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Abstract 

Background: The vestibular system provides a comprehensive estimate of self-motion in 3D 

space. Widely used to artificially stimulate the vestibular system, binaural-bipolar square-wave 

Galvanic Vestibular Stimulation (GVS) elicits a virtual sensation of roll rotation. Postural 

responses to GVS have been clearly delineated, however quantifying the perceived virtual 

rotation vector has not been fully realised. 

Objective: We aimed to quantify the perceived virtual roll rotation vector elicited by GVS 

using a psychophysical approach on a 3D turntable.  

Methods: Participants were placed supine on the 3D turntable and rotated around the naso-

occipital axis while supine and received square-wave bipolar-binaural GVS or sham 

stimulation. GVS amplitudes and intensities were systematically manipulated. The turntable 

motion profile consisted of a velocity step of 20°/s2 until the trial velocity between 0-20°/s was 

reached, followed by a 1°/s ramp until the end of the trial. In a psychophysical adaptive 

staircase procedure, we systematically varied the roll velocity to identify the exact velocity that 

cancelled the perceived roll sensation induced by GVS.  

Results: Participants perceived a virtual roll rotation towards the cathode of approximately 2o/s 

velocity for 1 mA GVS and 6o/s velocity for 2.5 mA GVS. The observed values were stable 

across repetitions. 

Conclusions: Our results quantify for the first time the perceived virtual roll rotations induced 

by binaural-bipolar square-wave GVS. Importantly, estimates were based on perceptual 

judgements, in the absence of motor or postural responses and in a head orientation where the 

GVS-induced roll sensation did not interact with the perceived direction of gravity. This is an 
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important step towards applications of GVS in different settings, including sensory substitution 

or Virtual Reality.  
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Introduction 

 Moving through the environment elicits a host of multisensory information regarding 

the location of the body in 3D space. The visual system detects optic flow from the external 

world, proprioception signals the position of the body, and vestibular signals provide 

information regarding acceleration of the head [1]. Vestibular signals are particularly important 

for self-motion [3,9,10], and the integration of signals from the semi-circular canals and otolith 

organs provides us with a comprehensive representation of the motion of our head in the three-

dimensional (3D) space [7,17].  The vestibular system can be artificially stimulated. A widely 

used method is Galvanic Vestibular Stimulation (GVS). Electrodes are placed on the mastoids, 

stimulating the vestibular nerve [8,21,33]. Although debate is still ongoing, it seems likely that 

GVS affects the vestibular nerve, and therefore stimulates both semicircular canal and otolith 

afferents [8,21,23,33] (but see [6] for contrasting findings). Often, a bipolar-binaural 

configuration is used, with anodal currents decreasing vestibular nerve firing rates and cathodal 

currents increasing them [18]. Different waveforms of stimulation can be used, including 

stochastic stimulation to increase noise in the vestibular nerves, or square-wave (i.e. step or 

boxcar) stimulation to elicit virtual sensations of rotation. A wide bilateral cortical network has 

been shown to be activated by GVS, including the insula, parietal operculum, midcingulate 

cortex, and somatosensory cortices [12,26,27]. In the past decades, GVS has been largely used 

to investigate the role of the vestibular system in a range of perceptual and cognitive tasks, 

including body representation, decision making and visual spatial attention [13,25,28,35].  

Postural responses are triggered by GVS when participants are standing [4,14,37]. 

Wardman, Day and Fitzpatrick (2003) administered 0.3 mA and 0.5 mA of GVS in a boxcar 

waveform to participants standing upright and measured the postural response during and after 

eight seconds of stimulation [37]. The GVS postural response was divided into three phases. 

First, an initial rapid step with an average velocity of 15mm/s-1 was seen in the direction of the 
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anode. This phase of the response lasted between 0.4-0.9 seconds after stimulation onset. Next, 

a constant velocity  ramp  of approximately 4mm/s-1 continued from 1.6-6 seconds after GVS 

onset. Finally, a rapid movement towards the original starting point with a velocity of 

approximately 10mm/s-1 was seen at 8.4-8.9s after GVS onset (0.4-0.9s after GVS offset). 

