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Abstract. The purpose of this study is to investigate Electroencephalography 
dynamics in response to kinesthetic stimuli during driving. We used a Virtual 
Reality driving simulator consisted of a hydraulic hexapod motion platform to 
create practical driving events. We compared the EEG dynamics in response to 
kinesthetic stimulus while the platform was in motion, to that while the 
platform was stationary. The scalp-recorded EEG channel signals were first 
separated into independent brain sources using Independent Component 
Analysis (ICA), and then studied with time-frequency analysis. Our results 
showed that independent brain processes near the somatomotor cortex exhibited 
alpha power decreases across sessions and subjects. Negative potentials phase-
locked to the onsets of deviation events under motion conditions were observed 
in a central midline component. The results allow us to better understand 
different brain networks involved in driving, and provide a foundation for 
studying event-related EEG activities in the presence of kinesthetic stimuli. 
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1   Introduction 

Kinesthetic perception -- the sensory apparatus that detects motion -- is one of the 
most important sensations to human beings, yet we usually overlook the contributions 
of the vestibular system to our lives. However, we would not have a complete 
sensation of the world without the perception of motion. We cannot even stand still or 
walk in a straight line without the vestibular system functioning properly. The 
vestibular system thus plays an important role in our lives. 

Researchers have tried to measure evoked potentials of vestibular origin for 30 
years. Elidan et al. [1] reported the ERP response to high speed and transient vertical 
Z axis rotation. Subjects were rotated at the speed of 10,000°/sec2 for 2 ms. The 
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reported negativity peaked at about 15 ms after the onsets of rotation from signals 
measured at a forehead mastoid electrode. Baudonniere et al. [2] reported a biphasic 
negative wave, that is most prominent at central midline electrode (Cz) in subjects 
who received short (30 ms) linear displacements without co-stimulation of the 
semicircular canals. 

Probst et al. [3-5] and Loose et al. [6] observed bell-shaped negativity at central 
midline channels following roll up and down motion along the X axis. The Vestibular 
Evoked Potential (VESTEP) evoked by stimulating otolithic and semicircular canals 
with different orientations of rotations or directions of movements was investigated in 
depth. 

The experimental variables in these studies were well controlled. This might be 
desirable from the perspective of scientific research, but is less practical because we 
rarely experience vestibular stimulation without visual co-stimulation or watch pixels 
rotating or moving in the real world. We actually live in a visual-vestibular co-
stimulation world and the visual cue is always a meaningful and continuous scene -- 
in driving, for instance.  

The driving perception includes the co-stimulation of visual cue, vestibular 
stimulation, muscle reaction, and skin pressure. This is indeed a complicated 
mechanism to understand. 

Using a realistic simulator to conduct driving experiments is widely used in 
driving-related research [7]. Regarding the necessity of motion during driving, the 
literature shows that the absence of motion information increases reaction times to 
external movement perturbations [8], and decreases safety margins in the control of 
lateral acceleration in curve driving [9]. In real driving, improper signals from 
disordered vestibular organs were reported to contribute to inappropriate steering 
adjustment [10]. Groen et al. [11] also showed that the presence of vestibular 
information in driving simulators was important in the perception of illusory self-tilt 
and illusory self-motion. These studies emphasized the importance of motion 
perception during driving to the assessment of driving performance and behavior.  

The electroencephalogram (EEG) is a popular method for evaluating human 
cognition. Compared to functional Magnetic Resonance Imaging (fMRI), EEG is 
much less expensive and more portable, thus it is applicable in our daily lives, 
especially on the move. 

In recent years, researchers have designed the Virtual Reality (VR) scenes to 
provide appropriate environments for assessing brain activity during driving [12-14]. 
Lin et al. [12,13] introduced the “dynamic” VR environment in conjunction with 
physiological and behavioral response recordings to offer more assessment options 
than were available in traditional neuropsychological studies. However, the EEG 
correlates of kinesthetic stimulations induced by the motion platform in the dynamic 
VR scene have not been fully assessed or appreciated. 

The purpose of this study is to investigate EEG dynamics in response to kinesthetic 
stimuli using a dynamic VR environment. To this end, we constructed an interactive 
driving environment that integrated a surrounding scene and a real vehicle mounted 
on a hydraulic hexapod motion platform. This dynamic VR environment mimicked 
visual-vestibular co-stimulation during driving. Using simple driving behaviors, we 
studied brain responses of kinesthetic inputs by comparing subjects’ EEG differences 
in motion and motionless conditions of the dynamic platform. 
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2   Material and Methods 

We developed a VR-based 3D high-fidelity interactive highway scene. The 
synchronized scenes were projected from seven projectors to constitute a surrounding 
vision. At the center of the projected scenes, a real vehicle mounted on the motion 
platform to provide motion sensations. The vestibular cues were delivered by a 
Stewart Platform [15]. The platform generated accelerations in vertical, lateral, and 
longitudinal directions of a vehicle as well as pitch, roll, and yaw angular 
accelerations. This technique has been used widely in driving simulation studies [16].  

