences 

vection onset latency. As well, the findings mark the first time that the relatively non-invasive 

method of BCV has been shown to impart an influence on self-motion perception.  

The findings of Experiment 1 suggest that adding noise to the vestibular system through 

the otoliths (BCV; Curthoys et al., 2014) or non-specific vestibular afferents (GVS; Curthoys & 

MacDougall, 2012) reduces vection onset latency. It could have been the case that noisy 

stimulation is effective for reducing roll vection latency, but might not have the same effect for 

pitch or yaw vection. I decided to replicate Experiment 1 for other types of circular vection to see 

 

Figure 2.3. Vection latency as a function of stimulation in Experiment 1. Latency was shorter for 

bone-conducted vibration (BCV) and galvanic vestibular stimulation (GVS) than for the body 

vibration (BV) and control conditions. Error bars represent the within-subjects standard error of 

the mean which were computed according to Cousineau (2005). ** ps < .001. 
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if the effect of noisy stimulation depends on the visual rotation axis. To this end I conducted a 

second experiment where visual stimuli were rotated about the roll, pitch, and yaw axis. 

2.3 Experiment 2 

2.3.1 Material and methods 

2.3.1.1 Participants 

I recruited 12 participants (nine were female) from a graduate student mailing list at 

Queen’s University. Each participant took part in an individual session lasting approximately one 

hour. Participants were compensated $10 per hour. Mean age was 23.75 (SD of 3.14). All had 

normal or corrected to normal vision. Each participant gave informed written consent before the 

study in accordance with the Declaration of Helsinki. 

2.3.1.2 Stimuli, Design, and Procedure 

The stimuli, overall design, and procedure were similar to those in Experiment 1. 

However, I added two rotation axes for the visual stimulus — yaw and pitch — and removed the 

condition where no stimulation was applied. Instead, I considered the body vibration condition to 

be a control condition given that it produced similar results to the control in Experiment 1. I ran 

each condition 10 times (five clockwise, five counter-clockwise visual rotations) to result in 90 

trials. The experiment lasted approximately 1 hour 30 minutes including introduction and 

debriefing. 

2.3.2 Results and Discussion 

In Experiment 2 I obtained a similar pattern of data for pitch, roll, and yaw vection to that 

found in Experiment 1 for roll vection (Figure 2.4). I ran a two-way repeated measures analysis 
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of variance (ANOVA) on the within-subjects factors of axis (pitch, roll, and yaw) and 

stimulation (BCV, GVS, and BV). The analysis revealed a main effect of stimulation on vection 

latency, F(2, 144) = 28.15, p < .001, η
2

p = 0.28, a main effect of rotation axis, 

F(2, 144) = 185.33, p < .001, η
2

p = 0.72, and an interaction between the stimulation and rotation 

axis factors, F(4, 432) = 9.30, p < .001, η
2

p = 0.08.  

I followed up the significant interaction by first testing for differences in vection latency 

between stimulation conditions separately for the pitch, roll, and yaw rotation axes. For pitch, 

there was a significant simple main effect of stimulation, F(2, 216) = 12.19, p < .001, η
2

p = 0.10, 

and follow up pairwise comparisons showed that BCV and GVS were associated with lower 

vection latency than BV (ps < .001), but BCV and GVS were not different from each other 

(p = .30).  

For roll, I also found a significant simple main effect of stimulation, F(2, 216) = 7.88, 

p < .001, η
2

p = 0.07, and follow up pairwise comparisons showed that BCV and GVS were 

associated with lower vection latency than BV (p = .01 and p < .001, respectively), but BCV and 

GVS were not different from each other (p = .17).  

For yaw, again I found a significant simple main effect of stimulation, F(2, 216) = 24.81, 

p < .001, η
2

p = 0.19, and follow up pairwise comparisons showed the same pattern that I obtained 

for pitch and roll: BCV and GVS were associated with lower vection latency than BV 

(ps < .001), but BCV and GVS were not different from each other (p = .11). 

Next I conducted a simple main effect analysis on the effect of axis on vection latency 

separately for the BCV, GVS, and BV stimulation conditions. 

For BCV, I found a significant simple main effect of axis, F(2, 216) = 43.97, p < .001, 

η
2

p = 0.29, and follow up pairwise comparisons showed that roll and pitch rotation was 
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associated with significantly lower vection latency than yaw rotation, (ps <.001). Pitch and roll 

did not differ from each other (p = .88).  

For GVS, I found a significant simple main effect of axis, F(2, 216) = 27.62, p < .001, 

η
2

p = 0.20, and follow up pairwise comparisons showed that roll rotation was associated with 

significantly lower vection latency than pitch rotation (p = .02), which was in turn associated 

with significantly lower vection latency than yaw rotation (p < .001). 

For BV, I found a significant simple main effect of axis, F(2, 216) = 82.74, p < .001, 

η
2

p = 0.43, and follow up pairwise comparisons showed that roll rotation was associated with 

significantly lower vection latency than pitch rotation (p = .04), which was in turn associated 

with significantly lower vection latency than yaw rotation (p < .001).  

 

Figure 2.4. Vection latency as a function of axis and stimulation in Experiment 2. Latency was 

shorter for bone-conducted vibration (BCV) and galvanic vestibular stimulation (GVS) than for 

the body vibration (BV) condition for all axes of rotation. Only significant main effects of 

stimulation are highlighted with significance bars. Error bars represent the within-subjects 

standard error of the mean which were computed according to Cousineau (2005). * ps < .05, 

** ps < .001. 
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The results of Experiment 2 indicated that BCV and GVS did not differ in terms of 

vection latency across rotation axes. This suggests that the effect of stimulation takes place 

through a mechanism shared by both BCV and GVS. The evidence is in line with the hypothesis 

that noisy stimulation reduces the sensory reliability of the vestibular system. Such a reduction in 

cue reliability would reduce the weight of vestibular signals and increase the weight of vision, 

meaning that sensory mismatch could be resolved by disregarding unreliable vestibular cues. 

In Experiment 2 I replicated the effect observed in Experiment 1 for pitch, roll, and yaw 

axes of rotation. Yaw rotation resulted in clearly higher vection latency on average than for the 

other two axes, and pitch trials tended to be associated with slightly increased vection latency 

compared to roll trials. In terms of these differences between visual rotation axes, the results of 

the current study are consistent with some previous findings (e.g., Ujike et al., 2004), but 

inconsistent with a study where no differences were observed between yaw and roll (Tanahashi 

et al., 2012). Although yaw rotation tended to produce longer vection latency than other axes, the 

latency I observed was similar or shorter to that found in other studies (see for example, Fushiki 

et al., 1999; Schulte-Pelkum, 2007). Vection latency did not differ between the pitch and roll 

trials for the BCV condition, but the latency for pitch and roll trials differed in the BV and GVS 

conditions: roll rotation was associated with lower vection latency than pitch rotation. 

While effects of GVS on properties of vection have been documented before, the finding 

that BCV has similar effects to GVS on vection latency is entirely new. It is well documented 

that BCV stimulation affects the vestibular system and that evidence had motivated my use of 

BCV to influence vestibular sensory reliability. However, participants also perceive the 

vibrations in the audible frequency range as an intense sound. In the final experiment I aimed to 

test whether the observed effects of BCV on vection were conferred directly by the vestibular 
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system, or whether they were caused by a startle reaction at visual motion onset. In the current 

study, I considered that a startle reaction evoked by vestibular stimulation might have either 

distracted participants at visual motion onset or caused head movements that may have generated 

additional vestibular signals. To this end, I conducted Experiment 3. Here, I presented air-

conducted sound at visual motion onset with the same frequency (500 Hz) and loudness as the 

BCV stimulus and compared the effects of sound, BCV, and BV on roll vection latency. 

2.4 Experiment 3 

2.4.1 Material and Methods 

2.4.1.1 Participants 

I recruited 13 participants (nine were female) from a graduate student mailing list at 

Queen’s University. Each participant took part in an individual session lasting approximately one 

hour. Participants were compensated $10 per hour. Mean age was 22.08 (SD of 2.36). All had 

normal or corrected to normal vision. Each participant gave informed written consent before the 

study in accordance with the Declaration of Helsinki. 

2.4.1.2 Stimuli, Design, and Procedure 

The stimuli, overall design, and procedure were similar to those in Experiment 1 and 2. 

However, I added a condition where headphones were used (Logitech Unreal Ears 6000) to 

present an auditory stimulus at visual motion onset. The stimulus was the same frequency as the 

BCV stimulus: a 500 Hz pure tone. Before the experiment I used the method of adjustment to 

match the loudness of the stimulus played through the headphones with the loudness of the BCV 

stimulus for each participant. First I presented the standard BCV magnitude, and if necessary 
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adjusted the magnitude slightly until it became tolerable to the participant. Next I presented the 

auditory tone and asked the participant to adjust a dial with a computer mouse until the tone 

sounded equal in loudness to the BCV stimulus. Each adjustment made by the participant was 

accompanied by a sound, and participants were permitted to make as many adjustments as 

required to complete the task. All participants successfully identified a sound level at which the 

500 Hz pure tone played through headphones sounded equal in loudness to the standard BCV 

stimulus. 

I presented only visual stimuli rotating about the roll axis, and compared the vection 

onset latency for participants experiencing either BV at the same frequency as in Experiments 1 

and 2 (that is, 62.5 Hz), a pure tone sound at 500 Hz, or BCV at 500 Hz, at the start of each trial. 

I ran each condition 10 times (five clockwise, five counter-clockwise visual rotations) to result in 

30 trials. The experiment lasted approximately 45 minutes including introduction and debriefing. 

2.4.2 Results and Discussion 

There was a main effect of stimulation type, F(2, 24) = 19.48, p < .001, η
2

p = 0.14. 

Follow up pairwise comparisons showed that BCV was associated with lower vection onset 

latency than either the sound or BV conditions (p < .001). The latency data obtained in the sound 

and BV conditions did not differ (p = .18). This suggests that the effect of BCV and GVS is 

likely to be driven by stimulation of the vestibular system, rather than by a more general startle 

response to the sound or electrical stimulation perceived during application of BCV or GVS. 

Data from Experiment 3 are plotted in Figure 2.5. 
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2.5 Discussion 

Previous research has shown that vestibular signals at visual motion onset are sufficient 

to reduce the sensory mismatch that seems to affect vection onset latency. The data show that 

even noisy, non-directional stimulation of the vestibular system can facilitate vection. Both 

vibrations and galvanic stimulation applied at the mastoid processes resulted in participants 

reporting they felt as if they were in motion more quickly than if they had received no vestibular 

stimulation. Specifically, the results of Experiment 1 revealed that BCV and noisy GVS 

facilitated circular vection about the roll axis. Body vibration, in contrast, had no effect. I 

replicated the effect of BCV and GVS on vection latency for yaw and pitch rotation axes in 

Experiment 2. Additionally, the results of Experiment 3 showed that air-conducted sound has no 

effect on vection latency which suggests that the effects of BCV and GVS are unlikely to be 

caused by a general startle response. Rather, the effects observed here are specific to vestibular 

 

Figure 2.5. Vection latency as a function of stimulation in Experiment 3. Latency was shorter for 

bone-conducted vibration (BCV) than for the body vibration (BV) and sound conditions. Error 

bars represent the within-subjects standard error of the mean which were computed according to 

Cousineau (2005). ** ps < .001. 
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stimulation. I note that the data show the potential of BCV as a non-invasive technique for 

probing, and even manipulating, human sensory integration. 

Vection latency was reduced using two techniques that stimulate different targets. It is 

thought that BCV stimulates the otolith organs (e.g., Curthoys et al., 2014), while GVS 

stimulates non-specific vestibular afferents (e.g., Curthoys & MacDougall, 2012). The data 

suggest that both techniques reduce vection latency if applied when angular acceleration of the 

head, detected by vestibular canals, would be expected. The fact that both of these techniques 

proved effective supports the view that adding noise to the vestibular system reduces the reliance 

on vestibular cues for self-motion perception, regardless of the manner in which the noise is 

added. The finding may highlight the fact that neurons responsible for integrating multisensory 

self-motion cues maintain a joint reliability of otolith and semicircular canal information. Studies 

show that semicircular canals and otoliths have unique neural connectivity, but that cues from 

both converge relatively early in the vestibular pathways (Uchino & Kushiro, 2011; Uchino et 

al., 2000; Zhang et al., 2002). It seems likely that added vestibular noise affected reliability 

estimates upstream of this convergence. 