Importantly, stimulation intensity seems to be crucial: GVS at 0.5 mA resulted in a greater 

displacement than stimulation at 0.3 mA [37]. Interestingly, modifying the position of the head 

relative to the body can change the postural response elicited by GVS. Cathers et al. (2005) 

administered 2 mA of boxcar GVS when the head was turned over the shoulder and either 

upright or pitched downwards [4]. By adopting these head postures, the axis of rotation shifts 

from a sensation of roll to pitch or yaw respectively in head coordinates. Crucially, while a 

sensation of pitch requires significant postural adjustments to maintain balance, the sensation 

in yaw does not. Accordingly, when the head was upright, a large sway response towards the 

anode was seen at GVS onset, with a return to the original posture on GVS offset. By contrast, 

when the head was positioned downwards, only small transient responses towards the cathode 

were seen. Taken together, these results suggest that vestibular inputs from GVS are integrated 

in function of head position, resulting in altered sensations of motion and appropriate postural 

responses [4]. 

But what is the perceptual sensation evoked by GVS?  It has been consistently reported 

that binaural-bipolar GVS results in a polarity-dependent virtual roll-rotation vector, where the 

individual perceives a sense of roll rotation towards the cathode [4,14,15]. It has been proposed 

that the virtual rotation vector induced by GVS arises as a result of changes in vestibular 

afferent firing rates mimicking a real motion of the head in space [8,14]. Real head motion 

stimulates one or more pairs of semicircular canals, generating opposite changes in the firing 

rates of the respective vestibular afferents. The change in firing rate corresponds to the 

magnitude of the rotation vector perpendicular to each semicircular canal plane. The signals 
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from the semicircular canals can therefore be vector summed to provide a net rotation vector 

in skull-fixed coordinates. When the system is stimulated using GVS, the semicircular canal 

vector depends on GVS intensity, with larger perceived rotation amplitudes with higher GVS 

intensities [8]. The net GVS-evoked virtual rotation vector is then computed as a vector dot 

product between gravitational cues regarding the location of the head in space and the 

semicircular canal vector sum, resulting in a rotation axis estimated to pass 18.8o below Reid’s 

plane [8,14]. Given the angle of the GVS rotation axis, perceived rotation reverses direction 

when the head is pitched backwards or forwards [8]. Crucially, the previously described 

postural responses appear to accord with these predictions [4,36].  

 While neuroimaging and postural effects of GVS have been extensively studied, a 

detailed quantification of the perceived virtual rotation vector has not yet been achieved. 

Quantifying the self-motion sensation elicited by GVS is an essential step not only for the 

theoretical understanding of this technique, but also for  potential applications. For example, 

GVS could be used as a sensory substitution method in patients with bilateral vestibular loss 

who may benefit from the stimulation to restore lost vestibular function [30,39], as well as 

provide additional vestibular cues in Virtual Reality (VR) settings [5,32]. Precise estimates of 

the natural equivalent motion of GVS need to be described for these applications to be effective. 

Importantly, it is still unknown whether the virtual rotation sensation evoked by GVS is stable 

across time and multiple exposures. Ertl, Klimek, Boegle, Stephan and Dieterich (2018) found 

that GVS detection thresholds for binaural-bipolar boxcar stimulation were similar across 

repeated sessions on different days, which might suggest that the sensations evoked by GVS 

are similar across different exposures [11]. Whether the virtual rotation percept itself remains 

robust across time has not been investigated. Here we aimed to quantify the natural equivalent 

perceived motion of binaural-bipolar boxcar GVS by estimating the point of equivalence 

between passive natural motion and GVS sensations and investigated its stability over time.  
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Given previous research [4,8,36], we expected participants to experience a sensation of roll 

rotation towards the cathode, and we expected no significant difference between repeated 

sessions.  

 

Methods 

Ethics 

 The experimental protocol was approved by the Canton of Zurich ethics committee. 

The study was conducted in line with the Declaration of Helsinki. Written informed consent 

was obtained from participants prior to commencing the study.  

 

Participants 

 Eight participants (three female, mean age = 34.38, SD = 12.34) completed our 

psychophysical study, including authors M.G., G.B., F.R. and C.B.. Six participants were right-

handed according to their Edinburgh Handedness Inventory [29] scores, while the remaining 

two were left-handed. Exclusion criteria were any history of neurological, psychiatric, or 

vestibular conditions, epilepsy or family history of epilepsy. All participants’ data was included 

in the final analysis, resulting in a total sample size of eight participants.  

