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Abstract—Kinesthetic motor imagery (KMI) based brain-
computer interfaces hold great potential for post-stroke motor
rehabilitation. However, KMI is a complex task to perform,
mainly due to the absence of sensory and kinesthetic feedback.
To address this issue, sensory neurofeedback solutions have been
proposed. One of them is tactile vibration, which has been
used in BCI paradigms, but the optimal design choices of the
vibration remain unclear. In this study, we present a novel
bimodal stimulus that combines a vibrotactile device for the
upper limb with a visual animation of a hand grasping a bottle.
We aimed to investigate the effects of four different vibration
patterns and four stimulation intensities to study the effects of
the stimuli on the electroencephalography (EEG) signals of 17
healthy subjects without performing KMI. Our findings revealed
EEG activity in the alpha, beta, and delta frequency bands within
the somatosensory cortex during the sensory stimulation. While
we did not observe significant differences in brain activity among
the vibration patterns, we did observe statistically significant
variations based on the vibration intensity. We observed central
activity in both brain hemispheres, with stronger activity occur-
ring in the contralateral hemisphere. Additionally, EEG activity
seemed to involve the contralateral occipital areas. Based on
these results, it is worth considering the delivery of feedback
after participants have completed KMI tasks to differentiate
and comprehensively study the brain activity resulting from the
mental and sensory stimulation tasks.

Index Terms—visual stimulation, vibrotactile stimulation, elec-
troencephalography, brain-computer interface

I. INTRODUCTION

Brain-computer interfaces (BCls) are a promising technol-
ogy for upper-limb motor rehabilitation of post-stroke patients.
Electroencephalography (EEG)-based BCIs are commonly
used due to their high spatial resolution, portability, and low
cost [1]. Kinesthetic motor imagery (KMI), which involves
imagining the sensations of a movement (e.g., pressure, tem-
perature, roughness, muscular contraction), is a suitable BCI-
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control method for stroke patients who cannot physically move
but can imagine it. Unlike visual motor imagery, KMI mod-
ulates sensorimotor cortical activity that can improve motor
performance and aid in primary motor cortex rehabilitation [2].
However, KMI lacks sensory and kinesthetic feedback, which
makes it challenging to execute and learn, posing challenges
for system control. Various sensory feedback modalities, in-
cluding functional electrical stimulation, tendon vibration, and
tactile stimulation like tactile vibration, have been proposed to
address this issue [1], [3].

Previous studies have shown that vibrotactile stimulation
enhances motor imagery performance [4]. However, including
vibration during motor imagery tasks makes it difficult to
distinguish the EEG oscillations associated with motor im-
agery from those related to sensory stimulation. Both tendon
vibration [5] and tactile vibration [6] elicit EEG activity in the
mu and beta bands. Therefore, differentiating between EEG
modulations arising from sensory stimulation and those linked
explicitly to KMI is crucial for motor rehabilitation BCIs.
These EEG modulations manifest as event-related desynchro-
nizations (ERD) or synchronizations (ERS), which illustrate
the alterations in the activity of local interactions between
main neurons and interneurons that govern the frequency com-
ponents of the ongoing EEG. The former involves a decrease
of power in a given frequency band while the latter indicates
an increase of power, both probably due to a decrease/increase
in synchrony of the underlying neuronal populations [7].

Furthermore, the specific characteristics of vibration used
in studies remain unclear. Most vibrotactile feedback methods
employ constant vibration intensity, but fMRI research has
demonstrated intensity-dependent variations in the somatosen-
sory cortex [8], suggesting potential differences in EEG re-
sponses. The order of activating and deactivating vibration
motors is another important factor. For instance, one study
simultaneously activated five vibration motors on the palm of



each hand as feedback for right/left-hand MI [9], while another
study sequentially activated six vibration motors placed on
the neck [10]. The impact on EEG activity due to different
activation patterns remains unclear.