Substantial differences exist in the sensory conflict for each of the rotation axes in the 

current study, but the effect of stimulation was reasonably similar for each axis. For roll vection, 

there is an initial sensory conflict where no head acceleration is sensed, and a constant conflict 

where an expected tilt with respect to gravity is not obtained by the otolith organs. An initial 

conflict due to expected acceleration and a constant conflict due to expected head tilt also applies 

to pitch vection. For yaw vection, sensory conflict only emerges at motion onset: the head 

remains upright with respect to gravity during real yaw rotation. Despite these differences, the 

only axis-related difference I observed in Experiment 2 was that BCV produced similar latency 
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for pitch and roll, whereas GVS led to lower vection for roll than for pitch rotation. Both BCV 

and GVS were related to higher vection latency for yaw rotation than for the other axes, while 

yaw vection latency did not differ between BCV and GVS. The constant mismatch related to 

expected head tilt for pitch and roll vection did not lead to increased latency in those conditions 

compared with yaw rotation, where no constant mismatch occurs. This result seems to provide 

evidence against the sensory mismatch theory, as yaw rotation should be associated with lower 

vection latency due to less sensory conflict compared to pitch or roll. Indeed, it has been shown 

that vection latency for yaw is sometimes shorter than for other rotation axes, although visual 

display factors seem to impart an influence on the pattern of data across axes (Tanahashi et al., 

2012). Future studies need to characterize the reasons for the variance in vection experiences 

across visual display setups. 

One second of vestibular stimulation at visual motion onset reduced vection latency, but 

it did not erase it entirely. Theories of decision making such as diffusion drift might provide an 

explanation as to why the effect of stimulation was so enduring. In making a decision between 

two alternatives (such as ‘I am moving’ or ‘I am stationary’), evidence from sensory data is 

integrated over time in order to reach a threshold for one of the two decisions (Israël & Warren, 

2005; Stone, 1960; also see Bitzer et al., 2014 for an equivalent approach derived from Bayesian 

statistics). In the current study, I contend that noisy stimulation at visual motion onset reduced 

the sensory information that indicates the body is stationary. This would have reduced the 

amount of evidence required to reach a decision that the body is in fact moving. As such, vection 

would remain delayed following stimulus onset, but it would still be experienced more quickly. 

There are other possible explanations of the results obtained here, including possible 

effects of eye movements and head movements. Stimulation with GVS can produce oculomotor 
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responses, although these are mostly suppressed when vision is present (Curthoys & 

MacDougall, 2012). Equally, a variety of small eye movements (around half a degree of visual 

angle) are known to occur as a result of BCV (Cornell et al., 2015). Despite the small size of 

these eye movements, it has been shown before that vection can be strengthened by small 

movements of the eye that are generated both actively (Kim & Palmisano, 2010a; Palmisano et 

al., 2012) and passively (Kim & Palmisano, 2010b; Palmisano et al., 2015). I did not measure 

eye movements here and cannot speculate about their involvement. Similarly, I did not fix the 

head position of participants. Since I used high frequency vestibular stimulation, it is unlikely 

that postural responses would have occurred (Dakin et al., 2007; Pavlik et al., 1999). If head 

movements had played a role in the data obtained here I would have expected to see a facilitation 

of vection for the sound stimulus used in Experiment 3, given that brief pulses of sound can 

evoke orienting head movements (Bickford et al. 1964; Colebatch et al. 1994). However, I did 

not observe a reduction in vection latency for sound alone. This supports the idea that incidental 

head movements are not responsible for the pattern of data obtained here. Since head and eye 

movements cannot be altogether ruled out as a factor here, a future study conducted with 

restrained head movement or eye tracking might prove useful. 

Body vibrations have proven effective in terms of enhancing vection magnitude and 

slightly decreasing vection latency in a previous study (Riecke et al., 2008). The results of my 

experiments do not show support for this finding. The vection onset latency produced in the body 

vibration condition did not differ from that which I observed in the control condition. This 

discrepancy might be attributed to differences in the body vibration applied here and in the study 

by Riecke and colleagues; body vibration in the present study was greater in magnitude than the 

“barely noticeable” (p.149) vibrations applied in Riecke’s experiment. I also used higher 
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frequency vibrations (62.5 Hz vibrations, whereas Riecke and colleagues used 7 Hz vibration). It 

is possible that the low-magnitude stimulation used by Riecke and colleagues produced 

stochastic resonance which was unlikely to occur for high-magnitude body vibration (Moss et 

al., 2004). Additionally, the difference in vibration frequency between the two studies could 

impact the likelihood of stimulating cutaneous mechanoreceptors. A factor that I did not explore 

here is the potential for further reductions in vection onset latency through the use of multimodal 

stimulation at motion onset. As discussed above, cues from a range of senses can influence or 

induce vection. It is possible that the remaining vection latency observed here is related to cue 

conflict across multiple senses.  

This research marks the first comparison of BCV and GVS in vection research. For both 

of these stimulation types, I kept the characteristics of the signal constant across the experiment. 

This was intended as a first exploration of the effectiveness of the stimulation, and indeed I 

found both to influence vection latency. There are a number of additional stimulation 

characteristics that could prove important for facilitating vection. These include the frequency, 

latency, and magnitude of stimulation. Additional research that explores these factors will be 

vital for understanding the manner in which artificial sensory stimulation can influence 

multisensory integration in self-motion perception. 

Given that sensory mismatch is suspected to underlie the symptoms of discomfort that 

some VR users experience (symptoms such as headache and nausea known as ‘simulator 

sickness’; Kennedy et al., 1993), noisy vestibular stimulation might provide significant benefits 

in these settings. Sensory mismatch has been strongly implicated in the etymology of motion 

sickness (Cheung et al., 1991; Shupak & Gordon, 2006). For example, Cheung and colleagues 

(1991) found that simulator sickness does not emerge for patients who have bilateral defects in 
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the vestibular labyrinths, even when they are exposed to conditions that are nauseogenic for 

almost all healthy participants. Sensory mismatch reduction has been used to provide therapeutic 

effects for simulator sickness. Reed-Jones and colleagues (2007) showed that GVS applied 

during driving simulator use can reduce simulator sickness. Although this result shows that 

supplying expected vestibular signals is effective in reducing sickness, non-directional 

stimulation could prove even more appealing. A method based on noisy vestibular stimulation 

would be significantly easier to implement in practical settings, and would not be prone to some 

of the problems of using directional stimulation. For example, non-directional stimulation 

consistently produces a reason to disregard vestibular cues (or their absence), whereas for 

directional stimulation the lack of a precise one-to-one mapping between the applied and 

expected vestibular stimulation could affect performance drastically. Other important 

considerations include the risk factors involved in each stimulation technique. The use of GVS is 

not recommended for some populations (for example, pacemaker users and women in 

pregnancy) and can also produce symptoms of discomfort in normal healthy users 

(Lenggenhager et al., 2008). It is clear that an exigency exists for a non-invasive technique that 

can reduce simulator sickness. The BCV technique that I employed here can be used with all 

populations and causes no known adverse symptoms (Manzari et al., 2010). Further studies are 

needed to test the anti-nauseogenic properties of this technique when applied during VR 

exposure. 
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Chapter 3 

Influence of bone-conducted vibration on simulator sickness in virtual reality 

3.1 Introduction 

Recently, advances in graphics technologies have supported a proliferation of 

inexpensive and powerful consumer-oriented virtual reality (VR) hardware devices. This 

advancement creates an urgent need to solve some of the key problems of VR exposure. Perhaps 

the principle problem is a phenomenon known as ‘simulator sickness’ (also known as 

‘cybersickness’; Kennedy et al., 1993; Keshavarz & Hecht, 2011). Around 80% of VR users 

typically experience some symptoms of sickness, with as many as 50% experiencing symptoms 

with such severity that they are compelled to terminate a session of VR early (Stanney & 

Kennedy, 2009). The most common adverse signs elicited by virtual environments include 

nausea, headache, sweating, and vomiting, and can last for an hour or longer following 

immersion in the environment (Eisenman, 2009; Stanney et al., 1999). The symptoms are often 

sufficient to compel users to avoid VR completely (Kolasinski, 1995; Lawson, 2001).  

The assessment and causes of simulator sickness are subject to a degree of consensus. 

The most frequently used technique for measuring simulator sickness is the ‘Simulator Sickness 

Questionnaire’ (SSQ; Kennedy et al., 1993). The questionnaire requires that participants indicate 

the severity of the symptoms that characterize simulator sickness. Using this measurement tool 

(and others), a number of factors have been identified as potential triggers for simulator sickness. 

They include the use of a large field-of-view, visual flicker, low refresh-rate, and high motion-to-

photon latency (Flanagan et al., 2004; Kolasinski, 1995; LaViola Jr., 2000; Rebenitsch, & Owen, 

2016). Frequently, VR experiences simulate self-motion through an environment using large 
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field-of-view visual motion, and this manner of simulation appears to be a particular trigger for 

sickness (Duh et al., 2004; Reason & Brand, 1975; Rebenitsch & Owen, 2016). It is well known 

that visual optic flow is sufficient to specify motion of an observer through their environment 

(Gibson, 1950; Gibson, 1966). However, if the vestibular sense does not receive stimulation at 

the moment of motion onset and offset to indicate body accelerations, sensory information is 

incongruent. Sickness is thought to occur as a result of the nervous system attempting to respond 

appropriately to sensory mismatch, which is a situation that might have been caused internally 

(e.g., as the results of accidental ingestion of a neurotoxic substance; Triesman, 1977; Money, 

1990). In that case, nausea and the emptying of the stomach can be considered an adaptive 

function. The theory was originally formulated to explain how motion sickness is caused by 

vehicular travel. For instance, individuals inside a ship often experience sensory mismatch: The 

vestibular organs sense that the head is swaying, but no visual motion occurs as the head and 

walls of the boat sway synchronously.  

Despite the understanding acquired about the causes of simulator sickness, there has been 

little achieved in the development of methods to prevent or treat the phenomenon. One approach 

has been to avoid situations that generate sensory mismatch as much as possible: For example, 

Dorado and Figueroa (2014) implemented camera movement in VR that avoids accelerations as 

much as possible. They showed that using ramps instead of staircases for changing elevation in 

the environment can reduce the degree of simulator sickness experience by the user. Recently a 

‘point and teleport’ method for moving in a virtual world has gained popularity, where a user 

specifies a position to which they will relocate upon a button press (Bozgeyikli et al., 2016) – 

this technique also minimizes the accelerations of the visual scene. Another method has focused 

on preventing sensory mismatch by ‘recoupling’ the visual and vestibular systems during 
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navigation of a VR environment. Some approaches involve using motion platforms to move the 

body along with visually-simulated motion (e.g., Riecke et al., 2006; Roston & Peurach, 1997), 

and several consumer-oriented motion simulators are beginning to emerge. However the current 

balance of research shows little evidence that motion platforms effectively reduce sickness 

compared to stationary conditions (Klüver et al., 2016; Klüver et al., 2015; LaViola Jr., 2000). 

One other technique, galvanic vestibular stimulation (GVS), has been effective in preventing 

sickness in virtual environments. This technique involves applying an electrical current to 

electrodes near the mastoid processes in order to stimulate vestibular afferent nerves. Applying 

GVS to recouple visual and vestibular cues was shown to reduce the incidence of simulator 

sickness in a driving simulator task (Reed-Jones et al., 2007). The technique has found additional 

support in a study by Cevette and colleagues (2012) where simulator sickness was reduced by 

using GVS in a flight simulator. The same authors proposed that GVS could offer a useful 

method for preventing nausea in VR settings. Another group produced promising evidence 

showing a preventive effect of galvanic stimulation on sickness in a driving task, regardless of 

whether stimulation is applied during curve maneuvers or intermittently throughout the task 

(Galvez-Garcia et al., 2015).  

Studies involving GVS to re-couple visual and vestibular sensations have proven 

somewhat effective, which has led to some industry involvement in developing consumer-

oriented GVS devices for VR (for example see Zao et al., 2016). Nonetheless, a series of 

practical issues remain in terms of the use of GVS in VR situations. Previous research indicates 

that GVS use is associated with symptoms of discomfort in some healthy users – more serious 

risks are involved for certain individuals, such as pacemaker users and pregnant women, related 

to the fact that direct current stimulation is being applied to the surface of the body 
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(Lenggenhager et al., 2008). An additional obstacle to the widespread adoption of GVS is the 

precise match between vision and vestibular stimulation required in order to accurately replace 

the expected vestibular signals. Small errors between directional cues derived from vision and 

those that are applied using GVS could engender sensory mismatches that impact performance 

and comfort significantly.  

