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Steady-State Motion Visual Evoked Potentials with 3D Stimuli in a
VR-Based BCI

Hanneke A. Scheppink®!2, Maria del Carmen Cortés Navarro! and Ivan Volosyak®!:?

Abstract—This study investigated the potential of steady-
state motion visual evoked potential (SSMVEP) using 3D stimuli
as a preliminary step towards developing a brain-computer
interface (BCI) for command selection in a virtual reality (VR)
environment. Several movement patterns and stimulus shapes
were examined to determine the optimal stimulus configurations
for eliciting strong and robust SSMVEP responses. The aim was
to identify the most effective stimulus and SSMVEP movement
to improve user comfort, interaction and control accuracy for
future immersive VR applications presented in a head-mounted
display (HMD). The proposed shapes, cube and diamond,
yielded comparable performance in the steady-state visual
evoked potential (SSVEP) condition; however, for the zooming
and rotating movements, the cube achieved higher average
accuracies. In the frequency spectrum, the average signal-to-
noise ratio (SNR) values of the diamonds were comparable to
those of the cubes. Subjective results showed that participants
had a preference for the rotating diamonds.

I. INTRODUCTION

A brain-computer interface (BCI) is a technology that en-
ables real-time communication between the human brain and
external devices by translating brain signals into commands.
The neural activity is commonly measured non-invasively
with electroencephalography (EEG) [1]. The visual evoked
potential (VEP) is a brain response triggered by a specific
external visual stimulus, commonly used in BCIs to encode
certain action commands. Specifically, one of the funda-
mental VEP-based BCIs is the steady-state VEP (SSVEP)
BCI. Here, stimuli flicker with specific constant frequencies,
evoking a brain response matching the attended stimulus’
frequency and its harmonics [1]. Using EEG to record these
signals, they can be decoded to classify the attended stimulus
and perform a certain action. However, traditional SSVEP
stimuli can cause visual fatigue and discomfort due to the
high-contrast flickering [2]. To address this, the steady-state
motion VEP (SSMVEP) paradigm was introduced, in which
the stimuli move with a smooth and constant graphical
motion at a specific frequency, eliciting a similar response
as SSVEP [2]. The continuous movement of the stimuli
is perceived as more comfortable than the flickering, and
induces less fatigue [2], [3].

Traditionally, SSMVEP stimuli are presented on a com-
puter screen, limiting their applications. Recently, the inte-
gration of SSVEP and SSMVEP stimuli with virtual reality
(VR) and augmented reality (AR) has gained increasing
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attention. VR environments can create more immersive ex-
periences, leading to increased user engagement compared to
traditional display methods [4]. Furthermore, SSVEP BClIs
in VR have demonstrated better system performance than
standard desktop versions [5].

Although the integration of SSVEP-based BCIs with VR
has been explored in various applications, such as ankle
rehabilitation [6], a VR maze game [4], and remote robot
control [5], research on this topic remains relatively lim-
ited. Moreover, most studies on SSMVEP in virtual en-
vironments have focused on AR applications rather than
fully immersive VR settings, often using planar stimulation
targets in two-dimensional (2D) scenes or three-dimensional
(3D) environments [7], [8], [9]. The use of SSMVEP in
VR has so far been investigated with 2D objects, where
the stimuli were placed on a black bar at the top of the
VR environment [10]. To the best of our knowledge, no
study has specifically examined the use of SSMVEP on
3D objects and its implementation in a VR setting. This
gap highlights the need for further investigation into the
benefits and challenges of integrating SSMVEP-based BCls
into immersive VR environments. This integration has great
potential in rehabilitation, entertainment, and assistive tech-
nologies, allowing for more comfortable and prolonged use
by reducing visual fatigue, improving immersion through
smoother interactions, and improving control accuracy for
more intuitive and accessible BCI applications.

The current study aims to develop SSMVEP-based 3D
motion stimuli for integration into a fully immersive VR
environment to enable BCI-driven control. This was done
by studying two different 3D shapes with two different
SSMVEP motions. Specifically, the aim was to compare
the 3D version of the often used 2D squares, so cubes,
and a 3D shape that is easily distinguishable in a 3D
virtual environment. Here, a diamond shape was chosen. As
motions, zooming and rotating were selected. Additionally,
for both shapes the SSVEP protocol was implemented,
specifically, flickering the stimuli at the same frequencies
used for SSMVEP. This approach allows us to compare
and optimise the stimulus design for future applications in
interactive and immersive SSMVEP-based VR-BCI systems.