Considering these factors, we conducted a study involving a
novel bimodal stimulation combining a vibrotactile device for
the upper limb with a visual animation depicting a hand grasp-
ing a bottle. Our objective was to investigate EEG modulations
associated with four vibrotactile device configurations and
four bimodal stimulation intensities. By focusing on sensory
stimulation design, we aim to gain insights into the brain
activity evoked by visual and vibrotactile stimuli, laying the
groundwork for their potential use as feedback in KMI-based
BClIs for post-stroke motor rehabilitation.

II. MATERIAL AND METHODS

A. Farticipants

We recruited 18 healthy right-handed subjects (9 female,
mean age: 25.94 y/o, s.d.: 3.7) that participated voluntarily.
They reported no medical history that could affect the task
(i.e., diabetes, antidepressant treatment, or neurological dis-
orders). All participants provided informed consent approved
by the local ethical committee of Inria (COERLE, approval
number: 2022-17)

B. Experimental setup

1) Vibrotactile Device: The non-invasive vibrotactile device
consists of three 10 mm disc Eccentric Rotating Mass vibration
motors (model B1034.FL45-00-015, Zhejiang Yuesui Electron
Stock CO., LTD.) contained in 3D-printed cases and fixed on
the forearm and the hand with adjustable bracelets. The motors
are controlled by an Arduino Nano board using Pulse Width
Modulation (PWM). The motors were named according to
their positions: flexor (forearm), extensor (forearm), and hand
(Fig.1(b)).

The final device is intended for the impaired upper limb
of stroke subjects. Thus, performing the tests on the non-
dominant limb may simulate this situation since recalling
motor control and sensations is more complicated. The vi-
brotactile device was fixed on the non-dominant forearm and
hand of the participants. They also held a bottle with their non-
dominant hand, and the virtual hand that was presented was
also the non-dominant. As all participants were right-handed,
all tests involved the left upper limb. The participant’s arm
was placed on a pillow so the vibration would not propagate
on a hard surface generating undesired stimuli.

2) Electroencephalographic recording: EEG signals were
recorded with the OpenViBE software platform and a Biosemi
Active Two 64-channel EEG system with a sampling rate of
2048 Hz. In accordance with the international 10-5 system,
the EEG was recorded from 64 electrodes.

A screen was placed in front of the participants to present
the virtual environment with instructions and the virtual hand
movement (Fig.1(a)).

(b) Vibration motors

(a) Experimental Setup

Fig. 1. Experimental setup overview with visual and vibrotactile stimulation
using 3 (flexor, extensor, hand) or 2 motors (flexor, hand).

C. Experimental procedure

Each subject participated in a 90-minute session, consisting
of a 30-minute preparation phase followed by one hour of
bimodal stimulation, The stimulation phase was divided into
four runs, where participants evaluated four different device
configurations in a pseudo-randomized order. The evaluations
were conducted using questionnaires and will be detailed in
future publications due to lack of space.

Participants evaluated four different device configurations,
varying in the number of vibration motors and vibration
patterns. We proposed two configurations based on the number
of motors: a) 3 motors (flexor, extensor, hand), and b) 2
motors (flexor and hand). Half of the participants started with
three motors, while the other half started with two motors to
avoid bias. In addition to the number of motors, participants
evaluated two distinct vibration patterns. The first pattern,
which we refer to as Simultaneous pattern, consists of the
simultaneous activation and deactivation of all the motors, i.e.
all motors are turned on/off at the same time. The second
pattern called the Sequential pattern is inspired by the natural
activation timing of the grasp muscles as described in [11].
Thus, the vibration started on the forearm and continued
with the hand. The sequential activation pattern for three
motors was: Flexor ON — Extensor ON — Hand ON —
Hand OFF — Extensor OFF — Flexor OFF. For the two-
motor configuration, the extensor motor was removed. The
activation/deactivation time delay between motors was 400
ms. The order of presentation for the vibration patterns varied
among participants.