In the current study I evaluated a vestibular stimulation method that presents a possible 

solution to both the problem of invasiveness and the problem of precision described above. The 

method I used involves applying noisy stimulation to the vestibular system using bone-conducted 

vibration (BCV) that is applied at the mastoid processes. This technique has been shown to 

evoke the oculomotor and myogenic responses similar to those produced by linear accelerations 

of the otolith organs (e.g., Curthoys et al., 2014; Rosengren et al., 2005; Sheykholeslami et al., 

2001; Sheykholeslami et al., 2000; Todd et al., 2000). Unlike with GVS, there are no known 

populations for whom BCV should be avoided. As well, the use of BCV to reduce sensory 

mismatch does not require a precise mapping between the expected vestibular signal and the 

applied vestibular signal, which is a requirement of techniques that use GVS to ‘recouple’ vision 

and vestibular cues (e.g., Cevette et al., 2012; Reed-Jones et al., 2007). In addition, it has 

recently been proposed that BCV reduces the sensory reliability of the vestibular system, which 

has the consequence of upweighting visual self-motion information that is obtained during 

stimulation. This theory was presented on the basis of evidence that visually evoked illusions of 

self-motion (vection) are facilitated by noisy stimulation of the vestibular system with both BCV 

and noisy GVS (Weech & Troje, 2017). The idea builds on a Bayesian cue integration 

framework where sensory cues are inversely weighted by their reliability (e.g., Ernst & Banks, 

2002; Greenlee et al., 2016; Landy et al., 1995).  
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The aim of the current study was to employ BCV as a novel technique for reducing 

simulator sickness in participants who perform a spatial navigation task in VR. I tested two 

versions of BCV in the current study. In one condition I coupled the timing of BCV stimulation 

to visual angular accelerations, and in the other I applied BCV at random intervals. Angular and 

linear acceleration of the head, as well as tilt with respect to gravity, are the primary cues to 

which the vestibular system is sensitive. Here coupled the timing of BCV to angular 

accelerations of the camera. The results of Chapter 2 provided strong evidence that BCV – an 

otolith stimulation (Curthoys et al., 2014) – facilitates quicker vection even when it is applied in 

conditions in which no otolith stimulation would be expected (e.g., yaw rotation about the 

vertical axis). This finding points towards a general effect of BCV on vestibular processing, 

which I attributed to a reduction in vestibular reliability. The same study also disputes the 

possibility that noisy vestibular stimulation simply masks the input to vestibular organs, since I 

observed similar effects between BCV (otolith) and noisy GVS (non-specific vestibular afferent 

stimulation; Curthoys & MacDougall, 2012). If BCV causes a general reduction in vestibular 

reliability, coupling the timing of BCV to any of the motion components should produce similar 

results. Because coupling to linear accelerations or tilt would have resulted in a near-constant 

vibration, and for the purposes of time, I decided only to test the effect of BCV coupled to the 

timing of angular acceleration. 

My main prediction was that when BCV is applied during large visual angular 

accelerations (that is, when significant vestibular cues would normally be expected to occur), 

simulator sickness is reduced compared to control conditions. My reasoning was that the absence 

of vestibular motion cues accompanying large visual acceleration contributes significantly to 

simulator sickness, as has been proposed by several previous studies (e.g., Duh et al., 2004; 
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Reason & Brand, 1975; Rebenitsch & Owen, 2016). Applying BCV along with large visual 

accelerations should therefore encourage visual self-motion cues to be upweighted against the 

noisy and therefore unreliable vestibular input. On the other hand, BCV that is applied randomly 

throughout a trial should have little effect on simulator sickness scores as it is not directly 

associated with visual acceleration cues. 

Additionally, I aimed to test if BCV reduced simulator sickness in both active and 

passive movement control conditions; that is, when participants control their own movement in 

the VR environment, and when they move passively through the environment. The degree of 

movement-control participants exert in VR is typically related to sickness measures (Dong et al., 

2011; Rolnick & Yubow, 1991; Sharples et al., 2008; Stanney & Hash, 1998). I was primarily 

interested in this factor because many consumer-oriented VR experiences rely on passive 

motion, which is often accompanied by increased levels of simulator sickness.  

 In Experiment 1, I designed a VR navigation task to test the effect of BCV on simulator 

sickness. I used a high-end projection-based VR system with motion tracking to present the task. 

Across three groups I either: 1) applied BCV when visual flow implied angular accelerations 

greater than 3 deg/s
2
, 2) applied BCV randomly throughout the trial, or 3) applied no stimulation. 

In all conditions, participants conducted both active trials (participant controlled the movement) 

and passive trials (automatic movement). After each trial I measured simulator sickness using the 

SSQ (Kennedy et al., 1993). I was interested in an overall effect of stimulation on SSQ scores, 

but I also wanted to assess if the increase in sickness over a series of trials would differ for the 

participants who received BCV stimulation. 
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 In Experiment 2, I closely replicated the task conditions of Experiment 1 with an off-the-

shelf head-mounted display. My aim was to characterize the degree to which noisy vestibular 

stimulation is effective at preventing sickness across different VR display technologies.  

3.2 Experiment 1  

3.2.1 Methods 

3.2.1.1 Participants 

Participants were recruited from a student mailing list at Queen’s University. Thirty 

participants (22 women) completed the experiment. Four participants terminated the experiment 

early due to a high level of simulator sickness, and their data were not included in the final 

analyses. Each participant took part in an individual session lasting approximately one hour. 

Participants were compensated $10 per hour. Mean age was 19.80 years (SD = 2.46, range = [18, 

27]). All had normal or corrected to normal vision. Each participant gave informed written 

consent before the study in accordance with the Declaration of Helsinki.  

Participants were asked the following question prior to attending the study: “In daily life, 

how likely are you to experience motion sickness? (e.g., when traveling in a car or plane)”. 

Responses were given by indicating a point on a scale from 0 to 10 with anchors of “Not at all 

likely” and “Extremely likely”. Those who marked 9 or 10 would have been advised not to take 

part in the study. However, I obtained no responses above 8 in this study.  
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3.2.1.2 Vestibular stimulus 

 I secured bone vibrators (Radioear B-71, New Eagle, PA, USA) to the left and right 

mastoid processes using an elasticated head-band. The voltage signal used to drive the vibrators 

was delivered using a sound card attached to a custom-built audio amplifier.  

There is a well-defined frequency tuning range for BCV: vibration between 200 and 500 

Hz produces the largest myogenic potentials (Sheykholeslami et al., 2001; Todd et al., 2000; 

Townsend & Cody, 1971). In the experiments of the current study, the vibrators operated at a 

frequency of 500 Hz. Each burst of stimulation lasted 250 ms. I selected a standard BCV 

magnitude based on the magnitude of stimulation that produced an effect on self-motion 

perception in a previous study on self-motion perception (Weech & Troje, 2017). If the intensity 

of the BCV stimulation was uncomfortable for the participant, I reduced it incrementally until it 

reached a tolerable level. This was important given that the vibration magnitude at the level of 

the bone depends on a variety of factors, including the shape and size of the head of the 

participant (Blanks et al., 1975; Curthoys et al., 2009). 

3.2.1.3 Visual stimulus 

I created the task and visual stimulus in Vizard (Version 5.0, WorldViz LLC, Santa 

Barbara, CA) using the Python programming language (version 2.7). The ground plane was 

textured with grass (dimensions: 350 x 100 metres). An airport runway was positioned in the 

centre of the ground plane (dimensions: 350 x 5 metres) to act as a reference frame for 

participants. I generated a path for participants to navigate by positioning 30 spherical targets in 

the environment (Figure 3.1). The targets were coloured randomly, each had a diameter of 1 

metre, and each was positioned 3 metres above the ground plane. The path consisted of two 
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lateral cycles of a sine wave (dimensions: 315 x 80 metres, the formula for the path can be 

specified as: y = 40 sin(2 π x/157.5), where y is left-right and x is fore-aft).  

Participants navigated their way through the virtual environment using a handheld 

controller (Flystick3, Advanced Realtime Tracking, Weilheim i.OB, Germany) that was tracked 

by an optical motion tracking system. The projection camera maintained a constant velocity of 

5.5 m/s in the direction of heading, and the heading direction was controlled by the orientation of 

the handheld controller. The rotation angle of the controller in pitch, roll, and yaw measured in 

degrees in world coordinates directly specified the angular velocity of the camera (measured in 

degrees per second) in each axis. For example, if the controller was held at an angle of 10 deg in 

pitch, the angular velocity of the camera in pitch was set to 10 deg/s. Participants were 

familiarised with the control method in a single practice trial before the experiment. The practice 

trial lasted approximately two minutes. 

 

 

 

 

 

 

 

 

Figure 3.1. A: Detail of the virtual environment seen by participants in Experiment 1. B: Top-

down view of the initial section of the path. Participants started each trial at the X. (Targets are 

scaled up 10 times in size to aid visibility.) 
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3.2.1.4 Virtual reality system 

The virtual environment was rendered using a high end projection-based VR system 

(HoloStation, Christie Digital Systems Inc., Cypress, CA). The apparatus contained four 

projectors that were controlled by a high-end computer (Z820, HP Inc., Palo Alto, CA) with two 

NVIDIA Quadro K6000 graphic cards and an NVIDIA G-SYNC (NVIDIA, Santa Clara, CA) 

card for frame synchronization. An optical motion capture system (4 x TRACKPACK, 

Advanced Realtime Tracking, Weilheim i.OB, Germany) tracked the position and orientation of 

markers mounted on stereo shutter glasses at a frequency of 120 Hz in order to couple position 

and orientation of the observer’s head to the projected view of the 3D environment. The same 

system was also used to track the hand-held controller. The projectors displayed the virtual 

environment on four screens: fronto-parallel, left, right and bottom screen (Figure 3.2). The 

fronto-parallel screen was 173 cm x 109 cm (width x height); the left and right screens were 108 

cm x 109 cm; and the bottom screen was 173 cm x 108 cm. The stimulus was rendered at 120 

FPS and was viewed stereoscopically using polarising LCD shutter glasses (Christie Digital 

Systems Inc.) with a 60 Hz asynchronous refresh rate for each eye. This setup permitted the 

projection of the scene to a large part of the lateral and ventral peripheral field of view (FOV; 

approximately 90 deg vertical and 160 deg horizontal). The high-end system used in this 

experiment was intended to produce a high degree of realism for participants. 
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3.2.1.5 Design 

The type of BCV experienced was designed as a between-subjects factor with three 

levels. In the control group, I applied no stimulation to the vestibular system. In the first 

experimental group I applied stimulation to the vestibular system when the angular acceleration 

of the projection camera reached a threshold (3 deg/s
2
). (From here I will refer to this as the 

‘coupled group’, since BCV was coupled to the angular acceleration of the camera.) In the 

second experimental group I applied stimulation to the vestibular system at random intervals 

with an average frequency of occurrence of 0.9 Hz. I selected this frequency to match the 

occurrence frequency of stimulation for participants in the ‘coupled’ group during a pilot 

experiment. As a result, participants in this group received approximately 80 pulses of BCV 

during a single trial. (From here I will refer to this as the ‘random’ group; that is, BCV at random 

intervals).  

 

Figure 3.2. Depiction of the author observing the visual environment in Experiment 1.  
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Whether or not participants were given control over their flight path was designed as a 

within-subjects factor with two levels. In half of the trials the participant actively navigated the 

path using the motion controller (I term this the ‘active’ condition). In the other half of the trials 

the participant traveled passively through the environment according to pre-recorded motion 

trajectories that I obtained from a pilot experiment (I term this the ‘passive’ condition). For each 

of the two levels I presented 5 trials. Each of the passive trials adhered to a different pre-recorded 

motion trajectory, and the order of these was uniquely randomized for each participant. This 

resulted in a total of 10 trials per participant. I blocked the design of the study by the type of trial 

(active or passive) and included a 5 minute break between the two blocks. Half of the 

participants experienced active trials first and the other half experienced passive trials first. 

3.2.1.6 Procedure 

The participant entered the room and was told the goal of the task and instructed how to 

use the motion controller to navigate. The participant was seated on a chair such that the eyes of 

the participant were positioned approximately 148 cm from the fronto-parallel projection screen, 

and approximately 50 cm above the bottom screen. The experimenter positioned the bone 

vibrators on the skin at the mastoid processes and ensured symmetrical placement on both sides 

of the head. An elasticated headband was used to keep the vibrators stationary. At this stage the 

participant was presented with the standard magnitude of BCV, and the experimenter adjusted 

and recorded the magnitude if necessary. 

A trial began with the presentation of a static view of the visual scene. The experimenter 

then pressed a button on the keyboard to commence the movement of the projection camera. 

Depending on whether the block contained ‘active’ or ‘passive’ trials, the participant would 
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begin to navigate the path using the motion controller, or would begin to travel passively through 

the environment.  