We designed three driving events: stop, go, and deviation. Figure 1 shows the time 
course of a typical Stop-Go event. Subjects did not need to do anything in the events. 
Moreover, the vehicle was randomly drifted away from the cruising position, and the 
subjects were instructed to steer the vehicle back to the center of the cruising lane as 
quickly as possible (Figure 2). 

 

Fig. 1. Illustration of the design for Stop-Go events in driving 

 
Fig. 2. The vehicle was randomly drifted away from the cruising position, which was defined as 
a deviation event, and the subjects were instructed to steer the vehicle back to the center of the 
cruising lane as quickly as possible 

Ten healthy subjects participated in this research (aged between 20 and 28). 
Subjects were instructed to keep the car at the center of the inside lane by controlling 
the steering wheel, and to perform the driving task consciously. Each subject 
completed four 25-minute sessions in each driving experiment. The entire driving 
experiment lasted about 2 hours. Subjects performed at least 2 driving experiments on 
different days for testing the cross-session consistency.  

The physiological data acquisition uses 33 unipolar sintered Ag/AgCl EEG/EOG 
electrodes and 2 bipolar ECG electrodes placed on the chest. All the EEG/EOG 
electrodes were placed based on a modified International 10-20 system and refer to 
the right ear lobe. The contact impedance between EEG electrodes and scalp was 
calibrated to be less than 5kΩ. We used the Scan NuAmps Express system 
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(Compumedics Ltd., VIC, Australia) to simultaneously record the EEG/EOG/ECG 
data and the deviation between the center of the vehicle and the center of the cruising 
lane triggered by the VR program. The EEG data were sampled at 500 Hz with a 16-
bit quantization level.  

The continuous EEG signals were first extracted into epochs whose lengths were 
designed to cover the whole platform dynamics in single driving events. We then 
applied Independent Component Analysis to concatenated epochs to decompose them 
into temporally statistical component activations. 

ICA methods have been extensively applied to the blind source separation problem 
since the 1990s [17-21]. Subsequent technical reports [22-28] demonstrated that ICA 
was a suitable solution to the problem of EEG source segregation, identification, and 
localization. 

To study the cross-subject component stability of ICA decomposition, components 
from multiple sessions and subjects were clustered based on their spatial distributions 
and EEG characteristics [24], [29]. 

Component Clustering grouped massive components from multiple sessions and 
subjects into several significant clusters and identified at least 9 clusters of 
components having similar power spectra and scalp projections. These component 
clusters also showed functionally distinct activity patterns. 

Single-trial event-related potential (ERP) data are usually averaged prior to 
analysis to increase their signal/noise relative to non-time and -phase locked 
electroencephalographic (EEG) activity and non-neural artifacts.  

Event-Related Potential (ERP) images directly visualized single event-related EEG 
trials and their contributions to the averaged ERP [24]. An ERP image also makes 
visible relationships between subject behavior and amplitudes/latencies of individual 
event-related responses. 

Event-Related Spectral Perturbation (ERSP) plots the grand mean time course of 
changes from pre-stimulus baseline in log spectral power of a scalp-recorded EEG or 
ICA component activation time-locked to stimulus presentation or subject responses 
across frequencies. Through ERSP, we are able to observe time-locked but not 
necessarily phase-locked activities [30]. 

3   Results 

3.1   Mu Component Activations 

Figure 3 shows the ERSP of a component that exhibited differential brain responses 
between motion and motionless conditions. The component scalp map exhibited the 
defining features of mu rhythms -- distinct spectral peaks near 10 Hz and 22 Hz. The 
upper ERSP panels show the ERSP following stop events, while the lower two show 
go-event ERSP. Images on the left are brain responses under “motion” conditions and 
those on the right are under “motionless” conditions. The curves below the images are 
the time courses of the platform motion (pitching, rotate by Y axis). Mu power was 
strongly blocked (reduced) around the peak of platform motion in Motion-Stop and 
Motion-Go events. In contrast, no mu blocking occurred following either stop or go 
events in the motionless condition (Fig. 3, right panels). Thus the mu blocking 
appears to be induced by the kinesthetic inputs in stop and go events. 



 EEG Activities of Dynamic Stimulation in VR Driving Motion Simulator 555 

 

Fig. 3. A right mu component shows mu characteristic 10 Hz and 22 Hz peaks in the activity 
spectrum (lower left). The component mean ERSP shows mean event-related changes in (log) 
spectral power across data trials time-locked to the kinesthetic stimulus onsets (dashed line). 
Following the motion platform movement, this activity is blocked. The activity was unchanged 
from the baseline spectra if the motion platform was not in action (right). 

Mu blocking was also observed following deviation events. Figure 4 shows the 
ERSP of a right mu component following deviation events. The upper and lower 
panels show ERSPs of the component following “deviate-to-left” and “deviate-to-
right” events, respectively. The curves below show the motion recordings of the 
platform. Notice that the motion platform tilted along different directions in Stop-Go 
and deviation events (cf. Fig. 3). In deviation events, the platform rotated slightly 
along the vertical Z axis. 