 

Procedure 

 After completing informed consent procedures, participants were given task 

instructions. Here we attempted to find the physical rotation stimulus that precisely cancelled 

the percept evoked by GVS. Participants were secured on a human 3D-Turntable at University 

of Zurich, Department of Neurology, positioned so that the centre of the head was at the 

intersection of the three rotation axes. A response bar and button were fixed just in front of the 
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participants’ hands. At the beginning of the experiment, the turntable was rotated such that the 

participants were supine during the experiment. This posture was chosen to minimise 

confounds of position change with respect to gravity during the trials. The experiment consisted 

of trials where physical motion stimuli were delivered by rotating the turntable clockwise and 

anticlockwise around an Earth vertical axis passing through the centre of the head. These 

stimuli elicited a roll sensation to the left and right respectively.  

The motion profile of the turntable in each trial consisted of a “velocity step” followed 

by a ramp to counteract semicircular canal adaptation, and to mimic GVS sensations as closely 

as possible [36,37]. For the steps, the 3D-Turntable moved with an initial acceleration of 20o/s2 

until the trial velocity was achieved. Potential trial velocities could range from 0-±20°/s in 

0.5°/s steps. The turntable continued to accelerate steadily at 1o/s/s (ramp) until the end of the 

trial (i.e. once a response had been provided or after 5 seconds). An example velocity, 

acceleration, and position plot can be seen in Figure 2. Once the turntable stopped rotating, the 

participants were instructed to commence the next trial only once all sensations of rotation had 

subsided. A minimum break of two seconds was enforced between trials. The experiment was 

conducted in darkness, so no visual cues for rotation were available. In addition, padding was 

placed around the participants’ legs, to minimise somatosensory cues during rotation.  

 GVS was administered by a commercial stimulator (Good Vibrations Engineering Ltd., 

Nobleton, ON, Canada). Electrodes measuring approximately 4cm2 were coated with NaCl 

electrode gel and placed on the mastoids (GVS) or on the base of the neck (Sham), 

approximately located at the C7 vertebral bone. Left-anodal/right-cathodal (L-GVS) 

stimulation was applied for clockwise trials while right-anodal/left-cathodal (R-GVS) 

stimulation was applied for anticlockwise trials. As GVS induces a sensation of rotation 

towards the cathodal side, the stimulation therefore induced a rotation sensation in the opposite 

direction to the rotation of the 3D-Turntable – for example, L-GVS induces a perception of 
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anticlockwise roll rotation (towards the right ear), and was therefore combined with clockwise 

(towards the left ear) turntable rotation (Figure 1A). GVS was administered at two different 

intensities. Both rotation staircases included both polarities of GVS in a boxcar waveform of 

5.5 seconds duration, with separate blocks of 1 mA and 2.5 mA.  

A sham stimulation condition was also used to control for non-specific sensations, in 

which stimulation was applied via the electrodes placed on the base of the neck. This 

stimulation therefore elicits similar cutaneous sensations as GVS without subsequent activation 

of the vestibular nerve, resulting in no sensations of rotation. This type of stimulation may also 

control for the participants’ idea that an unusual stimulation is occurring, accounting for 

cognitive factors. Sham stimulation was 2.5 mA, 5.5 seconds duration, and also delivered in 

left-anodal/right-cathodal (L-Sham) and right-anodal/left-cathodal (R-Sham) polarities 

according to the direction of 3D-Turntable rotation. Sham at 2.5 mA was chosen to control for 

the highest intensity of GVS used in the active stimulation conditions.  

The QUEST+ algorithm was used to select trial velocities [38]. QUEST+ is a Bayesian 

adaptive method in which psychometric function parameters are estimated after each trial and 

next stimulus values are selected. Prior probability distributions for each parameter are first 

specified, determining the initial stimulus velocity to be presented to the participant. Following 

each trial, best fitting estimates of the psychometric function parameters are determined from 

the resulting posterior distribution based on previous responses and stimulus velocities. The 

next trial velocity is selected based on the value which minimises expected entropy. Testing is 

stopped when entropy is minimised.  