Each trial lasted approximately 90 seconds. During the trial, BCV was either coupled 

with angular accelerations of the camera (‘coupled’ condition), applied randomly at 0.9 Hz 

average frequency of occurrence (‘random’ condition), or was absent (‘control’ condition) based 

on the random group assignment of the participant. A target disappeared if the projection camera 

came within 0.5 m of the edge of the target. Once the path was complete, the experimental 

program terminated and the participant was asked to fill in the post-trial SSQ. 

Participants completed a Simulator Sickness Questionnaire (SSQ; Kennedy et al., 1993; 

See Appendix B) after every trial. This involved a checklist of 16 symptoms such as ‘nausea’, 

‘fatigue’, and ‘headache’. For each item on the checklist, I asked participants to indicate the 

amount to which they currently experienced that symptom using the options ‘none’, ‘slight’, 

‘moderate’, or ‘severe’. After the experiment the responses were used to compute an overall SSQ 

score according to the guidelines of Kennedy and colleagues (1993). This total score exhibited a 

high degree of variability which was non-homogeneously distributed across groups, and as such I 

conducted a square root transform on the data which resulted in homogeneity of variance. These 

transformed data were subjected to statistical analyses (similarly to Galvez-Garcia et al., 2015; 

Moss & Muth, 2011; and Sharples et al., 2008). 

The experiment lasted approximately 45 minutes to 1 hour in total including introduction 

and debriefing. 
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3.2.2 Results and Discussion 

Participants displayed a high level of performance on the task. Out of the 30 participants 

who completed the study, 27 completed the task without missing a target, while the remainder 

missed an average of 3 targets across the 10 trials. 

I ran a mixed-factor 2 X 3 analysis of variance (ANOVA) on SSQ scores for the within 

subjects factor of movement control (active or passive) and the between subjects factor of 

stimulation type (coupled, random, or none).  

Results revealed a main effect of stimulation type on the transformed SSQ scores, 

F(2, 27) = 3.46, p = .046, η
2

p = 0.20 (Figure 3.3).I conducted a follow-up analysis using 

estimated marginal means on the factor stimulation type. The results showed that coupled 

vibration trials were associated with significantly lower SSQ scores than control trials (p = .017). 

However, SSQ scores in the random trials did not differ from those in the coupled trials (p = .08) 

or the control trials (p = .47). I found no main effect of movement control, F(1, 27) = 3.86, 

p = .06, η
2

p = 0.13, although the active condition was related to slightly lower SSQ scores than 

the passive condition. 

There was no interaction between the factors stimulation type and movement control, 

F(2, 27) = 1.70, p = .20, η
2

p = 0.11.  

To establish the degree to which sickness increased across trials, I calculated linear trends 

for each group. I found a significant overall linear increase in the square root transformed SSQ 

scores over the five trials in a block, F(1, 27) = 5.41, p = .028, η
2

p = 0.17. This linear trend did 

not differ as a function of the levels of stimulation type (F(2, 27) = 0.51, p = .61, η
2

p = 0.05) or 

movement control (F(1, 27) = 0.04, p = .84, η
2

p = 0.01).  
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I characterized the number of ‘sick’ participants in each condition by calculating average 

SSQ score across trials in a block and classifying ‘sickness’ as an average score of 20 or higher 

(Stanney et al., 1997). The data are presented in Figure 3.4. The number of participants classified 

as ‘sick’ was highest for the control group, second highest for the random group, and lowest for 

the coupled vibration group. 

 

Figure 3.3. Experiment 1, square-root transformed SSQ for participants in different vibration 

conditions for active and passive movement conditions. Error bars represent standard error of 

the mean. * p < .05 
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The data revealed an effect of vestibular stimulation on sickness scores. A follow-up 

analysis showed that sickness scores were lower when BCV was coupled with large angular 

accelerations of the projection camera. My initial hypothesis was supported, in that the 

effectiveness of noisy vestibular stimulation imparted a benefit when it was applied concurrently 

with expected vestibular signals. The results show that comfort in a high-end virtual reality 

experience can be improved by the application of noisy vestibular stimulation, which is relatively 

cheap, non-invasive, and easy to use. 

The results show that the type of movement control used had little effect on sickness 

scores. The degree of vestibular stimulation applied had much more of an impact on the pattern 

of data I obtained. I note that multiple studies have reported that passive movement tends to 

produce higher sickness than active movement (e.g., Dong et al., 2011; Sharples et al., 2008; 

 

 

Figure 3.4. Experiment 1, number of participants classified as ‘sick’ in each condition. Sickness 

corresponds to average SSQ scores ≥ 20 (Stanney et al., 1997). 
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Stanney & Hash, 1998). I was unable to corroborate these findings. However, it is possible that 

this result could be related to differences in movement variability between the passive and active 

trials that I discuss in detail below (see 3.4 General Discussion).  

The data support the idea that sickness can be reduced through the use of noisy vestibular 

stimulation in a high-end, projection based virtual reality system. However, most users of VR do 

not have access to such high performance equipment. On the other hand, the use of head-

mounted displays is becoming widespread with the release of technology such as the Oculus 

Rift, the HTC Vive, and the FOVE head mounted display. This hardware can be purchased at a 

low-cost and maintains good standards in terms of display refresh rate, head tracking, and 

motion-to-photon latency. My next question was about the degree to which the stimulation 

technique used in Experiment 1 reduces sickness in visual display conditions that are more 

relevant to consumer practices. In order to answer this question I conducted Experiment 2 where 

I closely replicated the task of Experiment 1 using an off-the-shelf head-mounted display, and 

applied noisy vestibular stimulation during the task. 

3.3 Experiment 2 

3.3.1 Methods 

3.3.1.1 Participants 

Participants were recruited from a student mailing list and an undergraduate Psychology 

course credit pool at Queen’s University. There were 78 participants (51 women) who completed 

the experiment. One participant terminated the experiment early due to a high level of simulator 

sickness, and her data were not included in the final analyses. Each participant took part in an 

individual session lasting approximately one hour. Participants were compensated $10 per hour, 
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or 1 course credit per hour for an undergraduate psychology course. Mean age was 18.18 years 

(SD = 0.66, range = [17, 21]). All had normal or corrected to normal vision: Corrective glasses 

were used in the head-mounted display if they were required by the participant. Each participant 

gave informed written consent before the study in accordance with the Declaration of Helsinki.  

Participants were asked the following question prior to attending the study: “In daily life, 

how likely are you to experience motion sickness? (e.g., when traveling in a car or plane)”. 

Responses were given by indicating a point on an arbitrary scale from 0 to 10. Those who 

marked 9 or 10 would be advised not to take part in the study. No participants were excluded 

from the study as none met this criterion (maximum score of 7).  

3.3.1.2 Visual stimulus 

The visual stimulus was rendered using the Oculus software developer kit (version 0.8.0) 

and Oculus plugin in Unity3D (version 5.0; Unity Technologies SF, San Francisco, CA). The 

stimulus was designed such that it appeared as visually identical as possible to the task in 

Experiment 1 (that is, a 350 by 100 meters grassy plane; a 350 by 5 meter runway for visual 

reference; 30 target spheres positioned at points along a sinusoidal specified as: 

y = 40 sin(2 π x/157.5), where y is left-right and x is fore-aft; a target diameter of 1 metre and a 

target height of 3 metres above the ground plane). 

Although the virtual environment was the same in both experiments, participants in 

Experiment 1 had the ability to see their arm and hand while controlling movement of the 

projection camera. For participants using the head-mounted display in Experiment 2, this was not 

possible. Therefore, in Experiment 2 I asked participants to hold their left hand in front of their 

body, and motion captured the position and orientation of the hand. I projected a visual 
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representation of the hand into the virtual environment (Figure 3.5). In addition, I used the 

rotation of the left hand to control the heading of the projection camera. Motion capture of the 

hand was achieved using a low-cost infrared hand-tracking camera (Leap Motion Controller, 

Leap Motion Inc., San Francisco, CA) and the pre-built Unity Asset Package. The hand and 

forearm were visually represented by a skeleton that was included in the Unity Asset Package for 

the hand-tracking camera. 

The projection camera maintained a constant velocity of 5.5 m/s in the direction of 

heading, and the heading direction was controlled by the orientation of their left hand. The 

rotation angle of the hand in pitch, roll, and yaw in world coordinates was used to set the angular 

velocity of the camera in each axis (as in Experiment 1, the orientation of the hand in degrees 

defined angular velocity in degrees per second for pitch, roll, and yaw). Before the experiment, 

participants were familiarised with the control method in a single practice trial which lasted 

approximately two minutes. 

  

 

 

 

 

 

Figure 3.5. A: The virtual environment seen by participants. B: the head-mounted display used 

in Experiment 2. The left hand, tracked by Leap Motion device on the front of the head-mounted 

display, was visible to the participant.  
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3.3.1.3 Virtual reality system 

The virtual environment was rendered using a low-cost head-mounted display running at 

75 FPS (Oculus Rift DK2; Oculus VR, Menlo Park, CA). The presentation of the virtual 

environment was delivered by a high-end graphics computer (HP Z820; NVIDIA Quadro K6000 

graphic card).  

3.3.1.4 Design 

As in Experiment 1, the manner in which I applied BCV was a between-groups factor 

(conditions were identical to Experiment 1: ‘Coupled’, vibration applied with 3 deg/s
2 

angular 

acceleration of the camera; ‘Random’, applied at 0.9 Hz; or ‘Control’, no vibration). As well, 

movement control was a within-subjects factor with two levels (‘active’ or ‘passive’; hand-

controlled navigation or automatic navigation, respectively). Each of the passive trials adhered to 

a different pre-recorded motion trajectory, and the order of these was uniquely randomized for 

each participant. Each participant completed 10 trials (blocks of 5 active and 5 passive, the order 

of which was counterbalanced). 

3.3.1.5 Procedure 

The participant entered the room and was introduced to the goal of the task and instructed 

how to use their hand to navigate. The participant was seated on a chair approximately 50 cm in 

front of the positional tracking camera of the head-mounted display, and approximately 100 cm 

above the ground. The experimenter positioned the bone vibrators on the skin at the mastoid 

processes and ensured symmetrical placement on both sides of the head. An elasticated headband 

was used to keep the vibrators stationary. At this stage the participant was presented with the 
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standard magnitude of BCV, and the experimenter adjusted and recorded the magnitude if 

necessary. 

The task progression was very similar to that of Experiment 1. A trial began with the 

presentation of a static view of the visual scene. The experimenter then pressed a button on the 

keyboard to commence the movement of the projection camera. Depending on whether the block 

was an ‘active’ or ‘passive’ trials, the participant would begin to navigate the path by rotating 

their hand, or would begin to travel passively through the environment.  

Each trial lasted approximately 90 seconds. During the trial, BCV was applied based on 

the random group assignment of the participant. A target disappeared if the projection camera 

came within 0.5 m of the edge of the target. Once they had completed the path, the experimental 

program terminated. The experiment lasted approximately 1 hour in total including introduction 

and debriefing. 

As in Experiment 1, participants completed the SSQ after every trial and a total score was 

computed after the experiment. As before, I conducted a square root transform on the data to 

correct for heterogeneity of variance before statistical analyses were performed. 

3.3.2 Results and Discussion 

Participants displayed a moderate level of performance on the task. 45 of 78 participants 

completed the experiment without missing a target, while the remainder missed an average of 2 

targets across the 10 trials. Most of these misses were produced when the motion capture system 

momentarily failed to track the orientation of the hand. The majority of participants completed 

the experiment without any tracking failures. 
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I ran a mixed-factor 2 X 3 ANOVA on SSQ scores for the within subjects factor of 

movement control (active or passive) and the between subjects factor of stimulation type 

(coupled, random, or control).  

I observed a main effect of stimulation type on SSQ scores, F(2, 72) = 3.59, p = .033, 

η
2

p = 0.09 (Figure 3.6) and conducted a follow-up analysis using estimated marginal means on 

the factor stimulation type. The results showed that coupled trials were associated with 

significantly lower SSQ change than control trials (p = .012). SSQ scores in the random trials did 

not differ from those in the coupled trials (p = .06) or the control trials (p = .53).  

I found no effect of movement control on transformed SSQ scores, F(1, 72) = 0.49, 

p = .83, η
2

p = 0.01, although the active condition was related to slightly higher scores than the 

passive condition. I note that this pattern is opposite to that obtained in Experiment 1, where 

sickness was higher in the passive condition. In both experiments the difference between active 

and passive trials was non-significant. 

There was no interaction between the factors of stimulation type and movement control, 

F(2, 72) = 1.37, p = .26, η
2

p = 0.04.  

