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The motor imagery (MI) paradigm has been wildly used in brain-computer interface
(BCI), but the difficulties in performing imagery tasks limit its application. Mechanical
vibration stimulus has been increasingly used to enhance the MI performance, but
its improvement consistence is still under debate. To develop more effective vibration
stimulus methods for consistently enhancing MI, this study proposes an EEG phase-
dependent closed-loop mechanical vibration stimulation method. The subject’s index
finger of the non-dominant hand was given 4 different vibration stimulation conditions
(i.e., continuous open-loop vibration stimulus, two different phase-dependent closed-
loop vibration stimuli and no stimulus) when performing two tasks of imagining
movement and rest of the index finger from his/her dominant hand. We compared
MI performance and brain oscillatory patterns under different conditions to verify the
effectiveness of this method. The subjects performed 80 trials of each type in a random
order, and the average phase-lock value of closed-loop stimulus conditions was 0.71.
It was found that the closed-loop vibration stimulus applied in the falling phase helped
the subjects to produce stronger event-related desynchronization (ERD) and sustain
longer. Moreover, the classification accuracy was improved by about 9% compared
with MI without any vibration stimulation (p = 0.012, paired t-test). This method helps
to modulate the mu rhythm and make subjects more concentrated on the imagery
and without negative enhancement during rest tasks, ultimately improves MI-based BCI
performance. Participants reported that the tactile fatigue under closed-loop stimulation
conditions was significantly less than continuous stimulation. This novel method is an
improvement to the traditional vibration stimulation enhancement research and helps to
make stimulation more precise and efficient.

Keywords: brain-computer interface, closed-loop system, phase-dependent, motor imagery, vibration
stimulation

INTRODUCTION

Brain-computer interface (BCI) systems provide users with a non-muscular channel to send
messages or instructions to external devices using brain activities (Wolpaw et al., 2002). Moreover,
BCI based on electroencephalography (EEG) signal has attracted wide attention due to its non-
invasiveness, convenience, and high time resolution. The widely used EEG-based BCI paradigms
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include event-related P300 potentials, steady-state visually
evoked potentials (SSVEPs), motor imagery (MI), etc. (Sharma
et al., 2006; Polich, 2007; Vialatte et al., 2010; Zhang et al., 2017,
2019; Jiang et al., 2019, 2020). Among these paradigms, MI is an
active BCI that allows users to adjust their alpha/beta rhythm to
generate features by imagining limb movements (Pfurtscheller
and Neuper, 2001). Extensive research has proved that the
neurophysiological basis of motor imagery is that when subjects
imagine the left- or right-hand movement, they will generate
event-related desynchronization (ERD) in the specific frequency
bands (commonly mu and beta) of the contralateral sensorimotor
areas and event-related synchronization (ERS) on the ipsilateral
side (Pfurtscheller and Lopes da Silva, 1999; Pfurtscheller et al.,
2006; Tecchio et al., 2006).

However, researchers indicate that there are about 15–
30% of the subjects who cannot reach proficiency in using
BCI, which is called “BCI-illiteracy” (Guger et al., 2003;
Minkyu et al., 2013). And the MI-based BCI has some other
problems, such as the imbalance between the dominant and non-
dominant hands (Maruff et al., 1999), inconsistent individual
performance (Ahn and Jun, 2015), etc. Therefore, more and
more researchers are devoted to improving MI-based BCI
performance. The main research directions include improving
MI decoding accuracy through optimizing feature extraction and
classification algorithms (Lotte et al., 2018; Chen et al., 2020;
Hang et al., 2020); proposing new hybrid BCI by introducing
additional neural signals (such as EMG (electromyogram)
(Vaughan et al., 1998; Leeb et al., 2011), fNIRS (functional near-
infrared spectroscopy) (Wang et al., 2019), and gaze (Punsawad
et al., 2010; Zeng et al., 2017), multiple brain modes (such as P300
and SSVEP) or multiple sensory stimuli (visual, auditory, tactile,
etc.) (Pfurtscheller et al., 2010).