II. METHODS AND MATERIALS
A. Participants

In the study, 12 healthy subjects (8F, 4M, average age of
25.643.5, between 20-31) participated in the experiment. All
had normal or corrected-to-normal vision. Seven participants
reported having previous experience with a BCI system.
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Before the experiment, the participants received elaborate
information about the experimental procedure and any pos-
sible involved risks. Participants had the opportunity to opt-
out at any time during the experiment. Those who agreed
to participate in this study signed a consent form and were
financially compensated after participation. The study was
designed and conducted in accordance with the Helsinki Dec-
laration. The study was approved by the ethical committee of
the medical faculty of Duisburg-Essen University (24-11957-
BO). All data were stored anonymously.

B. Hardware

The used computer (Dell Precision Desktop with an
NVIDIA RTX3070 graphics card) operated on Microsoft
Windows 10 Education running on an Intel processor (Intel
19, 3.70 GHz). The head-mounted display (HMD) used in this
study was the HTC Vive Pro (HTC Corporation, Taoyuan,
Taiwan), with a combined resolution of 2880 x 1600 pixels
(1440 x 1600 pixels per eye), a 90 Hz vertical refresh rate,
and a 110° visual angle.

EEG data was acquired with the g.tec g.USBamp amplifier
(g-.tec, Shiedlberg, Austria) using sixteen gel-based passive
scalp electrodes, placed according to the international 10-
5 system at the following positions: Pr, Ps, P,, P, P,
PO7, PO3, POZ, PO4, POs, 01, Oz, 02, 09, IZ, and
O10. The ground and reference electrodes were placed at C,
and AF,, respectively. The EEG signals were recorded with
the amplifier using a sampling frequency F's of 600 Hz. With
abrasive electrode gel, impedances were kept below 5 k().

C. Stimulus Presentation

The experimental stimulus environment presented in
the HMD was designed using the Unity game engine
(Unity Technologies, San Francisco, CA, USA), version
6000.0.31f1 [11]. Two distinct 3D shapes were created,
specifically, a cube and a diamond. The cubes served as
3D counterparts to the commonly used 2D square stimuli,
while the diamonds were introduced as a novel design,
chosen for their ease of recognition within immersive virtual
reality environments. To create a more complex stimulus
to induce stronger responses, a checkerboard texture was
applied to both shapes. The diamonds were as wide and deep
as the cubes at their widest point, and slightly higher than
the cubes. At any time during the experiment, four targets
were presented in the environment, in a 2-by-2 design, see
Figure 1. In the VR environment, the virtual camera was
positioned at the central point of the 2-by-2 stimulus grid.
Head tracking was disabled, thereby fixing the participant’s
general viewpoint to this central location, and ensuring it
remained centred on the stimuli throughout the experiment.

Next to different 3D stimulus shapes, two different mo-
tions were tested. Specifically, zooming in and out, so in-
creasing and decreasing the size of the stimulus, and rotating
where the stimulus was rotated back and forth. To determine
if these motions could serve as a feasible alternative to the
effective, yet often uncomfortable, SSVEP paradigm, SSVEP
flickering was also implemented for both shapes.
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Fig. 1: The VR stimulation environment and stimuli
presented to the participants in the HMD. The top line
of the figure presents the VR environment shown to the
participant with either the cube (left) or diamond shape
(right), the cueing is also shown in green. The lower line
shows a graphical example of the movement modulation.

To implement the motions, specific frequencies had to be
chosen with respect to the HMD vertical refresh rate (Vzr =
90 Hz). Specifically, such that the frequencies had an equal
number of frames in both directions of the motion behaviour.
To ensure a smooth movement, the frequency could not be
too high since that reduces the number of steps in one move-
ment direction. This led to the following base-frequencies for
the stimulation: 3.214,4.500,5.625, and 7.500Hz. Where
the highest frequency of f; = 7.5 Hz, meant the full period
was Vggr/f: = 90/7.5 = 12 frames, so 6 frames for each
movement direction. This is somewhat low, however, the
choices for the frequencies with this HMD’s refresh rate were
quite limited. The movements followed the trigonometric
function sin((2w * f; * i)/Vrr, where f; is the base-
frequency, ¢ is the frame index, and Vgip the refresh rate
of the HMD. A graphical representation of the zooming
movement with this function is presented at the bottom of
Figure 1. The four frequencies were encoded to the 2-by-2
stimuli, from left to right, top to bottom.