To establish the degree to which sickness increased across trials, I calculated linear trends 

for each group. I found a significant linear increase in SSQ scores over the five trials in a block, 

F(1, 72) = 47.15, p < .001, η
2

p = 0.40. This linear trend did not differ as a function of the levels 

of stimulation type (F(2, 75) = 0.63, p = .94, η
2

p = 0.01) or movement control (F(2, 75) = 1.20, 

p = .31, η
2

p = 0.03).  
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As in Experiment 1, the number of participants who were classified as ‘sick’ (SSQ scores 

of 20 or higher) was highest in the control group, second highest for the random vibration group, 

and lowest for the coupled vibration group. The data are presented in Figure 3.7. 

 

Figure 3.6. Experiment 2, square-root transformed SSQ for participants in different vibration 

conditions for active and passive movement conditions. Error bars represent standard error of 

the mean. * p < .05 
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Similarly to Experiment 1, the data supported the hypothesis that noisy vestibular 

stimulation can influence sickness scores in VR if it is applied when vestibular signals are 

expected (i.e., time-coupled with large visual acceleration). As well, I found no dependency of 

sickness on the type of movement control used, as in Experiment 1. 

3.4 General Discussion 

3.4.1 Comparison of display conditions 

 I tested the effect of noisy vestibular stimulation on sickness scores for a large field-of-

view screen-projected VR system (Christie HoloStation) and an off-the-shelf head-mounted 

display (Oculus DK2). In general I observed an effect of stimulation that was similar across the 

two display conditions. In both Experiments 1 and 2, participants exhibited less sickness in the 

condition where the timing of vibration was coupled with angular accelerations of the camera 

 

Figure 3.7. Number of participants classified as ‘sick’ in each condition. Sickness corresponds 

to average SSQ scores ≥ 20 (Stanney et al., 1997). 
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(fewer than half experienced SSQ scores of 20 or greater). Control conditions in both 

experiments evoked a large degree of simulator sickness on average (more than half experienced 

SSQ scores of 20 or greater). And, in both cases vibration applied at random intervals was 

somewhat in-between the two other stimulation conditions (approximately half of participants in 

this group experienced SSQ scores of 20 or greater).  

The fact that results were highly similar between Experiment 1 and 2 is informative. 

First, it suggests that the navigation task was accurately replicated between the display 

conditions. Second, the similarity of results between the two experiments also hints that the 

display conditions used here are likely to produce a similar degree of discomfort in users. This 

result aligns with work produced by Sharples and colleagues (2008) who reported no difference 

in sickness in VR between participants who observed a large field-of-view projection screen and 

those who used a head-mounted display. On the other hand, the same authors recorded a 

significant increase in sickness after head-mounted display use when compared with use of a 

concave large field-of-view projection system. The disparity in findings highlights the need to 

identify precisely what display factors influence sickness in VR. While it is beyond the scope of 

the current study to provide an explanation for these differences, it may be informative that the 

task I used required attention to be focused centrally ahead of the participant. Given the 

documented increase in sickness observed for high field-of-view displays (e.g., Seay et al., 

2002), I speculate that tasks requiring more attention to the peripheral visual field may be prone 

to differences between display conditions that adhere to different field-of-view sizes. The results 

also provide evidence that the vestibular stimulation I applied here generalizes well across 

display conditions. I proposed that the stimulation would take effect through reducing sensory 

mismatch, and since mismatch was the same for both cases (i.e., in both experiments head 
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tracking was used to update the visual display) I expected BCV would reduce sickness in both 

experiments. The findings suggest that the technique has potential for use in generalized VR 

display conditions. 

3.4.2 Noisy vestibular stimulation and sickness 

 I observed a significant decrease in SSQ scores for participants who received vestibular 

stimulation compared to control. This effect was observed for the condition where the BCV was 

triggered by large angular acceleration of the projection camera, but not when BCV was applied 

at random times. My hypothesis was that noisy vestibular stimulation coupled with large visual 

acceleration can reduce simulator sickness, and this was supported by the data. The results are in 

line with the theory that noisy vestibular stimulation reduces the weight of vestibular signals 

through a process of changing vestibular sensory reliability (Weech & Troje, 2017; see Chapter 

2).  

 I observed a tendency for sickness scores to increase linearly across each block of trials, 

as demonstrated by the significant trends obtained in Experiments 1 and 2. I did not find any 

interaction between this increase and the type of stimulation used. This suggests that coupling 

the timing of BCV to angular acceleration may be effective for reducing the average sickness 

experienced by a participant, but that the rate of sickness increase is unaffected. Therefore, while 

long sessions of VR exposure may still lead to intolerable levels of sickness, the technique 

described here might provide an effective way of prolonging a period of VR display use. 

3.4.3 Passive and active movement control 

 The data indicate that the degree of sickness experienced was relatively similar regardless 

of whether or not the participants had control over the motion trajectory of the projection camera. 
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I was unable to provide support for the results of previous literature that identified movement 

control as a factor that relates to sickness (Dong et al., 2011; Sharples et al., 2008; Stanney & 

Hash, 1998). I observed many participants who tended to exhibit higher variability in heading 

direction than the trajectories I used in the passive trials. I note that although the passive 

trajectories contained a large amount of variability in their motion trajectory, they did not reach 

the extreme variability experienced by some participants who had difficulty maintaining a 

smooth course during the navigation task. In future experiments it would be interesting to yoke 

the movement of one participant (active) to another participant (passive), as in Rolnick and 

Yubow (1991) so as to maintain a constant level of variability in both the active and passive 

conditions. As well, there might have been an additional increase to sickness scores in active 

trials caused by hand-motion tracking problems. Particularly in Experiment 2, there were several 

occasions where the hand tracking of participants failed momentarily, causing the camera to be 

unresponsive to movements.  

Overall, the fact that sickness was reduced equally for active and passive conditions adds 

to the promise of the technique used here. A large proportion of VR experiences tend to include 

passive motion that often leads to increased sickness (Dong et al., 2011; Sharples et al., 2008; 

Stanney & Hash, 1998). Other types of passive movement that are associated with a high degree 

of simulator sickness (such as simulated walking with head bob) should be studied in order to 

assess the task-generalizability of the effect I observed here. 

3.4.4 Future direction 

The findings present the possibility that BCV could operate as a cheap and effective way 

to alleviate or even prevent simulator sickness in VR. However, significant further testing will 
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need to be carried out on this technique given both the novelty and relatively specific set of 

parameters tested so far. I find it encouraging that I observed an effect of BCV on sickness 

scores, even though my method of coupling stimulation to the angular acceleration of the camera 

was in some ways arbitrary. My general rationale was that angular accelerations are one of the 

primary stimuli for the vestibular system, and as such I added vestibular noise at these critical 

times when significant vestibular cues should be expected to occur. I did not include a condition 

where vibration was coupled to linear accelerations, which are equally adequate for vestibular 

stimulation. I could as well have applied BCV continuously, given that tilt is a constant source of 

information used by the vestibular system to judge head orientation, but I chose not to do so due 

to time considerations. Constant BCV stimulation during VR use might be too unpleasant or 

intrusive for many practical applications. Nonetheless, it would be useful to run a similar 

experiment in the future that contains the addition of a constant vibration condition. Such a study 

would add to our understanding of whether coupled stimulation is a necessary aspect of the use 

of BCV to reduce sickness. There could also be much to learn from an experiment that employs 

BCV for an extended duration prior to – but not during – exposure to VR. It may be reasonable 

to assume that there are both short term effects of BCV, as I have documented here, and 

sustained effects on sensory reweighting and sickness that can be observed over a longer period. 

This study marks the first test of BCV to approach sickness reduction in VR, and I am certain 

that variations of the technique could show large improvements over the effects I observed. 

The various aspects of the technique that I did not manipulate here include the duration of 

stimulation, the frequency and magnitude of the vibration, and the way it is coupled to the 

different kind of vestibular stimulation which the brain might expect in a simulated environment. 

I provided evidence that the effect of stimulation generalized across two display conditions, but 
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there are a multitude of other VR display technologies that may or may not benefit from this 

technique. Another aspect that is crucial to investigate is the degree to which the vibration can be 

presented unobtrusively (e.g., utilizing vibration frequency which is inaudible), or embedded 

within another auditory stream. Such a method might reduce the amount of distraction caused by 

the BCV technique – certainly, all participants in the current study noticed the vibration that was 

applied, and this might reduce immersion into the VR experience. Finally, the degree to which 

this technique could be applied to reducing motion sickness outside of VR is unknown. Given 

that both simulator sickness and motion sickness are related to sensory mismatches, the 

technique might prove equally effective in reducing the severity of common symptoms of travel 

sickness and sea sickness. Resolving these open questions will move the field closer to the 

development of a consumer-oriented therapy for sensory mismatch-induced sickness that can be 

used in a broad range of conditions. 
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Chapter 4 

The impact of noisy vestibular stimulation on self-motion sensitivity 

4.1 Introduction 

A series of studies have characterized how the vestibular sense contributes key 

information to self-motion perception when access to information from other senses is deprived. 

Double integration of acceleration cues derived from the otolith organs provides an estimate of 

the absolute distance traveled of the body (Glasauer & Merfield, 1997). Examples of the acute 

sensitivity to self-motion derived from vestibular cues have been provided by MacNeilage and 

colleagues (2010). Vestibular thresholds for discrimination of the angular heading of small 

displacements were characterized as approximately 6 deg for discrimination of azimuth angle, 

and 9 deg for discrimination of elevation angle. The vestibular system also shows a high 

sensitivity for deriving linear displacement of the body in space, reflected in difference 

thresholds of around 0.06 m/s
2
 (pedestal value of 0.3 m/s

2
) when tasked with discriminating 

differences in the amplitude of two movements in a fixed horizontal direction. Discrimination of 

the greater amplitude of two movements in the vertical axis is also achieved with high accuracy. 

Nesti and coworkers (2014) reported absolute detection thresholds of around 0.066 m/s
2
 for both 

upwards and downwards movement, and found a scaling relationship between difference 

thresholds and pedestal values for vertical movements. Their data were well described by a 

power law that differed for upward and downward movements, with exponents of 0.60 and 0.42 

respectively. The increased sensitivity observed for downward motion may be attributed to an 

adaptive falls-prevention mechanism (Nesti et al., 2014). Several clinical studies have also 

shown that vestibular dysfunction can strongly affect the ability to detect motion and stabilize the 

body in space (Boldingh et al., 2011; Gianna et al., 1996; Lewis et al., 2011a; Lewis et al., 
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2011b; Valko et al., 2012), highlighting a key role for vestibular cues in estimating posture and 

facilitating corrective movements for perturbations.  

In the absence of vestibular motion cues, the sensation of self-motion can still arise. In 

virtual reality (VR), for instance, self-motion can be simulated through visual cues such as optic 

flow and the focus of expansion which specify movement of the observer in space (Gibson, 

1950; Gibson, 1966; Warren et al., 2001). Use of VR frequently results in nausea due to sensory 

conflicts, such as that between the visual and vestibular modalities: visual self-motion cues that 

accompany simulated movement in VR are not reproduced in terms of vestibular signals 

(Kennedy et al., 1993; Reason & Brand, 1975; Rebenitsch & Owen, 2016; Treisman, 1977; 

although see Stoffregen & Riccio, 1991). In addition, a large latency between visual motion 

onset and the illusory experience of self-motion (vection) has been observed, which is thought to 

result from multisensory conflict (Wong & Frost, 1981; Riecke et al., 2006). The two phenomena 

of simulator sickness and vection onset latency show the influence of multisensory mismatch on 

self-motion perception, and while some attempts have been made to reduce mismatch in 

simulated environments (e.g., Cevette et al., 2012; Reed-Jones et al., 2007; Riecke et al., 2006), 

current techniques do not provide an effective solution (Casali, 1986; Klüver et al., 2016). 

Noisy vestibular stimulation offers a novel method for probing cue integration in self-

motion perception. Two techniques have recently been studied for their ability to generate noise 

in the vestibular sense: galvanic vestibular stimulation (GVS), and bone-conducted vibration 

(BCV). Typically GVS use involves applying a small direct current to the mastoids, which 

produces postural and oculomotor responses (Curthoys & MacDougall, 2012; Pavlik et al., 

1999). Stimulation can also be applied in the form of a signal that randomly varies in amplitude, 

termed stochastic or noisy GVS (Pal et al., 2009; Pavlik et al., 1999). The second technique, 
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BCV, involves vibrating the mastoid processes to stimulate the vestibular system with small 

linear accelerations of the utricle and saccule (Curthoys et al., 2014; Sheykholeslami et al., 2001; 

Todd et al., 2000). Both of these techniques were recently shown to reduce the onset latency of 

vection when applied at visual motion onset (Weech & Troje, 2017). BCV in particular is non-

invasive, and a further study indicated that BCV shows a high potential for reducing sickness in 

VR (Weech, Moon, & Troje, in preparation). However, the techniques are currently understudied 

and their mechanism of action is not yet well understood.  