Among them, the study of combining sensory input with
MI has achieved many exciting results, Allison et al. designed
a hybrid BCI that combines the SSVEP and ERD features,
which improves the decoding rate by about 6% compared to the
traditional MI-based BCI (Allison et al., 2010). Cincotti et al.
(2007) compared the effects of visual and vibrotactile feedback
on subjects. Compared with visual feedback, the advantage
of tactile feedback for MI is that it does not occupy the
visual channel and retains the advantage of the MI paradigm.
Meanwhile, it allows subjects to adjust their brain activities
by themselves, especially for users with impaired or missing
vision. Muller et al. demonstrated the feasibility of the tactile-
based BCI paradigm and achieved 70% accuracy by selectively
sensation of the vibration stimulation applied to the left and
right index fingers (Muller-Putz et al., 2006). The fusion of
tactile stimuli and MI has been proved in previous studies to
improve MI-based BCI performance, specifically in reducing
imagination time, increasing decoding accuracy, etc. (Chatterjee
et al., 2007; Yao et al., 2014, 2015; Yi et al., 2017). Furthermore,
physiological studies have found that tactile stimuli applied to
the hand on the imaginary side can enhance the activation of the
contralateral cortex (Nobuaki et al., 2011; Mizuguchi et al., 2012).
Shu et al. (2017) found that applying unilateral tactile stimulation
to non-dominant/paralyzed hands could increase MI-induced
ERD lateralization potential.

Nevertheless, most researches on hybrid BCI that combine
tactile and MI uses continuous, open-loop stimulation, often
applied at a fixed time with a pre-set frequency and intensity
(Pfurtscheller et al., 2010; Yi et al., 2017). It cannot be adjusted
according to the real-time state of the subjects. In contrast, the
closed-loop system can apply stimulation with the changes in the
subject’s status. In such a system, the phase has essential effects
on the real-time state of the brain. Many studies have shown that
stimulation for the brain will produce different effects according
to the applied phase. For example, the application of transcranial
magnetic stimulation (TMS) pulses at the peak or trough of the
mu rhythm of the motor cortex have opposite plastic effects
(Zrenner et al., 2017). Fehér et al. (2017) demonstrated a phase-
dependent modulatory mechanism of tACS at a cortical network
level. Similarly, Holt et al., 2019 used intracranial electrical
stimulation based on the β-rhythm of EEG in patients with
Parkinson’s disease to adjust the amplitude of β-oscillation
(Holt et al., 2019). The frequency and phase-specific effects of
transcranial alternating current stimulation have also been shown
in many experiments involving motor activity (Guerra et al.,
2016; Nakazono et al., 2016), cognitive (Polanía et al., 2012), and
auditory systems (Riecke et al., 2015; Polanía et al., 2018).

Among the phase-dependent researches, the alpha oscillations
is particularly concerned. Lindsley first proposed that the brain
state might be reflected by the phase of alpha oscillations in
a phasic form (Lindsley, 1952). A phase-dependent stimulation
system may potentially make a stronger effect of the stimulation
on the subject or make the direction of the effect more precise,
but it still lacks relevant research. Ai and Ro’s (2014) research
proves that 8–12 Hz neural oscillations in the somatosensory
areas can affect tactile perception, and that pulsed inhibition
by these oscillations shapes the state of brain activity necessary
for conscious perception. Therefore, whether the close-loop
vibration stimulation based on the alpha phase will affect the
performance of MI-based BCI or not is worth studying.

In order to investigate the effect of vibration stimuli applied
on a specific phase interval on MI BCI, we proposed a phase-
based closed-loop vibration stimulation method and designed
a comparative experiment to compare the difference between
this method and the traditional continuous open-loop vibration
stimulation methods independent of EEG phase on motor
imagery. These experiments include pure motor imagery without
stimulation (PMI), open-loop continuous vibration stimulation
(CVS), vibration stimulation in the rising phase (RPS), and
vibration stimulation in the falling phase (FPS). The oscillation
modes and time-frequency characteristics of EEG under different
stimulation conditions were compared, and feature extraction
was performed using the FBCSP algorithm to verify whether this
method based on closed-loop vibration stimulation can improve
the performance of the MI-based BCI.

MATERIALS AND METHODS

Subjects
Ten healthy right-handed subjects (8 males, 2 females, aged
range 21–28 years) participated in the experiment. The hand
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dominance of subjects was determined by the Edinburgh
Handedness Inventory. None of the subjects have prior
experience with BCIs. Before the experiment, they were informed
about the experimental procedure and signed the informed
consent before participating in the experiment. They were not
informed of the purpose of applying vibration stimulation to
avoid the subject’s psychological state bias when performing
the imagination task. The study was approved by the Ethics
Committee of Southeast University. All subjects received
experimental compensation.