The visual animation depicted a hand pressing a bottle of
ketchup. First, the hand pressed the bottle, ketchup flows out
from the bottle, and once the stimulation is over the hand
opens to stop pressing the bottle. Four levels of ketchup
quantity usually depend on the performance of the BCI, but
for this study, the ketchup quantity is pseudo-randomized to
match the expected number of trials. The vibration intensity
and duration were proportional to the visual stimulus as
described in Table I. Note the duration of the stimulation
varies depending on the level. This discrepancy arises from



TABLE I
BIMODAL STIMULUS INTENSITIES AND DURATION
. Vibration Visual anlmat'lon: Duration
Trials . ketchup quantity
Intensity [seconds]
+ hand movement
4 None None 2
Low
4 PWM: 75; Small 2
approx.
63.75 Hz
Medium
4 PWM: 150; Medium 4
approx.
127.45 Hz
High
4 PWM: 225; Large 6
approx.
191.18 Hz)

the inherent need for a longer display time when a larger
quantity of sauce is involved. Consequently, the inclusion of a
lengthier visual animation contributes to enhancing the realism
of the animation. The number of trials was balanced across all
intensities and durations for improved offline statistics.

On the screen, a traffic light indicated the rest, preparation,
and stimulation phases. The timeline of one trial was as
follows: the traffic light was red for 30 seconds for participant
rest and preparation to start the experiment. Then, it turned
red and orange for 2 seconds, warning the participant the
stimulation was about to start (preparation phase). Next, the
traffic light remained orange during the bimodal (visual and
vibrotactile) stimulation (stimulation phase). Finally, the light
turned red for a random duration of 5 to 7 seconds to indicate
a resting phase. Each trial consisted of a warning (2 seconds),
stimulation (2-4 seconds according to its intensity), and rest
(5-7 seconds to avoid habituation) phases. Each participant
performed 16 trials per-device configuration. Participants were
instructed not to move or talk during the run.

D. EEG offline analysis

The offline analysis of the EEG signals was done with
EEGlab v2022.1 [12] toolbox in Matlab R2021b. EEG files
from one participant were not included due to an error in
data acquisition resulting in data mislabeling. The raw EEG
data were re-referenced using the Common Average Reference
method, followed by a high-pass filter at 1 Hz. Then, a 50
Hz notch filter was applied, and data were downsampled to
512 Hz after applying an antialiasing low-pass filter at 256
Hz. Then, an independent component analysis (ICA) was
performed to remove eye and muscle artifacts using the IClabel
tool. This explains the high sampling rate chosen because it is
recommended to have 20x(number of channels)? data points
for the ICA analysis.

Then, epochs were extracted corresponding to 4.1 seconds
before stimuli onset and 10 seconds afterward. The baseline
was defined 4 seconds before the stimuli onset, and its duration
was 2 seconds. The reasoning behind this choice is that
participants had 2 seconds to prepare for the stimuli (see

Section II-C), thus, some EEG activity may be present due to
this period of anticipation. Each epoch was labeled according
to the level of vibration intensity.

Once we had the epochs, we performed a time-frequency
grand average analysis to observe the Event-Related Spectrum
Perturbations (ERSPs). In this case, the baseline was defined
at 500 ms before stimuli onset. The average was performed
among participants (n=17) and the four vibration patterns. This
analysis allowed us to identify the frequency bands with the
most activity during the stimulation. Finally, we used these
results to obtain topographies corresponding to the average
duration of the stimulation to study the EEG activity over the
cortex. We used the EEGlab statistics study tool to perform
one-way repeated measures ANOVA with FDR correction and
a statistical threshold (p-value) of 0.05 for the time-frequency
ERSPs and 0.01 for the topographical analyses.