The current understanding of the mechanism through which noisy vestibular stimulation 

influences self-motion perception builds on the framework of statistical perceptual inference. It 

is well documented that the nervous system tends to integrate cues according to their sensory 

reliability, adhering to the principles of Bayesian integration (Ernst & Banks, 2002; Greenlee et 

al., 2016; Landy et al., 1995). Recent results have indicated that cues from the visual and 

vestibular senses are often integrated in a statistically optimal fashion to reduce the uncertainty 

involved in making inferences about the world (Fetsch et al., 2010; Jürgens & Becker, 2006; 

MacNeilage et al., 2007). Several neurophysiological studies have shown evidence for the 

integration of these cues in the vestibular cortical network, including the parieto-insular 

vestibular cortex (PIVC; Shinder & Newlands, 2014; zu Eulenberg et al., 2013), the posterior 

insular cortex (PIC; Billington & Smith, 2015; Frank et al., 2014), and the posterior 

supramarginal gyrus (SMGp) in the temporoparietal junction (TPJ; Kheradmand et al., 2015). 

When multisensory cues are in conflict, a solution can be achieved by discarding or at least 

reweighting cues from one sense in favour of the more reliable modality. The idea that conflicts 

are resolved by a dominance of the more reliable sense originally took shape as the ‘modality 

precision hypothesis’ described by Welch and Warren (1986), later termed the ‘estimate 
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precision hypothesis’ by Ernst and Bülthoff (2004). Given this context, the model I propose 

relates BCV and noisy GVS to self-motion perception through changes in sensory reliability that 

affect sensory weighting in the cue integration process. I have posited that producing vestibular 

noise reduces sensory reliability, resulting in a relative downweighting of cues from the 

vestibular system. In Chapter 2 of this thesis, I showed that applying vestibular noise results in 

shorter onset latency of vection. In addition, I showed that the same stimulation method can 

reduce the amount of sickness experienced in VR (Chapter 3). Both of these observations 

provide evidence in support of the model that I have proposed in this work. 

In the previous studies I proposed that noisy vestibular stimulation took effect by 

reducing sensory reliability in the vestibular system. This theory also predicts that such 

techniques should interfere with the process of self-motion perception in a task involving 

estimation of traveled distances following movements of the body in space. Given that BCV 

poses a promising technique for reducing sickness in VR, it is crucial to test the current 

understanding relating noisy stimulation to self-motion so that the technique can be refined and 

improved.  

The aim of the current study is to characterize the effect of BCV and GVS on self-motion 

estimation for a real-world movement task. Participants in the experiment were moved left and 

right by different distances on a motion platform and asked to indicate whether their final 

position was left or right of their starting position. I predicted that noisy vestibular stimulation 

would result in lower sensitivity to traveled distance reflected in decreased slopes of 

psychometric functions and increased just noticeable differences (JND) compared to control 

conditions. 
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4.2 Method 

4.2.1 Participants 

I recruited 42 participants from a student mailing list at Queen’s University (30 women; 

Mean age was 20.43 years, SD = 2.73, range = [18, 29]). Each participant took part in an 

individual session lasting approximately one hour and was compensated $10 per hour. All 

reported no history of vestibular dysfunction, neurological disorders, or significant postural 

disorders. Each participant provided informed written consent before the study in accordance 

with the Declaration of Helsinki. 

4.2.2 Apparatus 

4.2.2.1 Motion platform 

 I used a 6DOF motion platform (W3s Motion System, CKAS Mechatronics Pty Ltd, 

Victoria, Australia;  
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Figure 4.1) to move participants during the experiment. The platform was controlled using code 

written in Python with the Vizard software package (Version 5.0, WorldViz LLC, Santa Barbara, 

CA). The code was sent to the platform over serial port, and updated the position of the motion 

platform at a rate of 20 Hz. 

4.2.2.2 Motion capture 

 In order to measure the degree to which the programmed movements of the motion 

platform were transferred to the movement of the head of each participant, I used seven optical 

motion capture cameras (Oqus, Qualisys Inc., Gothenburg, Sweden) to record the movement of 

both the motion platform and the head of the participant. A rigid body with five retroreflective 

markers was fixed to the motion platform, and a rigid body with four markers was fixed to a hat 

that was secured on the head of participants. Motion capture data were recorded at 60 Hz. 

 To establish the reliability of the motion platform movements I ran a correlation between 

the programmed movements of the platform and the motion capture data. I observed high 

correlations for all movement differences (rs ≥ 0.97) indicative of accurate displacements. 

4.2.2.3 Auditory masking 

 Participants were presented with a white noise auditory stimulus using a sound speaker 

that relayed sound from the host program computer. The white noise signal was generated using 

Python with the Vizard software package. This measure was taken in order to prevent the sound 

of the motion platform informing participants about their motion. 
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4.2.2.4 Proprioceptive cue reduction 

During the experiment participants were seated on a chair that was securely fastened to a 

wooden surface attached to the motion platform. I covered the surface of the chair with foam 

cushioning to mitigate the potential effects of non-vestibular somatosensory cues to motion. To 

reduce the possibility that movement distances could be revealed by vibrations of the feet, I 

requested participants to position their feet on a soft cotton pad throughout the experiment. 

4.2.2.5 Bone-conducted vibration 

I applied clinical bone vibrators (Radioear B71, New Eagle, PA, USA) to the left and 

right mastoid processes ( 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Movement apparatus. The cushioned chair was mounted on a wooden slab attached 

to the platform. 
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Figure 4.2). The vibrators operated at a frequency of 500 Hz, and a standard BCV magnitude 

was selected based on the magnitude of stimulation that produced an effect on self-motion 

perception and simulator sickness in previous studies (Weech & Troje, 2017; Weech, Moon, & 

Troje, in preparation). The voltage signal used to drive the vibrators was generated in Python 

with the Vizard software package (Version 5.0, WorldViz LLC, Santa Barbara, CA, USA) and 

delivered using a sound card attached to a custom-built audio amplifier. An elasticated head-

band secured the vibrators in place. Before the study, the experimenter demonstrated the BCV to 

the participants, but did not describe the possible perceptual effects of BCV. 

4.2.2.6 Noisy galvanic vestibular stimulation 

I used a Vestibulator (Draisey & Mullins, 2004) to electrically stimulate the vestibular 

system at the mastoid processes. I generated a zero-mean noise signal with a 1/ƒ type power 

 

 

 

 

 

 

 

 

Figure 4.2. A: Location of vibrators behind the ear. B: Depiction of apparatus secured with a 

headband. 
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spectrum and maximum amplitude of ±1.96 mA and the signal was delivered at 40 Hz using a 

host program on the workstation. I prepared the skin over the left and right mastoid processes by 

gently rubbing the skin at the application site with alcohol using cotton pads, and attached 2 cm
2
 

electrodes with conductive gel to each mastoid process. Before the study, the experimenter 

demonstrated the GVS to the participants, but did not describe the possible perceptual effects of 

GVS. 

4.2.3 Design 

There were three groups in the experiment: One received BCV during movement, one 

received noisy GVS during movement, and one received no stimulation (control).  

The amplitude discrimination task conformed to a two alternative forced choice 

paradigm. Each trial consisted of a left and a right movement that differed in distance, which I 

term here the ‘movement difference’. In each trial this variable was set to one of the following 

levels according to the method of constant stimuli: -18, -12, -6, 0, +6, +12, +18 mm. Positive and 

negative values correspond to the right and left directions, respectively. The movement 

difference values were added to an average movement distance of 25 mm (e.g., a movement 

difference of 0 could mean the first movement was +25 mm and the second was -25 mm). The 

movement differences were presented for left-then-right movements, and right-then-left 

movements, creating 14 movement differences in total. Depending on the movement difference, 

the final location of the participant was either to the right or the left of the initial position, or at 

the same location as the initial position. Each movement to the left or right lasted for 1 second, 

and there was a delay of 1 second between movements. The movement differences corresponded 
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to differences in maximum accelerations of: -0.06, -0.04, -0.02, 0, +0.02, +0.04, +0.06 m/s
2
. The 

range of movement differences is presented in Figure 4.3. 

The experiment consisted of 140 trials for each participant (7 movement differences x 2 

directions x 10 repetitions each). 

4.2.4 Procedure 

 Participants entered the testing room and were informed they would be moved on a 

motion platform twice per trial, and that each movement would last for 1 second. They were 

instructed that after each trial they should indicate ‘Was your final position to the left or right of 

your starting position?’ After they supplied informed consent to take part, they were seated on a 

chair mounted atop the motion platform. Next, if the participant was in the BCV or GVS group, 

the researcher secured the relevant vestibular stimulation apparatus to the head of the participant. 

 

 

 

 

 

 

 

 

 

Figure 4.3. Movement differences plotted in terms of position (mm) over time (seconds). The seven 

traces shown represent motion to the left (negative), then right (positive). An additional seven traces 

were used in the experiment – those moved to the right first, then to the left. Colour is used to aid 

visual separation. 
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The participant was given a wireless keyboard with which to make their response during the 

experiment. At this point a blindfold was used to deprive vision of the participant. The room was 

darkened to further prevent any use of visual cues. Next, the participant was instructed that the 

first trial would be a practice trial. The participant was moved once on the motion platform, and 

after a 1 second delay, the participant was moved again in the opposite direction. The movement 

difference for the practice trial was randomised. Throughout the trial, white noise was played 

through the sound speakers. If the participant was assigned to a noisy vestibular stimulation 

group, the noisy stimulation was applied during movement. Following the trial, the participant 

made their response by pressing the left or right arrow key on the wireless keyboard. Once a 

response was made, the next trial commenced. Once all trials were completed the experiment 

program terminated. At this stage the vestibular apparatus and blindfold were removed and the 

participant was given a verbal and written debriefing. 

4.3 Results 

4.3.1 Slope of the psychometric functions 

To establish sensitivity to self-motion, I fitted psychometric functions to individual 

participant responses with the logistic function in Matlab (Curve Fitting Toolbox). I obtained a 

slope from each psychometric function and conducted an analysis of variance (ANOVA) to test 

for an effect of stimulation type. I observed a large degree of variability in data across 

participants (Figure 4.4), but overall participants performed the task with a high degree of 

sensitivity (Figure 4.5). I did not observe a main effect of stimulation type on slopes (Figure 4.6; 

F(2, 39) = 0.19, p = .83, η
2

p = .01).  
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Figure 4.4. Psychometric functions of individual participants for bone-conducted vibration 

(BCV), galvanic vestibular stimulation (GVS), and control groups. Bold lines are group 

averages. 

BCV GVS 

Control 
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Figure 4.5. Psychometric functions for average data in each stimulation group. Error bars are 

standard errors of the means computed independently for individual data points.  

 

Figure 4.6. Average slopes of psychometric functions for each stimulation group. Error bars are 

standard errors of the means. Note, there is no significant difference between groups. 
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4.3.2 Just noticeable differences 

To establish if difference thresholds differed by stimulation, I measured JNDs for each 

participant and computed averages within each group. I adopted a standard procedure for 

calculating JNDs: the difference between the 75% and 25% thresholds divided by two (Fischer & 

Whitney, 2014). This represents the difference in maximum acceleration between two 

movements that was just noticeable. 

 Results of an ANOVA showed that there was no difference in JNDs between the three 

stimulation groups (Figure 4.7; F(2, 42) = 0.73, p = .49, η
2

p = .04). 

I wanted to compare the results of the current study with those of a previous study, where 

subjects were moved twice in the same direction and asked to indicate the greater of the two 

movements (MacNeilage et al., 2010). The Weber fractions (ratios between the JND and the 

 

 

 

 

 

 

 

 
Figure 4.7. Just noticeable differences calculated for each stimulation group. Error bars are 

standard errors of the means. Note, there is no significant difference between groups. 
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pedestal) obtained by MacNeilage and colleagues (2010) in three variations of the task were: 

0.27; 0.23; and 0.20. Although Weber fractions cannot be computed in the current study since I 

used non-constant pedestal movements, I can calculate ratios of the JNDs and the average 

maximum acceleration in the current study. These are broadly similar to those obtained by 

MacNeilage et al. (2010), particularly for the control group who experienced the most similar 

conditions to those in the comparison study (GVS: 0.038 / 0.09 = 0.42; BCV: 0.028 / 0.09 = 

0.31; Control: 0.020 / 0.09 = 0.22). 