As described above, the SSVEP paradigm was also imple-
mented, in which a stimulus flickers according to a constant
frequency. Here, SSVEP was applied such that the stimulus
was flickering between the checkerboard texture and solid
black. The base-frequencies used for SSVEP stimulation
were the same as described above for SSMVEP.

D. Offline Recording

To collect the EEG data, participants were instructed to
focus for 3s on a target that was prior cued in green for
2s, see Figure 1. All four targets were cued and observed
in sequence. This was done for six blocks, in which for
each a target was observed once, resulting in 6 x 4 = 24
trials per condition. After one trial ended, the next target
was immediately cued, after which the flickering or moving
started. Participants answered a questionnaire after each
condition, before proceeding to the next condition. Before



processing the EEG data, a notch filter was applied at 50 Hz
and a bandpass filter between 1 Hz and 100 Hz.

E. Frequency Responses

The common average reference (CAR) is a spatial filtering
method that can be used to increase the signal-to-noise ratio
(SNR) by reducing noise [12]. This is done by subtracting the
average value of all electrodes from the electrode of interest,
here Oz, as it usually shows the strongest response [13]:
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where V; is the selected electrode signal, m the number of
channels (the m = 15 remaining channels), and V;“A% the
re-referenced signal.

The frequency spectrum was computed using Fast Fourier
Transform (FFT). The spectral power was estimated using
Welch’s method with a Hann window. The SNR was then
computed as the ratio of power in a certain frequency bin.
Here, the SNR was extracted for the frequency spectrum
between 1 and 40 Hz.

F. Signal Processing

Here, a filter bank canonical correlation analysis (FBCCA)
was used to analyse the data offline, for more details on
FBCCA for SSVEP analysis, please see [14]. For SSVEP-
or SSMVEP-based BCIs, CCA is often used to find a linear
transformation that maximises the correlation between the
cosine and sine templates of the stimulus frequency (f;) and
its Nj, harmonics, and the recorded EEG signal. To create
the reference signals Y ¢, for each stimulation frequency f,
Np = 2 harmonics were used in this study, see [14]. The
recorded EEG signals for one trial X were compared to each
of the Y, reference signals using CCA. This resulted in:
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The attended target stimulus was identified by finding the
stimulation frequency whose reference signal yielded the
maximal canonical correlation with the EEG data.

To further enhance the processing, the FBCCA was
used [14], in which a filter bank analysis first performed sub-
band decompositions on the EEG data with different pass-
bands. Four sub-bands were used, all stopping at 48 Hz. To
accommodate for the higher difference between the stimula-
tion frequencies, the bands started at 2Hz, 6 Hz, 10 Hz, and
14 Hz, respectively. After this filtering, the CCA procedure
from above was used on each of the sub-band components.
This resulted in canonical correlation coefficients between
the sub-band components and the reference signals of all
stimulation frequencies. To achieve a final score for each
target, a weighted summation was performed. The weighting
function was defined as follows w; = (i + 1)712° 4 0.25,
where ¢ is the sub-band index. Then, the target with the
highest p; is classified as the attended stimulus.

Several window lengths were tested, starting from 0.25s
after stimulus onset, extended with steps of 0.25 s, to the end
of stimulation (3.0 s). This was done for each of the 6 trials.
To get a final average accuracy per participant, the average
over trials was taken for each time window.

G. Questionnaire

Participants’ subjective feedback was collected with a
multi-part questionnaire. Following each experimental con-
dition, participants rated their fatigue, discomfort, eye strain
and ease of concentration on a 6-point Likert-scale. After
completion of all conditions, a final questionnaire was pre-
sented to gather summative and comparative feedback. It as-
sessed overall comfort and focus, identified which condition
was perceived as most disturbing and causing the least eye
strain and asked for a final preference for stimulus shape
and movement. It furthermore included questions on the
VR system itself, including comfort, motion sickness and
whether the stimuli were perceived as three-dimensional.