Participants pressed a button to start each trial. Once the button was pressed, the 

turntable started to move according to the velocity selected by the QUEST+ algorithm [38] and 

the GVS/Sham stimulation was triggered. Two seconds after the turntable had reached the 

selected velocity, a beep was sounded to indicate that the participants should report their 
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perceived direction of rotation by rotating the bar clockwise or anticlockwise. Approximately 

50 trials were used for both clockwise and anticlockwise staircases, depending on minimum 

entropy. The staircases were interleaved within each block, resulting in approximately 100 

trials per block.  

Participants completed four sessions on different days, separated by four days to one 

week. In each session, all participants first completed the baseline block with sham stimulation, 

while 1 mA and 2.5 mA GVS conditions were counterbalanced across participants and sessions 

such that each participant completed each order (i.e., 1 mA or 2.5 mA first) twice across their 

four sessions. A practice block of 10 trials was completed by all participants before the first 

session.  

 

Data Analysis 

 Data from each staircase were fitted with cumulative normal psychometric functions in 

MATLAB r2017a. The point of subjective equality (PSE) indicated the velocity at which GVS 

and turntable rotation sensations were cancelled, and was given by the velocity corresponding 

to 50% ‘clockwise’ responses.  Positive PSE values corresponded to a perceived anticlockwise 

rotation of the head (i.e., a clockwise chair rotation was necessary to cancel the illusory 

motion), while negative values corresponded to a perceived clockwise rotation of the head. The 

Just Noticeable Difference (JND) indicated the participants’ precision, and was given by the 

standard deviation of the psychometric function. The standard deviation is calculated as the 

inverse of the slope of the cumulative normal psychometric function [22]. Lower JNDs 

indicated greater precision. An example psychometric function and staircase progression can 

be seen in Figure 3.  

PSEs and JNDs were calculated for each participant, GVS amplitude, and session. Data 

which was ±2 median absolute deviations from each participants’ median PSE and/or JND was 
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excluded. PSEs and JNDs were fitted with linear mixed effects models in R with lme4 [2,31]. 

GVS Amplitude and Sessions were fixed factors and Participant was a random factor. 

Likelihood ratio tests with and without the fixed effects in question were used to obtain p 

values.  

 

Results 

Point of Subjective Equality  

Overall means and standard errors of PSE values between Sham stimulation and both 

GVS amplitudes can be seen in Figure 1B. As expected, descriptive statistics showed that Sham 

stimulation elicited no motion sensations, with values close to 0. Importantly, GVS elicited a 

sensation of roll rotation towards the side of the cathode, as expected from previous research 

[4,15]. Moreover, the PSE increased with higher amplitudes of GVS, such that higher velocities 

of natural vestibular stimulation were required to cancel the GVS sensations.  

The best-fitting linear mixed effects model for PSE values during L-GVS was one 

including only GVS Amplitude as a fixed factor (AIC = 352.12; Χ2(2) = 42.24, p < .001). The 

intercept for this model (i.e., the motion sensation induced by Sham stimulation) was 0.33o/s ± 

0.88 (SE). 1 mA GVS increased the PSE by 1.60o/s ± 0.78 (SE) from Sham values on average, 

while 2.5 mA GVS increased the PSE from Sham on average by 5.83 o/s ± 0.76 (SE). The 

random effect of Participant had a variance of 3.93. 

Similar effects were seen on PSE values for R-GVS (AIC = 320.83; Χ2(2) = 55.91, p < 

.001). For this polarity, the intercept was -0.22o/s ± 0.64 (SE), with 1 mA GVS decreasing PSE 

estimates from Sham values on average by -1.23 o/s ± 0.69 (SE), and 2.5 mA decreased the 

PSE from Sham on average by -6.41 o/s ± 0.68 (SE). The random effect of Participant had a 

variance of 1.50. 
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Neither model including Session as a fixed factor was significantly better at predicting 

thresholds than the GVS Amplitude only model (p > .05). PSEs for L-GVS and R-GVS across 

each session can be seen in Table 1. Summary statistics (means and SDs averaged across the 

four sessions) for each participant can be seen in Table 2. Interestingly, PSEs varied 

considerably across participants, suggesting high individual variability in GVS perception 

across individuals. Importantly, however, all participants showed the same increase in PSE 

value with higher amplitudes of stimulation, despite general variability across individuals. 

Accordingly, the individual differences are likely to result from genuine differences in the 

perceptual experience of GVS, as opposed to methodological differences, such as electrode 

placement.  