Tactile Stimulation
A total of three stimulation methods were designed: continuous
vibration stimulation, vibration stimulation applied to the rising
phase or the falling phase. Vibration stimulation provided by C2
voice coil tactor from Engineering Acoustics, Inc. (Winter Park,
FL), applied to the fingertip of the non-dominant hand of the
subject. The tactor was placed in a customized rubber soft base
to reduce the noise generated by the desktop’s resonance when
stimulating. The Pacinian corpuscles and Meissner corpuscles
in the mechanical receptor of human fingertips are sensitive to
frequencies above 100 and 20–50 Hz, respectively (Breitwieser
et al., 2012). To drive the tactor, the PC soundcard produced
a 23 Hz sine wave modulated with a 200 Hz sine carrier wave
and amplified with an audio amplifier. The vibration intensity
was controlled by changing the volume until the subject feel the
vibration obviously without affecting the imagination.

The phase-dependent vibration stimulation is applied to the
rising ([−π/6, π/3]) or falling ([5 × π/6, 4 × π/3]) phase of
the alpha oscillations in the C4 channel. Each trigger vibrates
at 200 Hz frequency for 20 ms. This study used MATLAB to
collect data and calculate the current phase once every 40 ms.
Whether to trigger the stimulus or not is determined by the
predicted current phase. The interval between each stimulation is
more than 100 ms. Using the “tic-tic-toc” pattern (Severens et al.,
2010) (the amplitude of the third vibration after every two beats
is increased by 50%) to help the subjects maintain their attention
to the vibration.

Experimental Procedure
In this study, subjects executed the tasks of motor imagery
under different stimulus conditions, as shown in Figure 2.
The experiment was divided into 4 sessions, namely, motor
imagery without stimulus (PMI), motor imagery with continuous
vibration stimulus (CVS), and motor imagery with phase-
dependent vibration stimulus in rising (RPS) or falling intervals
(FPS). Each session contains two runs, each run contains 40
trials, in which the non-dominant hand finger-tapping task and
the relaxation task were executed in random order of 20 each.
Each run lasted about 7 min, the subjects had about 10 min
break between every two runs. Before the start of the formal
experiment, the subjects were required to complete one run
of the motor execution task and one run of the MI task for
training, to help the subjects familiarize themselves with the
experimental procedure and adequately understand the motor
imagery task. In order to avoid learning effects, each subject

completed four sessions in random order and completed all
experiments on the same day.

During the experiment, all subjects were sitting in a
comfortable chair about 1 meter away from the monitor. Put
the non-dominant hand wrist on the platform and put the
index finger on the tactor, both hands were relaxed as shown in
Figure 1. To avoid placebo effects, the subjects were asked to
place their fingers on the tactor through all sessions. Figure 2
illustrates the experimental paradigm of four different sessions
(PMI/CVS/RPS/FPS). The time structure of all sessions is the
same as the MI task, but the applied vibration stimuli were
different. At the beginning of each trial, there was a white cross
displayed in the center of the screen, the subjects can relax, and a
white circle appears in the middle of the cross at the 4th second,
prompting the subjects to pay attention to the imagination task
that was about to start for 1 s. At the 5th second, the subjects
perform the motion imagery task according to the arrow or
cross displayed on the screen. If the arrow pointing to the left
appeared, the subject performs the imagination of the non-
dominant hand index finger tapping. If the white cross appeared,
the subject performs the rest task, which continued for 4 s.
Then the screen was black, the subjects can relax until the white
cross appears at the 11th second to prompt the start of the next
trial. To minimize artifacts, subjects were asked to avoid physical
movements and blinking during the task. The time structure of
all sessions was the same, only the tactile stimulus applied during
the 5–9 s is different.

EEG Recording and Phase-Tracking
Approach
A SynAmps2 amplifier (Neuroscan Compumedics,
United States) and a 64-channel active electrode cap (BrainAmp,
ActiCap, BrainProducts, Munich, Germany) were used to
acquire the EEG signal. We recorded 27 channels (Fp1, Fp2,
F1, Fz, F2, FC1-6, FCz, C1-6, Cz, CP1-6, CPz, P1, P2, Pz) based
on International 10/20 system (see Figure 2). The reference
electrode was placed on the left mastoid and the electrode located
on the forehead served as the ground. All the impedance of
electrodes was kept below 10 k� during the recordings. An
analog bandwidth filter with 0.1–100 Hz and a notch filter with
50 Hz were applied to the EEG signals. The EEG sampling rate
was set to 1,000 Hz.