4.3.3 Points of subjective equivalence (PSE) 

To assess whether there was a left-right bias in the amplitude discrimination task, I 

calculated PSEs (absolute thresholds) for each group and computed whether these values differed 

from zero. None of the groups had a significant bias (one sample t-tests: GVS, t(13) = 1.16, 

p = .27; BCV, t(13) = 0.01, p = .99; Control, t(13) = 1.43, p = .18; Figure 4.8), nor did I observe 

a bias when data were pooled across conditions (t(41) = 1.20, p = .24). Additionally, there was 

no main effect of stimulation on PSEs (ANOVA; F(2, 42) = 0.80, p = .46, η
2

p = .04). 
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4.3.4 Motion capture 

To determine if the motion platform movement was reflected in the movement of the 

head of the participant, I collected motion capture data for the platform and the head of the 

participant. The data were averaged across the 10 trials in each level of movement difference and 

were qualitatively evaluated. Movements of the platform transferred well to the participants, as 

the head movements and the motion platform movements appeared to be highly similar. 

However, I observed significant inter-individual differences in the pattern of head motion. An 

example of this difference is plotted in Figure 4.9. For some participants, the head moved along 

with the platform with little overshoot (e.g., Participant 37, condition 5) whereas some overshot 

considerably (e.g., Participant 36, condition 5). This pattern indicates that there was a wide range 

of head accelerations across participants in this task, even for identical movements of the motion 

platform.  

 

 

 

 

 

 

 

Figure 4.8. PSEs calculated for each stimulation group. Error bars are standard errors of the 

means. Note, there is no significant bias for any group, no overall bias, and no effect of 

stimulation group. 
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4.3.5 Sway range and sensitivity 

 Given that there were large differences in the amount of head movement experienced 

across participants, I wanted to establish the degree to which self-motion sensitivity was related 

 
 

 

 

Figure 4.9. Examples of individual differences in head movements (blue trace) produced by 

platform movement (red trace) in the same movement difference condition. Motion capture data 

were captured at 60 Hz. Traces are averages across 10 trials. 
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to the amount of head sway the participant experienced. First I found the extrema in lateral head 

positions in each trial and took the difference between them. I averaged these ranges over trials 

to compute the average head sway range for the participant. The correlation between each 

participant’s average head sway range and their sensitivity (slope) is depicted in Figure 4.10. I 

found no significant correlation when I computed Pearson correlations by stimulation group 

(GVS, r(12) = .423, p = .13; BCV, r(12) = 0.24, p = .41; Control, r(12) = 0.26, p = .37). When I 

pooled data across groups the correlation approached significance, but still exceeded the alpha 

criterion (pooled data, r(40) = 0.29, p = .060). 

 

 

 

Figure 4.10. Correlation between average head sway range and sensitivity in terms of slope. 

Note, I did not observe a significant correlation between these variables. 
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4.4 Discussion 

I ran an amplitude discrimination task to test the idea that noisy vestibular stimulation 

reduces sensitivity to self-motion. The principle aim was to test the theory that effects of noisy 

vestibular stimulation on illusory self-motion and simulator sickness are achieved through a 

reduction in vestibular reliability, which I proposed in Weech and Troje (2017; see Chapter 2) 

and Weech, Moon, and Troje (in preparation; see Chapter 3). My main prediction was that the 

slope of the psychometric functions would be shallower for the vestibular stimulation groups, 

indicative of lower sensitivity to self-motion for those groups. The results did not support this 

prediction. Overall, I conclude that vestibular stimulation had no effect on self-motion sensitivity 

in this study, although this is a qualified conclusion. It is possible that the lack of an effect on 

self-motion perception in this experiment relates to the methodological approach. I discuss this 

possibility below with the aim of providing recommendations for future studies. 

4.4.1 Possible influence of proprioception 

One interpretation of the results I obtained is that proprioception could have compensated 

for disrupted vestibular cues in estimating self-motion. Given that the task was subject to a high 

degree of sensitivity for all participants, it might be the case that there was a large degree of 

redundancy between signals used for self-motion estimation in the current task. The existence of 

significant redundancy between signals would reduce any effect of noisy stimulation on self-

motion sensitivity, since other sensory signals could have compensated well for the loss of 

vestibular cues. In line with this idea, Schweigart et al. (2002) indicated that neck proprioception 

can be used to maintain accurate self-motion perception when vestibular cues are absent or have 

deteriorated, both in the short term (e.g., compensation occurs when the body is rotated at 
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frequencies under 0.1 Hz, to which the vestibular system is less sensitive) and in the long term 

(e.g., compensation occurs after deterioration to vestibular processing related to disease or 

ageing). The idea that neck proprioception shares a processing pathway with vestibular 

information for motion perception, and that the former can compensate for the absence of the 

latter, was also hypothesized by Mergner and colleagues (1991). A controlled manipulation of 

proprioceptive sensory reliability might therefore reveal an effect of vestibular stimulation on 

self-motion sensitivity in the movement task, given that neck proprioception would be no longer 

sufficient to compensate for disrupted vestibular cues. One method of achieving a reduction in 

proprioceptive cue reliability would be to vibrate the sternocledomastoid muscle in the neck, 

similarly to Bove and colleagues (2002). Those authors found a disruption to spatial orientation 

caused by muscle vibration, which was likely related to a reduction in proprioceptive sensory 

reliability. Applying neck vibration along with noisy vestibular stimulation would be a helpful 

contribution in determining if proprioception compensated for disrupted vestibular sensation in 

the current experiment. 

4.4.2 Head movement variability 

In the current study I moved participants who were seated on a chair that was mounted on 

a motion platform and expected that a similar degree of displacement would be reflected in all 

participants. From the motion capture data I obtained from the head and motion platform, it 

appears that this was not the case. The data show the head displacement (and the resulting 

acceleration profiles) of participants were extensively variable. The most likely cause for the 

variability is the height, body type, and posture of the participants, which I did not control in this 

study. This added factor of between-subjects variance may have rendered a small effect of 

vestibular stimulation statistically undetectable. A within-subjects design would prove helpful in 
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overcoming this issue, as it would be possible to measure and account for any postural 

differences between participants that affect vestibular cues. However, such a design is 

challenging to implement given the effects of fatigue and possible sensory adaptation effects 

likely to emerge over an extended study session. In addition, it may be advisable to replicate the 

study in conditions whereby the body of the participant is constrained to the chair. To prioritize 

comfort I did not tie participants to the chair in the present study, but this manipulation seems 

likely to reduce the effect of individual differences in posture.  

4.4.3 Comparison with previous studies 

Participants were highly accurate at estimating where they had ended up compared to 

their initial location. Although substantive differences have been found between different self-

motion estimation tasks (Chaudhuri et al., 2013), the results of this study are relatively similar to 

previous work that employed a similar amplitude discrimination task in the left-right axis. 

MacNeilage and coworkers (2010) carried out a study where subjects were moved twice in the 

same direction and asked to indicate the greater of the two movements. In the current study I 

cannot directly compare data with those obtained by MacNeilage and colleagues due to large 

differences in the experimental design between this study and theirs. However, the approximate 

Weber fractions I computed are broadly similar to the Weber fractions revealed in their study, 

particularly for the control condition.  

In addition, the data obtained here are somewhat comparable to the results of another 

study that identified a scaling relationship between the pedestal and the JND in vertical self-

motion perception (Nesti et al., 2014). Those authors showed that pedestal intensities and JNDs 

were related by a power law with an exponent of ~0.5, meaning that JNDs increased more slowly 
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at greater pedestal values. Here, I found smaller JNDs than those obtained by Nesti and 

colleagues (2014), in line with the fact that I used much smaller movement displacements in this 

study than those authors did in theirs. While the current study’s results certainly do not contradict 

the power law function proposed by Nesti and colleagues (2014), I did not design the experiment 

to directly compare my results with their predictions. Indeed I tested sensitivity to horizontal 

self-motion, to which humans are more sensitive than vertical self-motion (MacNeilage et al., 

2010).  

The data obtained here show that thresholds for a horizontal self-motion task might scale 

similarly to those in other similar tasks, although I propose further tests in order to expand upon 

this possibility. 

4.4.4 Future direction 

In addition to the extensions outlined in the previous sections, several other tests will be 

required to determine how other variants of noisy vestibular stimulation affect self-motion 

perception. In the current study I used a single vibration frequency and vibration amplitude for 

BCV, and a single frequency spectrum for noisy GVS. Further tests will highlight the optimal 

tuning of these variables that is required to achieve a perceptual effect.  

I contend it will also be informative to assess the effects of continued application of noisy 

vestibular stimulation on perception of self-motion, illusory self-motion, and simulator sickness, 

over a longer term. Individuals exposed to noisy vestibular stimulation over an extended time 

period may display adaptation effects, related to an ongoing process of sensory reweighting. 

Evidence for similar processes has been reported several times in the multisensory perception 

literature. For example, sensory reweighting occurs over multiple timespans in visual-haptic 
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integration (Helbig & Ernst, 2008), visual-auditory integration (Maheu et al., 2017), visual-

vestibular integration (Fetsch et al., 2009), and visual-vestibular-proprioceptive integration 

(Assländer & Peterka, 2014). To extend the current research, one might examine if the cues 

derived from vestibular signals are downweighted after long-term use of BCV or noisy GVS, 

whereby the nervous system ‘learns’ that vestibular cues are likely to be uninformative. If a long 

term sensory reweighting is achievable using noisy stimulation, this could provide a valuable 

clinical model for vestibular dysfunction. In addition, long-term sensory reweighting would 

provide value in training programs for aeronautical pilots, for whom the process of adapting to 

multisensory mismatch can take a considerable amount of time.  

4.4.5 Conclusion 

The goal of the present study was to establish if noisy vestibular stimulation disrupts 

sensitivity to real world self-motion perception. I did not observe an effect of stimulation on 

sensitivity, and as such I was unable to clarify the mechanism through which noisy vestibular 

stimulation affected self-motion perception in previous studies (Weech & Troje, 2017; Weech, 

Moon, & Troje, in preparation; see Chapters 2 and 3). Despite failing to find an effect of 

vestibular stimulation on sensitivity, the data indicate that participants were overall very 

successful at estimating the relative size of traveled distances for very small displacements. The 

pattern of results obtained is broadly in line with previous research in similar self-motion tasks 

(MacNeilage et al., 2010; Nesti et al., 2014). I provide several recommendations for refinements 

of the testing procedure used here, and argue that noisy vestibular stimulation should be 

subjected to further testing in order to conclusively evaluate its limits and potential.  
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Chapter 5 

General Discussion 

5.1 Effects of noisy vestibular stimulation on self-motion perception 

The goal of the present research was to evaluate the potential of noisy vestibular 

stimulation on self-motion. I had a particular focus on the BCV stimulation technique in this 

regard, since BCV has not been used in previous studies of self-motion perception. Given the 

findings in Chapter 2 and 3, there is reason to believe that BCV offers an effective technique for 

reducing vection latency and reducing sickness in VR settings. Coupled with the fact that BCV is 

cheap, non-invasive, and relatively easy to implement, I conclude that there is significant 

potential for its use in consumer settings. While further developments will almost certainly 

improve on the effectiveness of the method of stimulation I used in Chapters 2 to 4, I view the 

fact that there were significant effects of BCV on self-motion under these exploratory settings as 

highly encouraging. In addition to this finding, although other researchers have already shown 

that GVS can be used to reduce sensory mismatch (Cevette et al., 2012; Reed-Jones et al., 2007), 

my experiments show for the first time that noisy GVS is sufficient to achieve a reduction in 

visual-vestibular mismatch.  

The findings of Chapter 2 and 3 show that noisy vestibular stimulation impacts self-

motion both through stimulation of non-specific vestibular afferents (GVS; Curthoys & 

MacDougall, 2012) and stimulation of the otolith organs (BCV; Curthoys et al., 2014). The fact 

that the results did not depend on the type of vestibular stimulation applied offers a clue that 

these techniques do not simply mask the afferent signals of sensory receptors in the otolith 

organs or semicircular canals, rather, that they impart a general effect on perception upstream of 
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the sense organs. I have argued that this effect takes shape in a downweighting of vestibular cues 

in multisensory integration, and suggested that the effect is likely to occur at a neural processing 

stage that involves multisensory inputs. Although Chapter 4 did not provide evidence in support 

of the model I have discussed in this thesis, future work will hopefully disambiguate the 

mechanism connecting sensory stimulation to self-motion perception. This work would be a 

useful step in evaluating the future potential of BCV use in self-motion studies, as well as its 

later employment in consumer settings. 