ITI. RESULTS
A. Time-Frequency analysis

Fig. 2 presents the results of time-frequency analyses for
two electrodes placed over the central gyrus (namely Cs, Cy
in the 10-10 system), and two on the somatosensory cortex
(CP3, CPy), corresponding respectively to the left and right
hemispheres. As stated in [13], electrodes C'3 and Cy report the
activity in both, motor and sensory, primary cortex. We present
results for four stimulation conditions, involving visual and
vibrotactile stimuli: None condition, (2-second virtual hand
grasp without ketchup or vibration), Low condition (2-second
virtual hand grasp with little ketchup and low vibration),
Medium condition (4-second virtual hand grasp with medium
ketchup and medium vibration), and High condition (6-second
virtual hand grasp with abundant ketchup and a high-intensity
vibration). To avoid overlap with subsequent trials, the figures
show a 3-second period after stimulus offset (resting phase)
since the shortest stimulation duration is 2 seconds for the
None and Low conditions. The time-frequency analyses pro-
vide averaged results for the four device configurations, which
involve the activation of 2 or 3 vibration motors simultane-
ously or sequentially. Furthermore, separate time-frequency
analyses were performed for each device configuration, but no
significant differences were observed among them. Therefore,
detailed results are not reported in this article.

1) Comparing locations: ERSPs for the None condition
show an ERD primarily in the alpha band and the contralateral
hemisphere, i.e., the right one (Cy, C'P,). The ERD continues
even after stimuli offset at 2 seconds. Similarly, in the Low
there is an ERD mainly in alpha, and a new ERD emerges in
beta that lasts for two seconds. This alpha and beta activity
is observed in all four electrodes, but the ERD weakens after
the stimuli offset in C'P; for alpha and in all electrodes for
beta. During the Medium condition, the beta ERD is more
pronounced in the contralateral hemisphere and C Ps, while it
is less strong in Cs. Around 1 second after stimuli offset, an
attenuation of the ERD is observed mainly on the contralateral
hemisphere (Cy4, C'P;), and an ERS emerges in the lower beta
range (12-15 Hz) nearly 2 seconds after the offset. ERSPs for
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Fig. 2. ERSPs grand average time-frequency analysis (n=17) for electrodes C3, Cy4, C'P3, and C' P, during the stimulation phase. Each column represents
a different condition (None, Low, Medium, High), with the last column indicating statistically significant differences (p < 0.05) in ERSP values among
conditions. The green dotted line indicates stimulation onset, while the red dotted line indicates stimulation offset. The graphs in the last column display
multiple red dotted lines, representing different condition offsets: the first for None and Low, the second for Medium, and the last for High.

the High condition exhibit an ERD in the alpha and beta band,
with alpha being more prominent. An ERS is visible on the
beta band mainly in the contralateral hemisphere (Cy, C'Py),
and in the postcentral ipsilateral area (C'Ps) in alpha and beta.
In summary, although alpha-related ERDs are observed in both
hemispheres for all intensities, they are slightly stronger in the
contralateral hemisphere and the postcentral ipsilateral area
(CP3).

2) Comparing intensities: Significant statistic test results
(p=0.05) show several differences in activity among the inten-
sity conditions.

¢ When the stimulation starts, a transient ERS is visible
in the theta and delta bands in postcentral areas (C Ps,
CPy).

o The stimulation induces a decrease in power in the alpha
and beta band in the somatomotor or somatosensory
cortex (Cs, Cy), mainly on Cjs in the alpha band.

o When the stimulation stops for the None and Low con-
ditions after 2 seconds, it continues for the Medium and
High conditions, maintaining an ERD in the alpha and
beta bands up to their end at 4 and 6 seconds, respectively.

B. Topographical analysis

During the time-frequency analysis, we observed relevant
activity in the alpha and beta bands, but also an interesting
increase of power at the beginning of the stimulation in the

delta band, especially for the Medium and High conditions.
Thus, we present the averaged topographies over the stim-
ulation duration for alpha and beta in Fig. 3 and over an
approximate duration of 1 second of delta’s power increase
in Fig. 4.