 

Just Noticeable Difference 

Means and standard errors for JNDs between Sham and both GVS amplitudes can be 

seen in Figure 1C. Descriptive statistics showed that precision decreased with GVS vs Sham 

stimulation, with decreased precision also with increasing amplitudes of GVS.  

The best-fitting linear mixed effects model for JNDs during L-GVS was one including 

only GVS Amplitude as a fixed factor (AIC = 278.00; Χ2(2) = 34.11, p < .001). The intercept 

(i.e., precision during Sham stimulation) was 1.09o/s ± 0.49 (SE). 1 mA GVS increased JNDs 

from Sham on average by 1.01 ± 0.46 (SE), while 2.5 mA GVS increased JNDs from Sham by 

3.00 ± 0.45 (SE) on average. The random effect of Participant had a variance of 1.12. 

Similar effects were seen for R-GVS (AIC = 324.06; Χ2(2) = 32.92, p < .001). For this 

polarity, the intercept was 1.11o/s ± 0.69 (SE). 1 mA GVS increased JNDs from Sham on 

average by 0.63 ± 0.70 (SE), while 2.5 mA increased JNDs from Sham by 4.31 ± 0.69 (SE) on 

average. The random effect of Participant had a variance of 1.95.  
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Neither model including Session as a fixed factor was significantly better at predicting 

JNDs than the GVS Amplitude only model (p > .05). JNDs for L-GVS and R-GVS across each 

session can be seen in Table 3. Summary statistics (means and SDs averaged across the four 

sessions)  for each participant can be seen in Table 4. 

 

Discussion 

 GVS has been widely used in research to investigate the role of vestibular afferents in 

postural control, perception, and cognition [13,25,28,35]. Although previous research has 

systematically quantified the postural responses elicited by GVS [4,36,37], precise estimates 

of the perceived virtual rotation vector have not been fully described. In the present study, for 

the first time, we estimated the point of equality between GVS-induced virtual rotation and 

natural rotation. In addition, we also demonstrated that the GVS-induced virtual rotation was 

stable across repeated exposures. Our finding corroborates previous accounts [4,8,14,37], as 

both GVS at both 1 mA and 2.5 mA induced a virtual roll-rotation towards the cathode. The 

direct quantification of the perceived virtual rotation vector allowed us to demonstrate how it 

increased with higher amplitudes of GVS. Namely, GVS elicited a virtual roll rotation vector 

of approximately 2o/s velocity for 1 mA stimulation and 6o/s velocity for 2.5 mA stimulation.   

Our findings suggest that the percept induced by GVS does not increase simply as a 

result of increased arousal or attention to the stimulation. Rather, the virtual rotation vector 

occurs as a direct result of changes in afferent modulation. This finding has very important 

consequences for the use of GVS, as it confirms that it can be used to induce reliable vestibular-

driven illusory self-motion sensations in the absence of other sensory signals. Furthermore, the 

present study also quantitatively shows which intensity of GVS should be used to induce 

vestibular-driven self-motion sensations, how reliable the effect is across repetitions, and 

provides a glimpse into how much it may vary across individuals. Such direct evidence was 
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not available from previous studies that have investigated the GVS virtual rotation vector 

indirectly through examining postural responses to the stimulation [4,8,14,36,37].  

We used a boxcar GVS waveform, with stimulation rapidly reaching its target 

amplitude, remaining at this intensity for 5.5s, before a rapid offset. In contrast, the rotating 

chair was moved using a velocity step of 20°/s acceleration until the target velocity was 

reached, and continued with a 1°/s ramp until the end of the trial. This rotation profile was 

chosen to avoid semicircular canal adaptation and to mimic previously-reported GVS postural 

responses [36]. However, consequently the rotating chair could not reach its target velocity as 

quickly as the GVS reached its target intensity, potentially limiting the amount of rotation 

cancellation during each individual trial. To mitigate this impact, we asked participants to 

report their rotation direction ~2s after target chair velocity had been reached, avoiding any 

potentially confusing sensations during the initial rotation and GVS onset. Importantly, no 

participants reported difficulty in determining rotation direction at this point in the trial, 

suggesting that differences in GVS and natural rotation onset had stabilised by the time of 

response.  