5.2 Sensory mismatch explains vection latency and sickness in VR 

In this research I studied vection latency and simulator sickness in VR, both of which are 

thought to be related to mismatches experienced between the visual and vestibular modalities. 

The evidence I obtained in Chapters 2 and 3 corroborates the conclusions of previous studies that 

addressed vection (Riecke, 2011; Wong & Frost, 1978; Wong & Frost, 1981) and simulator 

sickness (Duh et al., 2004; Reason & Brand, 1975; Rebenitsch & Owen, 2016) from the sensory 

conflict perspective. There are other possible interpretations of the data I have reported in this 

thesis, which I will discuss here. 

It might be the case that the vestibular stimulation I employed in Chapter 3 did not impart 

an effect on self-motion by influencing vestibular reliability, as I have claimed. Instead it is 

possible that the detection of vestibular cues was impaired in the current experiments through a 

simple masking process. When vestibular cues are masked, it is possible that a perceptual filling-

in mechanism could replace the normally expected vestibular cues at the point of stimulation. 

This process could be considered akin to the continuity illusion, where the interruption of a rising 

auditory tone with white noise is ‘filled-in’ to be perceived as one continuous tone (King, 2007; 
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Petkov et al., 2007). A strong argument against this explanation, however, arises from Chapter 2. 

There, I identified a strong reduction in vection latency for visually-simulated angular rotations 

when BCV – an otolithic stimulation – was applied. Similarly, in Chapter 3 I identified an effect 

of BCV on sickness when it was coupled to angular accelerations. If masking were the primary 

mechanism that explains the effect of noisy stimulation to self-motion, I would not expect that an 

otolithic stimulation would have any effect on angular self-motion perception. The findings of 

this thesis do not agree with this prediction, and consequently I view it as unlikely that masking 

explains the results obtained here. 

The results of Chapter 3 could also be interpreted from the perspective of another 

explanation of sickness in VR that was proposed by Stoffregen and Riccio (1991). Those authors 

suggested that sensory conflict is entirely unrelated to sickness, both in simulations and during 

vehicular travel, and instead proposed that the postural instability generated by the simulated 

visual experience predicts symptoms of sickness (also see Riccio & Stoffregen, 1991). Although 

their account of simulator sickness is simply descriptive and does not provide a reason for 

sickness symptoms (c.f. Treisman, 1977), there is some evidence showing that sensory mismatch 

is not necessary for inducing sickness (Chang et al., 2012; Villard et al., 2008). According to this 

theory, reducing instability of the body during simulator use should result in a large reduction in 

sickness. It could be claimed that participants in the experiments described here experienced a 

reduction in postural instability as a result of noisy vestibular stimulation, perhaps achieved 

through stochastic resonance (Pal et al., 2009; Pavlik et al., 1999). While it is conceivable that 

the reduction in sickness observed in Chapter 3 was achieved through a mechanism other than 

sensory mismatch reduction, I argue that the sensory mismatch account provides a parsimonious 

explanation that also addresses the findings of Chapter 2. Given that noisy vestibular stimulation 
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affected both vection latency and simulator sickness, it is likely that a common variable – that is, 

sensory mismatch – underlies both. However, despite the fact that the findings of Chapter 2 and 

3 corroborated my hypothesis, I share the view of Riccio and Stoffregen (1991) that the inability 

to directly measure sensory conflict in the brain poses a problem for research that claims to 

experimentally manipulate conflict. Further studies that employ an imaging approach might help 

to embolden the claims I have outlined here. 

5.3 Multisensory processing in vestibular cortex 

 Neurophysiological evidence may help to elucidate the process through which 

multisensory processing is affected by vestibular stimulation. Relative to other sensory systems, 

the cortical networks underlying vestibular perception are not well understood (Dietrich & 

Brandt, 2015; Lopez, 2016). Nonetheless, significant advances have been made in recent years to 

outline the proposed ‘vestibular cortex’. The posterior Sylvian fissure has been proposed as a 

central hub of vestibular processing, as well as a possible candidate site where integration occurs 

between vestibular cues and information from other modalities (Frank et al., 2016; for a recent 

review see Smith et al., 2017). Various markers of multisensory processing have been used to 

identify area PIC (posterior insular cortex) in particular as a major component of the vestibular 

cortex where multisensory integration of visual and vestibular cues is likely to occur (Billington 

& Smith, 2015; Frank et al., 2014; Frank et al., 2016; Smith et al., 2017). In addition area SMGp 

(posterior supramarginal gyrus) in the temporoparietal junction has been implicated in the fusion 

of visual, vestibular, and somatosensory cues in a transcranial magnetic stimulation study 

(Kheradmand et al., 2015). Area MST (medial superior temporal visual area) is also implicated, 

as responses in MST allow decoding of visual-vestibular stimulations using functional imaging 

data (Billington & Smith, 2015). While area PIVC (parieto-insular vestibular cortex) plays a 
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crucial role in vestibular perception, and has been posed as a candidate for multisensory 

processing (Shinder & Newlands, 2014), others have refuted this idea given that PIVC neurons 

are typically not excitable by visual cues (Chen et al., 2010; Smith et al., 2017). 

Consulting this research provides a basis for the future assessment of the impact of noisy 

vestibular stimulation on multisensory integration. Coupling imaging techniques with BCV or 

noisy GVS could grant a physiological basis for my proposal that sensory reliability is reduced 

by these techniques. It may be sufficient to measure the amplitude of population activity to 

characterize the degree to which sensory reliability is reduced (Ma et al., 2006). A study that 

employs ideal observer analysis for visual-vestibular cue combination would be able to assess 

the degree to which changes in vestibular reliability are generated by these techniques. An ideal 

observer model will respond predictably to a reduction in the reliability of a modality, 

upweighting the cues related to the sense that has increased relatively in terms of sensory 

reliability (Geisler, 2003). Previous studies on visual-vestibular integration have taken advantage 

of visual reliability manipulations (Fetsch et al., 2010; Fetsch et al., 2012; Fetsch et al., 2009; 

Morgan et al., 2008), and a symmetric approach where vestibular reliability is also manipulated 

would likely prove informative. Another avenue of interest would be to replicate the effects 

observed here by stimulating multisensory vestibular cortex, rather than directly stimulating 

vestibular afferent nerves (as with GVS) or the otolith organs (as with BCV). Techniques such as 

rTMS or tDCS applied to locations such as PIC could be used to achieve this; to my knowledge, 

no study has investigated whether these methods have the potential to reduce sickness or increase 

immersion in VR. While there is clearly a higher degree of invasiveness associated with these 

techniques compared to BCV, such a study would help to illuminate the validity of the sensory 
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mismatch theory that underpins the approach taken in this thesis to studying the self-motion 

phenomena addressed here. 

5.4 Future research directions  

 I have presented two studies where noisy vestibular stimulation was used to influence 

vection and sickness in VR, but there are likely to be several other scenarios for the use of the 

technique. One avenue of potential research involves the exploration of vestibular stimulation to 

produce long-term sensory adaptation effects. If a modality provides information that is not 

reliable over a long term, this likely provides a good cause for the nervous system to learn to 

disregard information derived from this sense. One piece of evidence from the results of Chapter 

2 could be taken as a clue to the possible long-terms effects of BCV stimulation. In both 

experiments on simulator sickness, I identified no difference between the group that received 

random vibration and the control group, which I took as confirmation that random vibration does 

not affect sickness. However, the data obtained in the random vibration group also did not differ 

from the data of the coupled group, where vibration was coupled to visual accelerations. What 

could explain the fact that random vibration was not different to either the control or the coupled 

vibration conditions? I believe that this finding may reflect a general effect of BCV on sensory 

reliability if it is applied repeatedly over time, regardless of its correlation with visual signals. 

Such long-term reweighting can be considered as a separate mechanism to that which I discussed 

in Chapter 3, where I have claimed that BCV reduced vestibular reliability over a short-term 

timescale. Although I can only speculate at this stage, it is possible that the random BCV group 

would have shown significantly less sickness than controls if the experiment had continued for a 

longer period of time. Future experiments will be required to test this prediction. 
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If long-term effects of BCV on vestibular reliability are identified, it will be important to 

characterize their time course of extinction. It has been shown that the effects of sensory 

reweighting can last for several days, or more (e.g., Haran & Keshner, 2008; Tjernström et al., 

2010). One might envisage significant potential in taking advantage of the possibility to re-learn 

sensory contingencies in this manner. For example, some practical situations – such as 

spaceflight or extended seafaring – require individuals to disregard sensory mismatch over a 

prolonged period. Significant amounts of time are typically required for aeronautical pilots to 

adapt to the lack of gravitoinertial vestibular cues in spaceflight (Harris et al., 2017; Wood et al., 

2011). It is possible that the adaptation process is hastened by the application of noisy 

stimulation, providing the user with requisite time to downweight vestibular cues.  

 The BCV method used in this thesis was accompanied by audible 500 Hz sound, which is 

likely to interfere with the pleasance of the user’s VR experience. One important step required 

for development of the technique into a practical application is to investigate the possibility of 

delivering inaudible vibrations. Given that humans are sensitive to a range of frequencies 

between 20 – 20,000 Hz, the frequencies worth investigating for subliminal delivery are 

infrasound (below 20 Hz) and ultrasound (above 20,000 Hz). On the other hand, these frequency 

bands are not known to stimulate the vestibular system well based on physiology recordings 

(Sheykholeslami et al., 2001). It remains to be seen whether there are any inaudible frequency 

bands for which similar effects to those observed in Chapter 2 and 3 can be produced. 

 As discussed above, there are few aspects of the noisy vestibular stimulation that have 

been tested in the current research. I did not vary the magnitude and frequency of BCV 

stimulation, for example, and significant further tests are required to fully characterize the tuning 

curve that relates the frequency of stimulation to effectiveness in terms of perceptual outcomes. 
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Given the length of time that would be required to test several stimulation frequency bands and 

several perceptual outcomes (e.g., sickness, vection, and other variables of interest such as 

perceptibility of stimulation or self-reported immersion ratings), I did not carry out these tests in 

the current research. However, I envisage considerable utility of this undertaking, particularly 

with a view to developing a practical user technology based on the methods used here. One of 

the aims in Chapter 4 was to establish a reliable method for measuring the effects of noisy 

vestibular stimulation on perception, which I aimed to take forward in future tests that 

characterize the stimulation parameters in more detail. Given that the expected results did not 

emerge in Chapter 4, it will be necessary to rectify the methodological issues involved in the task 

before using this method to conduct a full parametric test of the stimulation techniques. 
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Conclusion 

Taken together, the results of this research advance the process of solving significant 

issues that surround the use of modern VR technology. I produced evidence that a non-invasive 

vestibular stimulation technique reduces vection latency and reduces sickness in VR settings. 

This provides a strong basis upon which future studies should be built, with the joint aims of 

illuminating the mechanism through which the effects are achieved, and refining the technique 

for practical purposes. The absence of support for my predictions in Chapter 4 in particular 

highlights the fact that further studies are required in order to confirm the manner in which noisy 

vestibular stimulation affects self-motion perception. 
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Appendix 

Simulator Sickness Questionnaire 

Please fill in this questionnaire. Circle below if any of the symptoms apply to you now. 

  

1. General discomfort   None  Slight  Moderate      Severe 
 

2. Fatigue    None  Slight  Moderate      Severe 
 

3. Headache    None  Slight  Moderate      Severe 
 

4. Eyestrain    None  Slight  Moderate      Severe 
 

5. Difficulty focusing   None  Slight  Moderate      Severe 
 

6. Salivation increase   None  Slight  Moderate      Severe 
 

7. Sweating    None  Slight  Moderate      Severe 
 

8. Nausea     None  Slight  Moderate      Severe 
 

9. Difficulty    None  Slight  Moderate      Severe 

concentrating 
 

10. "Fullness of the head"  No      Yes (  Slight      Moderate            Severe  ) 
 

11. Blurred vision   No      Yes (  Slight      Moderate            Severe  ) 
 

12. Dizziness eyes open   No      Yes (  Slight       Moderate            Severe  ) 
 

13. Dizziness eyes closed  No      Yes (  Slight       Moderate            Severe  ) 
 

14. Vertigo    No      Yes (  Slight      Moderate            Severe  ) 
 

15. Stomach awareness   No      Yes (  Slight       Moderate            Severe  ) 
 

16. Burping    No      Yes (  Slight      Moderate            Severe  ) 

 

Kennedy, R. S., Lane, N. E., Berbaum, K. S. and Lilienthal, M. G. (1993). Simulator sickness questionnaire: An 

enhanced method for quantifying simulator sickness. International Journal of Aviation Psychology, 3, 203-220. 
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