1) Activity in alpha and beta bands: Using time-frequency
information from the ERSPs presented in the previous section,
we computed topographies for 1) alpha (8-12 Hz) + low beta
(12-15 Hz) and 2) high beta (15-25 Hz) for the first two
seconds (Fig. 3). We averaged over the first 2 seconds of the
stimulation because it was the duration of the shortest stimula-
tion. Averaging over a longer period would involve the resting
phase of the None and Low conditions. In the alpha+low beta
band, a bilateral ERD is present in motor and somatosensory
areas during the Medium and High conditions, while for the
other two conditions, the ERD is weaker and contralateral.
The ERDs in the Medium, and High conditions extend to the
contralateral parietal lobe, corresponding to the somatosensory
cortex. A contralateral decrease in power is visible for all
conditions in the occipital lobe, maybe due to the left arm
presented on the screen. Statistically significant differences
among intensity conditions were observed in ipsilateral elec-
trodes (Cs, F'C3, F3). Pairwise Tukey comparisons performed
in jamovi showed differences in C5 between the High-None
conditions (p = 0.018), and Medium-None (p = 0.011).

Regarding high beta, the ERD amplitude is lower than in al-
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Fig. 3. Brain activity topographies averaged over two seconds (t=0-2000
ms). The first row represents the alpha+low beta band (8-15 Hz). The second
row represents the high beta band (15-25 Hz). The third row displays visual
animations for each condition, and the fourth row indicates vibration intensity.
The first four columns correspond to the visual and vibration conditions, while
the last column shows statistically significant differences (p < 0.01).

pha+low beta and is present only in the three conditions where
the vibration was activated. This ERD is mainly contralateral
and noticeable in the High condition, and it attenuates as the
intensity of the stimulation decreases. Statistically significant
differences (p < 0.01) are observed bilaterally in central and
pre/postcentral areas corresponding to the somatomotor and
somatosensory cortices, contralateral in posterior and some
occipital electrodes. Pairwise Tukey comparisons exhibited
differences in C'3 between: High-Low and Medium-Low both
with p < 0.05, High-None (p < 0.01), and Medium-None
(p < 0.001).

2) Activity in the delta band: Fig. 2 shows a strong transient
ERS around the delta and theta bands in C'P; and C'P, at
stimulation onset (t=0m s). To further study this phenomenon,
we computed the averaged topographies over 0-1000 ms
(Fig.4), corresponding to the first second of the stimulation for
delta (1-4 Hz). We also computed the average topographies for
the theta band (4-8 Hz) but the results are less significant. As
we observed in the time-frequency analysis, the power increase
is present only for the High and Medium conditions, mainly
around C,, C'P,, Cs, C' Py, and extending slightly to Cy, Cy,
CPl, CP4, and FCZ.

IV. DISCUSSION

A. The bimodal stimulation elicits bilateral ERDs in alpha
and beta

We clearly observed bilateral ERDs elicited by visual and
vibrotactile synchronized stimulation in the alpha and beta
frequency bands (Fig. 2 and Fig. 3). The bilateral activity due
to a vibrotactile stimulus was previously reported during focal
vibration [14] and vibration with eyes open [6]. Thus, the
activity we observe may be very well due to the visual stim-
ulation. When comparing intensity conditions, a significant
difference was observed only in 3 ipsilateral electrodes (Fig.3),
probably due to the ipsilateral ERD present only in Medium
and High conditions, while the contralateral ERD is constant

Statistics

Fig. 4. Brain activity topographies averaged over the first second of the
stimulation (0-1000 ms) in the 1-4 Hz delta band. The statistically significant
differences (p < 0.01) are displayed in the right-most image.

in all conditions. Furthermore, this ipsilateral activity in the
sensorimotor cortex increases with the contralateral occipital
activity.