Moreover, in the present experiment we attempted to couple physical rotations from the 

chair with virtual rotations from the GVS as closely as possible. As the rotation induced by 

GVS is theorised to be through an axis passing 18.8° below Reid’s Plane [8,14], the axis of 

rotation on the turntable was aligned with the centre of the head. Given the complexity of 

combined and conflicting rotation stimuli, and the uncertainty surrounding the percept induced 

by GVS, we cannot exclude that the final combined rotation percept was more complex, and 

may not necessarily be centred on the head [20]. In the present experiment, we believe that our 

psychophysical task enabled us to ascertain whether participants perceived any residual 

rotation and accordingly the Point of Subjective Equality is likely a reliable estimate of the 
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GVS equivalent of physical rotation. However, future research should explore the possibility 

of combining different rotation axes and how they accord with virtual rotation induced by GVS. 

Considerable variability across individual PSEs emerged in our data, suggesting 

participants differed in their subjective experience of GVS. Importantly, all participants 

showed an increase in the velocity required to cancel higher intensities of GVS, suggesting that 

the initial variability is due to individual sensitivity to stimulation, as opposed to 

methodological issues such as electrode placement. Accordingly, future applications of GVS 

will require calibration to the individual.  

Here we considered roll motion while participants were supine. This posture was 

chosen to avoid participants utilising additional postural cues with respect to gravity as the 3D 

turntable moved. The integration of both semicircular canal and otolith cues is vital for 

accurately estimating self-motion. In particular, inertial acceleration from both tilting the head 

relative to gravity and linear translation produces an identical response at the otoliths [1,16,19]. 

Thus, semicircular canal cues must be integrated with otolith cues to distinguish between tilt 

and translation. Importantly, an internal model of the effects of rotation is used to predict the 

otolith response, and discrepancies are interpreted as due to linear acceleration [24]. Thus, if a 

roll rotation signal from the canals during GVS with the head upright occurs, the lack of a 

signal from the otoliths indicating head tilt relative to gravity is interpreted as meaning the head 

is simultaneously undergoing interaural translation.    Thus, the perceived motion varies as a  

function of the position of the head with respect to gravity [8]. However, when supine only 

dynamic angular acceleration cues can be used to estimate self-motion in the coronal plane of 

the body [34]. As such, further research could therefore investigate whether similar equivalent 

velocities are elicited from rotation on other axes with respect to gravity. Previous studies have 

focused on the postural effects of GVS have frequently applied stimulation while the head is 

tilted forwards, therefore eliciting a sensation of whole-body yaw, rather than head roll [4,8]. 
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In this position, smaller postural responses are elicited, potentially due to lower demands for 

maintaining balance in comparison to a roll rotation of the head [4]. It may therefore be 

interesting to explore whether the velocity of the virtual rotation is similar or attenuated when 

participants perceive body yaw by tilting the head during GVS.  

In the past few decades, several studies have considered the effect of GVS on 

behaviour, and have clearly mapped postural and neuroimaging responses 

[4,8,12,14,26,27,36,37]. However, no studies have precisely quantified the perceived virtual 

rotation induced by the artificial vestibular stimulation. Our results suggest that GVS induces 

a perception of roll rotation towards the cathode, with a velocity ranging from ~1-10°/s across 

individuals, increasing with higher intensities, and stable within individuals across time.  
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Table 1. Mean (SD) PSEs across GVS amplitudes, polarities, and experiment sessions. 

 Sham 1 mA 2.5 mA 

Session L-Sham R-Sham L-GVS R-GVS L-GVS R-GVS 

1 0.74 (0.89) -0.48 (0.67) 2.82 (3.08) -1.03 (0.79) 7.63 (7.51) -7.42 (3.86) 

2 0.44 (0.46)  0.11 (0.43) 2.27 (2.93) -1.56 (0.77) 6.02 (5.53) -5.17 (4.81) 

3 0.07 (0.35) -0.30 (0.41) 1.81 (1.34) -1.49 (1.07) 4.67 (2.94) -7.73 (5.66) 

4 0.28 (0.17) -0.54 (0.87) 1.09 (0.58) -1.87 (1.11) 4.74 (4.13) -4.37 (3.46) 
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Table 2. Mean (SD) PSEs averaged across sessions for each Participant, GVS Polarity 

and Amplitude. 