III. RESULTS
A. Frequency Responses and Accuracy

To investigate the frequency responses of the partici-
pants, the SNR spectra of all participants per condition are
plotted in Figures 2 (a), (c), and (e). It can be observed
that the stimulation frequency and its harmonics are well
presented for most of the participants. For some participants,
however, no such response was observed. Specifically, one
participant presented obvious and strong frequency peaks
for one specific stimulus frequency (7.5 Hz) for every trial.
Four others did not show clear peaks at any stimulation
frequency, or similarly, only one frequency response to each
trial. The SNR spectra revealed that average peak SNR
values were highest for the SSVEP condition compared to
the zooming and rotating. Furthermore, the analysis showed
distinct relationships between the fundamental frequency and
the first harmonic. Specifically, in the SSVEP condition, the
fundamental frequency’s SNR was consistently greater than
that of its first harmonic. Conversely, for the moving stimuli,
this relationship depended on the shape. For the cubes, the
first harmonic’s SNR was dominant during rotating, and
mostly during zooming. For the diamonds, however, the
fundamental frequency’s SNR was dominant in the zooming,
but no consistency was found for rotation. For comparing the
shapes, in the SSVEP condition, the diamonds yielded higher
SNR values than cubes at specific frequencies: for both the
fundamental and its first harmonic at the middle frequencies,
for the fundamental at the highest frequency, and for the first
harmonic at the lowest frequency. In contrast, during both
moving conditions, cubes consistently produced a stronger
SNR for the first harmonic. For the fundamental frequency
neither shape showed consistent dominance over the other.

Figures 2 (b), (d), and (f) present the average accuracy
and the accuracy per participant, over time. The participant
mentioned above, who had peaks at 7.5 Hz in each trial, is
not included in these accuracy plots. For the longest time
window of length 2.75s (3.0 —0.25 s= 2.75s), the cubes had
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Fig. 2: Offline analysis for all conditions. The graphs present the offline results for the 3D shape and stimulation conditions.

In all plots, blue represents the cubes, and orange the diamonds. The first three plots (a), (c), (e) show the frequency responses
using the calculated SNR spectra. The tick lines show the average response over participants, the thinner lines show the
responses of individual participants. The black dots denote the fundamental frequency and its harmonics, together with the
average SNR value in text. The last three figures (b), (d), (f) show the mean accuracy over time for 11 out of the 12
participants, calculated using different time windows. Similarly, the thick line presents the mean over participants, together

with the standard error band shaded around, and the thin lines represent the individual responses for each participant.




an average accuracy of 62.12% for zoom, 60.23% for rotate,
and 68.56% for SSVEP. The diamonds resulted in 45.08%
(zoom), 52.65% (rotate), and 70.08% (SSVEP). For the
1.50s time window, the cubes reached an average accuracy
of 58.71%, 57.58%, and 67.05%, respectively. The diamonds
44.32% (zoom), 50.00% (rotate), and 67.42% (SSVEP).
In all conditions, approximately four participants did not
reach accuracies higher than 40%. Their corresponding fre-
quency spectra showed low SNR values at the stimulation
frequencies or their harmonics. From the plots above, it can
furthermore be observed that the diamond shape, shown in
orange, mainly reached lower average accuracies than the
cubes for the rotate and zoom condition. For SSVEP, the
cubes and diamonds, on average, reached similar accuracies.

B. Questionnaire Results

The results of the questionnaire, presented in Figure 3,
showed that, on average, the rotating diamond was rated
as the most comfortable stimulus and caused the least eye
strain. The SSVEP cube was perceived to be the easiest to
concentrate on. Then, the zooming cube condition reached
the lowest subjective comfort, was perceived to cause the
most eye straining, and was the hardest to concentrate on.
On average, the participants reported the VR system to be
comfortable to wear, and all but one participant, reported to
not have perceived any motion sickness. Overall, all subjects
perceived the shapes as 3D objects. Lastly, in terms of final
preference, seven participants reported to prefer the cubes,
five the diamonds. Additionally, eight preferred rotation,
three the SSVEP flickering, and one the zooming.

IV. DISCUSSION

This study aimed to investigate the introduction of 3D
stimuli and movements for a VR-based SSMVEP BCI sys-
tem. Two shapes, a cube and a diamond, were modulated
with either flickering (SSVEP), or by zooming or rotating
(SSMVEP). The experiment was presented in an HMD.