In order to deliver tactile stimulation output at a specified
phase interval of a given frequency, we have adopted a previously
proposed method based on Fast Fourier Transform (FFT)
to track the phase of the EEG signal in real-time (Farrokh
et al., 2017). The EEG signals were transmitted from the
amplifier to MATLAB (MathWorks, United States) in real-time
through the TCP / IP protocol for real-time phase tracking.
Starting from the 5th second of each trial, extract the latest
300 ms data of the C4 channel every 40 ms and perform
the following steps to predict the phase of the current time
point: First, a 10th order elliptical infinite impulse response
(IIR) filter is used to perform 8–12 Hz bandpass filtering
the data; second, the FFT of this data segment is calculated;
third, calculate the frequency and phase of the dominant
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A

B

FIGURE 1 | (A) Experimental setup: The subjects were seated in a comfortable chair. Their non-dominant hand’s index finger was placed on the C2 tactor, and they
performed imagination tasks according to the instructions displayed on the screen. The tactor provides corresponding vibration stimulation according to the
experimental settings. (B) Flowchart of the closed-loop stimulation system.

component of the signal from the FFT; finally, using a simple
sine function to forecast the signal by using the calculated
phase and frequency.

Algorithms and Analysis Methods
In this study, the data were analyzed off-line using customized
MATLAB programs and the MATLAB-based EEGLAB

toolbox (Delorme and Makeig, 2004). To remove the
artifacts caused by eye movements, the automatic artifact
removal (AAR) toolbox with the SOBI algorithm was used
(Gómez-Herrero, 2007). Afterward, common average reference
(CAR) was adopted to re-reference the data. Event-related
spectral perturbation (ERSP) was used to evaluate the
mean spectral power changes in time-frequency and spatial
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FIGURE 2 | Experimental procedure of the four different sessions, all sessions use the same time structure. The only difference is the way the mechanical vibration
stimulus applied to the subject’s fingertip within 5–9 s: under FPS/RPS conditions, a 20 ms vibration stimulus was applied each time according to the phase of EEG
alpha wave. Under FPS/RPS conditions, the constant 23 Hz vibration stimulus with 200 Hz as the carrier frequency was applied to the fingertip of the subjects. No
stimulation was applied under PMI conditions.

domains. In this work, the ERSP of n trials was calculated
by Eq. (1):

ERSP(f , t) =
1
n

n∑
k=1

(Fk(f , t)2) (1)

Where Fk(f , t) indicates the spectral estimation of kth trial at
frequency f and time t, n is the number of trials. We use
EEGLAB to compute the ERSP (dB), the short-time Fourier
transform (STFT) was applied with a Hanning-tapered window
which was length 200 ms. To normalize the baseline, each spectral
estimation subtracted the mean power changes in [3 4] s (the
1 s epoch before attention cue appear). The key electrodes C3
and C4 were selected to display the time courses from 0 to 9 s
between 1 and 30 Hz. The ERD/ERS values were calculated in
alpha (8–13 Hz) and beta (14–30 Hz) respectively.

To compare the MI-BCI classification performance under
different feedback conditions, all 27 channels data were utilized
for pattern classification, and the data of 0.5–4 s after imagine
task onset were extracted for feature extraction and pattern
classification. The specific effect of tactile stimulation is not
clear, and we cannot make the priori choice of the relevant
frequency band(s), so the Filter Bank Common Spatial Pattern
(FBCSP) algorithm (Ang et al., 2008; Keng et al., 2012) was
utilized to extract the features from the narrowband EEG signals
for classification. FBCSP divides each epoch of EEG data into

sub-bands with different frequency bands and then implement
the CSP algorithm on the filtered signals at each sub-band to
calculate the corresponding features. In this study, the sub-bands
are chosen from the range 8–32 Hz with bandwidth of 4 Hz (8–12,
12–16, 16–20, 20–24, 24–28, 28–32 Hz). After that, we use Fisher’s
linear discriminative analysis (LDA) for the 2-class classification.