During the None condition (Fig. 2), an ERD is observed
when the virtual hand movement starts, which has been
previously reported for action observation [15]. Contrary to
expectations, we did not observe an ERS once the stimulation
was over for this condition. One possible explanation for
this phenomenon is that the virtual hand reopens when the
resting phase starts at 2000 ms. This may be interpreted as
a second movement that elicits another ERD (the first one
being the hand grasping the bottle), thus suppressing the ERS
corresponding to the first movement. The vibration was not
applied in this condition, therefore, the vibration stimulation
cannot justify the absence of ERS. On the other hand, in the
Low and Medium conditions, the ERD attenuates at stimuli
offset, and an ERS becomes visible in the High condition. This
may suggest that the appearance of this ERS is dependent on
the vibration intensity.

The alpha-related ERDs present in all conditions are lo-
calized in the somatomotor and somatosensory cortices, SO
they may also correspond to the mu rhythm, which is present
during motor and neurocognitive activities [16] and often
mixed with central beta [17]. Lastly, the absence of an ERD in
the high beta band for the None condition (Fig.3) suggests that
vibration stimulus elicits EEG modulations in this frequency
band rather than visual stimulus.

B. Presence of delta activity

A noteworthy finding is the significant transient ERS at the
beginning of the stimulation in the delta band (Fig. 2). Tradi-
tionally, delta activity has been related to states of diminished
consciousness [17]. However, it has also been suggested that
delta oscillations are synchronized with visual cues timing
[18].Yet, we only observed delta activity in the Medium
and High conditions, and the visual cues were deliberately
varied to prevent participant anticipation. Therefore, we cannot
conclude that the delta activity solely resulted from the visual
cues. Activity in the delta band has been previously reported
during continuous-attention tasks [19] and during vibrotactile
stimulation, suggesting it increased attention [6]. Given that
we observed delta activity only in the Medium and High
conditions, it is plausible that attention is dependent on the
vibration intensity. Further studies on attention and vibrotactile
stimulation are needed to substantiate this hypothesis.



C. Limitations and future work

We only studied bimodal stimulation, therefore it was im-
possible to differentiate brain activity resulting from the visual
stimulus and the one from the vibrotactile stimulus except for
the None condition. To gain further insights and isolate the
effects of the vibration at different intensities, it would be
valuable to perform a study comparing different stimulation
modalities. Such research could enhance our understanding
of how the brain processes vibrotactile information on the
forearm and hand.

In our study, the virtual arm shown on the screen was the
left one, which was to be the non-dominant. This may account
for the contralateral occipital activity in both alpha and beta
bands across all conditions, as well as the center-ipsilateral
activity. Future experiments on the dominant right arm could
validate our findings.

In upcoming work, we will incorporate our proposed bi-
modal stimulation into our functional KMI-based BCI (Fig.
1(a)) to assess its impact on BCI performance and user expe-
rience. In this context, the stimulation will serve as feedback
because its intensity will depend on the brain activity during
KMI. As demonstrated in this article, visual and vibrotactile
stimulation elicits activity in the somatomotor and sensorimo-
tor cortices. Therefore, feedback will be provided once the
KMI task concludes to avoid overlapping of the brain activity.
Furthermore, we will compare the bimodal feedback to visual-
only and vibrotactile-only feedback, expecting variation in
EEG oscillations during the feedback phase due to the distinct
sensory modalities.

V. CONCLUSION

The different configurations of the vibrotactile device, based
on the number of motors and activation sequence, did not yield
statistically significant differences in brain activity. However,
our study clearly observed brain activity in delta, alpha, and
beta bands during our proposed novel visual and vibrotactile
bimodal stimulation. Moreover, this activity exhibited vari-
ations depending on the stimulation intensity. Contrary to
expectations, we observed bilateral brain activity, with the con-
tralateral hemisphere demonstrating stronger activity. Notably,
this activation encompassed not only central but also extended
to pre/postcentral, posterior, and occipital areas. These findings
provide valuable insights for optimizing the design of a BCI
paradigm using our proposed bimodal stimulation as feedback
for KMI of the upper limb and anticipate the brain responses
associated with feedback modalities and intensities.
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