All conditions were able to evoke clear responses at the
stimulation frequency and its harmonics. The frequency SNR
spectrum showed that the SSVEP condition evoked higher
SNR values than both SSMVEP conditions, deviating from
the reported finding by Gao and colleagues [15]. In terms of
performance, SSVEP reached, on average, higher accuracies
than both movements and shapes. However, this performance
is lower than usually reported in SSVEP literature. Further-
more, several participants did not achieve high performance
under any of the conditions. This fact, and SSVEP’s low
accuracy, shows the need for testing this during an online
experiment, such that the participant can receive live feed-
back from the system and change their approach. When
comparing the SSMVEP conditions, the performances were
on average comparable, specifically between the movements
themselves. However, for the shapes, the cubes consistently
reached a higher overall accuracy for all time windows. This
might be due to the difference in the stimuli’s geometry.
Although the diamonds shared the same maximum width and
depth as the cubes, their height was increased to compensate

for the smaller perceived volume due to its elongated and
tapering shape. This difference in geometry also resulted in
a dissimilar application of the checkerboard texture across
the stimuli’s surfaces. However, it should be noted that in the
SSVEP condition both shapes reached similar performances.
Additionally, the lowest stimulation frequency (3.214 Hz) has
previously been shown to underperform compared to higher
frequencies [16], possibly influencing the performance. On
the other hand, the highest stimulation frequency resulted in
a less fluid movement, due to the limited number of frames
for the movement. However, these stimulation frequencies
were chosen to comply with the HMD’s refresh rate and the
SSMVEP motion requirements.

The questionnaire revealed that the participants preferred
the rotating diamond, causing the least eye strain. However, it
did not reach high accuracies for all participants. Nonethe-
less, for some it was able to evoke strong responses with
high SNRs and performed well in terms of accuracy. When
selecting a stimulus for the SSMVEP protocol, a personalised
stimulus selection could be an interesting approach. The
zooming stimulus was rated the least comfortable and most
difficult to focus on, presumably because the movement’s
amplitude was quite large. This shows the need for designing
other movements, that evoke a strong response without being
too intense and thereby decreasing the user comfort.

SSMVEP is proposed as an alternative to SSVEP to
alleviate fatigue caused by flickering stimuli [2]. In this study,
participants were only exposed to each condition for around
three minutes, limiting our ability to draw conclusions about
long-term fatigue. However, subjectively, participants re-
ported feeling less tired after observing the rotating diamond.
An additional limitation is the small sample size, which
further restricted the ability to draw any strong conclusions.
A future study involving 3D stimuli for SSMVEP in VR
should use a bigger sample size. Lastly, here, the training-
free FBCCA method was used, specifically, using the sine
and cosine templates as reference signals to calculate the
canonical correlation coefficients. However, a method us-
ing subject-specific training might be able to extract the
responses needed for those participants who reached lower
accuracies in this study. Furthermore, here the maximum
data length that could be used per trial was restricted by
the recorded 3 s data, where perhaps some participants might
have needed more time to sufficiently focus on the target.

This study provided initial insights into using 3D-shaped
stimuli within a VR-based BCI employing the SSMVEP
paradigm. Future research should implement an online sys-
tem to create a closed-loop experience that offers real-time
user feedback. Additionally, decoding accuracy could be
enhanced by adopting methods better suited for SSMVEP
response decoding. The stimulus presentation should be inte-
grated into immersive virtual environments to fully leverage
VR capabilities. Finally, subsequent work should investigate
an expanded repertoire of motion types and shapes, exploring
VR’s unique potential to present stimuli beyond traditional
3D shapes like cubes, spheres, and diamonds, incorporating
more sophisticated and varied object forms.
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Fig. 3: Questionnaire answers. Each plot shows the answers to the corresponding question, which was answered on a
1-6 scale, plotted as dark green (1) to red (6). The abbreviations are as follows: zoom-diamond (ZD), zoom-cube (ZC),
rotate-diamond (RD), rotate-cube (RC), SSVEP-diamond (SD), SSVEP-cube (SC).

V. CONCLUSIONS

In this study, three-dimensional shapes were implemented
in a VR environment and were presented to subjects ac-
cording to the SSMVEP paradigm. The cube and diamond
stimuli were able to evoke clear SNR peaks at the stimulation
frequency and its harmonics, but did not result in a high
performance for all participants. Specifically, the SSVEP pro-
tocol reached higher average accuracies than both SSMVEP
conditions. This study shows the potential of using 3D
stimuli with SSMVEP stimulation for a VR implementation,
the user preference for the SSMVEP paradigm, and that
an individualised approach might be beneficial to the user’s
comfort and system performance.
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