 

Fig. 4. The mean ERSP of the mu component follow deviation events 

When deviation occurred, the subjects were instructed to maneuver the car back to 
the cruising position by steering the wheel. It is expected that mu activity would be 
blocked due to the hand movement in both motion and motionless conditions. 
However, the latency of mu blocking in the motion condition was significantly shorter 
than that in the motionless condition.  

3.2   Central Midline (CM) Component Activations 

Figure 5 shows the scalp map and dynamic properties of an independent component 
from the same subject in Motion-Deviation and Motionless-Deviation conditions. The 
scalp map of the CM component (Fig. 5 upper left) resembles scalp maps of the “P3a” 
or “P3novel” ERP peaks [31-32]. In two-dimensional “ERP image” plots of single 
trials from the subject, potential fluctuations are shown as color-coded horizontal 
lines, here normalized by component activation baseline variability then sorted by 
response time (RT). The ERP images clearly show that the early kinesthetic response,  
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Fig. 5. Single-trial Event-Related Potentials (ERPs) of the central midline (CM) component 

peaked at ~250 ms, was time-locked to deviation onset. However, this sharp 
negativity was missing in the motionless condition (Fig. 5 right panels).  

3.3   Component Stability 

There were 29 components from 10 subjects contributing to a large cluster of left mu 
components. We found that the 11 Hz activity was blocked following kinesthetic 
stimuli in the motion condition. Hence, we strongly suggested that these represented 
mu activity [33]. Scalp maps of individual left mu components in this cluster strongly 
resembled the cluster mean map. 

Figure 6a shows the component cluster mean ERSP of the component activations 
following Stop-Go events under the motion and motionless conditions. The ERSP 
images of motion sessions exhibited a strong mu blocking and alpha rebound, which 
were completely missing from the ERSP images under motionless conditions, 
consistent with the results in a typical subject shown in Figure 3. 

Similarly, Figure 6b shows averaged ERSP images following deviation events 
under motion and motionless conditions. Although the ERSP images in all four 
conditions exhibited similar mu blocking induced by the steering actions, the latencies 
of mu blocking differed considerably.  

(A) (B)   

Fig. 6. (A) The group-averaged ERSP shows the component activations following Stop-Go 
events under the motion (left panels) and motionless (right panels) conditions. (B) The group-
averaged ERSP images following deviation events under motion and motionless conditions. 
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4   Discussions 

In this study, we recorded and analyzed unaveraged single-trial EEG data in 31 
driving experiments from 10 volunteer drivers under two different driving conditions 
-- motion and motionless. The hexapod motion platform that simulated driving events 
allowed us to study neural correlates of kinesthetic stimuli. We performed ICA to 
separate the EEG contributions of distinct brain processes to explore their individual 
and joint event-related dynamics following Stop-Go and deviation events through 
ERP differences and time-frequency analysis (ERSP). Alpha power of the mu 
component cluster was strongly blocked (~-5dB) around the peak of platform 
movement in Motion-Stop and Motion-Go events. A sharp negative was found in the 
central midline component cluster only in Motion-Deviation events. We believe that 
these two features were induced by kinesthetic stimuli. 

4.1   Mu Components 

Mu rhythm is an EEG rhythm recorded usually from the motor cortex of the dominant 
hemisphere. It is a variant of normality, and it can be suppressed by a simple motor 
activity, or passively moved [6, 34, 35].  

Deviation events involved subject responses to steer the vehicle back to the 
cruising position. Thus it is expected that mu power would be blocked following 
deviation events. Our results showed unexpected strong mu blocking in response to 
Motion-Stop and Motion-Go events in which no action was involved, suggesting 
kinesthetic stimuli could also induce mu blocking. 

Following deviation events, mu power was strongly blocked in both motion and 
motionless conditions. We found the latency of mu blocking in Motion-Deviation 
events would lead that in Motionless-Deviation events by a comparable length. Mu 
blocking thus appeared associated with kinesthetic stimuli delivered to the drivers. In 
short, long-lasting mu blocking following deviation events began with the EEG brain 
dynamics induced by kinesthetic stimuli, followed by marked mu power decrease 
associated with subject motor actions.  

4.2   Central Midline Components 

The central midline component cluster exhibits a sharp negativity in averaged ERP 
following Motion-Deviations, but the negativity is missing from the ERP following 
Motionless-Deviations. 

The sharp negativity in the ERP of the central midline component cluster is also 
consistent with previous VESTEP studies of Elidan et al. [36-38]. They showed a 
negative potential near Cz or forehead, induced by external kinesthetic stimulus. 
However, they did not report any mu blocking in response to the kinesthetic stimuli. 
To the best of our knowledge, this finding had never been reported in the past.  

4.3   Alpha Activity and Drowsiness 

Traditionally, the EEG alpha band was used as an indicator of drowsiness estimation 
during driving [12-14]. The alpha power had been reported to index the level of 
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drowsiness in attention-sustained experiments in a laboratory setting. In this study, 
our results showed that alpha-band activity varies during driving, especially when the 
vehicle was moving and delivered kinesthetic stimuli to the drivers and passengers, 
which might confound the fatigue-related alpha power changes in driving. Thus, more 
care must be taken to examine the validity of using alpha power to index drowsiness 
level in real driving. 
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