 Sham 1 mA 2.5 mA 

Participant L-Sham R-Sham L-GVS R-GVS L-GVS R-GVS 

1  0.31 (0.29)  0.13 (0.23) 2.94 (0.53) -0.87 (0.13)  5.85 (0.01) -8.92 (1.12) 

2  0.31 (0.13) -0.29 (0.23) 0.87 (0.03) -1.00 (0.15)  2.94 (1.45) -4.88 (6.41) 

3 -0.04 (0.19) -0.50 (0.08) 1.15 (0.24) -2.10 (0.09)  3.54 (1.54) -7.52 (0.59) 

4  0.69 (0.31) -1.06 (1.53) 2.94 (0.11) -2.54 (0.17) 10.81 (0.11) -10.27 (0.21) 

5  0.16 (0.01)  0.06 (0.12) 1.39 (0.23) -0.40 (0.20)  2.85 (1.24) -2.33 (0.82) 

6  0.42 (0.17)  0.06 (0.12) 0.83 (0.08) -0.20 (0.09)  4.73 (1.74) -4.23 (1.17) 

7  0.25 (0.53) -0.77 (0.27) 0.13 (0.47) -2.31 (0.70)  2.84 (1.49) -3.9 (0.99) 

8  0.60 (1.27) -0.31 (0.35) 5.43 (3.33) -2.20 (0.51) 19.94 (4.53) -13.56 (4.06) 
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Table 3. Mean (SD) JNDs across GVS amplitudes, polarities, and experiment sessions. 

 Sham 1 mA 2.5 mA 

Session L-Sham R-Sham L-GVS R-GVS L-GVS R-GVS 

1 1.21 (0.17) 1.59 (1.65) 2.65 (2.4) 2.26 (2.06) 5.23 (3.29) 4.49 (4.25) 

2 1.24 (0.63) 1.72 (1.48) 2.43 (1.59) 2.00 (1.08) 3.56 (2.27) 6.49 (5.49) 

3 0.79 (0.33) 0.76 (0.33) 1.97 (1.39) 1.66 (0.63) 3.57 (3.26) 6.53 (5.14) 

4 0.70 (0.21) 0.95 (0.93) 1.51 (0.4) 1.55 (1.00) 2.86 (1.45) 3.29 (1.91) 
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Table 4. Mean (SD) JNDs averaged across sessions for each Participant, GVS Polarity 

and Amplitude. 

 Sham 1 mA 2.5 mA 

Participant L-Sham R-Sham L-GVS R-GVS L-GVS R-GVS 

1 0.99 (0.07) 0.84 (0.43) 3.19 (0.24) 1.50 (1.48) 7.77 (0.54)  4.89 (0.83) 

2 1.12 (0.01) 0.56 (0.13) 1.19 (0.11) 2.21 (0.65) 3.34 (1.45) 15.08 (1.69) 

3 0.85 (0.15) 0.69 (0.08) 1.50 (0.46) 1.45 (0.08) 1.63 (0.66)  2.22 (0.23) 

4 1.31 (0.74) 3.13 (0.31) 1.82 (0.44) 1.53 (1.07) 1.87 (0.20)  2.34 (0.09) 

5 0.51 (0.02) 0.45 (0.20) 2.37 (1.25) 0.64 (0.23) 8.07 (2.35)  3.58 (1.28) 

6 0.83 (0.44) 0.35 (0.12) 0.61 (0.07) 0.80 (0.48) 1.91 (0.41)  2.40 (0.50) 

7 0.92 (0.80) 0.88 (0.28) 1.57 (0.75) 2.66 (0.37) 2.87 (1.16)  2.89 (2.37) 

8 1.01 (0.34) 2.37 (1.87) 4.11 (2.66) 3.26 (1.95) 7.40 (0.86)  8.38 (1.21) 
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Fig. 1. Experiment set up and results. A) 3D turntable and GVS configuration. GVS always 

elicited virtual rotation in the opposite direction to the physical rotation. B) PSE results across 

GVS amplitudes and polarities. Bars represent the mean, error bars represent standard error. 

Points represent individual participants. C) JNDs across GVS amplitudes and polarities. Bars 

represent the mean, error bars represent standard error. Points represent individual participants. 
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Fig 2. Example velocity, acceleration, position plot for a 20°/s velocity trial.  
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Fig. 3. A) Example individual psychometric functions. B) Example staircase evolution.  
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