For statistical analysis, a 10× 10-fold cross-validation strategy
was utilized to evaluate the classification performance. Every
group includes two runs, 80 trials and corresponding categories
were randomly divided into 10 sets, each consist of 8 trials.
Among the 10 sets, each 9 parts (72 trials) were for training
the LDA classifier and the remaining one part (8 trials) was for
testing. Repeating 10 times to get 100 results, and finally get
the average classification accuracy. To evaluate the performance
of the phase-tracking algorithm, we calculated the Hilbert
transformation offline and compared the phase using the Phase
Locking Value (PLV).

RESULTS

The main purpose of this study is to investigate whether phase-
based closed-loop vibration tactile stimulation can improve the
performance of the MI paradigm BCI. The MI-BCI applied
with closed-loop vibration stimulation based on the rising or
falling phase of the EEG signal in real-time was compared with
the MI-BCI without stimulation or with open-loop stimulation,
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FIGURE 3 | Rose plot under FPS conditions, shows the actual phase of the
vibration stimulus.

respectively. The offline analysis evaluated the phase-tracking
algorithm based on FFT was used to obtain PLV = 0.71, and the
trials with more errors in the applied stimulation position were
removed. Figure 3 shows a rose plot of the stimulus phase of one
subject’s FPS run.

Event-Related Spectral Perturbation
(ERSP)
Figure 4 shows the ERSP distributions across time-frequency
(A) and spatial domains (B) from one representative subject
(S2). The C3 and C4 channels were selected to cover the
left and right sensorimotor cortices in time-frequency analysis.
No obvious desynchronization was observed for the imagery
tasks in the alpha and beta bands of the PMI task. In
contrast, CVS, RPS, and FPS all enhance the activation of the
sensorimotor cortex to varying degrees. However, the frequency
band of continuous stimulus activation is narrow, mainly
concentrated in the alpha band, and the level of activation
is not as deep as the closed-loop stimulus. And FPS shows
some time accumulation effects, the activation is broader and
stronger as the imagine time progresses. Regarding closed-
loop stimulation, it can be observed that the FPS task has
a better effect on cortical activation than RPS, especially in
the C4 channel. But for the rest task, it showed no obvious
cortical activation in C3 and C4, and even more obvious ERS
phenomenon was observed on both sides of the FPS task.
CVS and RPS tasks can observe some discrete activations
in the alpha band, but the range and intensity are smaller
than imagery. Moreover, through the topographic maps, it
is clearly shown that, compared with the weak ERD of the
PMI task, the three tasks that introduce vibration stimulation
significantly enhance the activation of the contralateral and

ipsilateral sensorimotor cortex. The enhancement of the closed-
loop stimulation’s activation range and intensity are more
obvious than those of the CVS task. As observed, CVS did
not produce strong enough activation on the contralateral side,
while FPS produced the strongest activation on both C3 and C4
channels. Meanwhile, no matter whether vibration stimulation
was applied or not, no obvious cortical activation was observed
during the rest. Only PMI and FPS tasks observed slight ERS
on the ipsilateral sensorimotor cortex. It can be seen that tactile
stimulation does not directly activate the sensorimotor cortex,
but rather promotes and enhances the cortical activation induced
by motor imagery.

The averaged topographical distributions of ERD topographic
maps across all subjects are shown in Figure 5. The first
row shows the activation patterns of motor imagery under
four different conditions, and the second row is the rest.
There are three frequency ranges under each condition (8–
12, 13–30, and 8–30 Hz correspond to the alpha, beta, and
alpha-beta rhythms, respectively), which makes the effects of
different tactile stimuli on MI-based BCI at different frequencies
more intuitively. During the left-hand motor imagery, the
contralateral sensorimotor cortex shows a certain degree of
activation in all conditions. All three kinds of vibration
stimulation significantly enhanced the desynchronization of
this area. Clear cortical desynchronization can be observed at
both alpha and beta rhythm. Simultaneously, the ipsilateral
sensorimotor cortex activation is also enhanced to a certain
extent, especially in the beta band. Importantly, a significant
desynchronization of the bilateral sensorimotor cortex is
observed in the alpha band of the CVS task in the rest
class, which is significantly stronger than the activation during
motor imagery. This may indicate that some subjects were
directly activated by continuous vibration stimulation, or
involuntarily imagine the movement of their limbs during
the stimulation. Besides, some activation of the contralateral
sensorimotor cortex can be seen in the alpha band under
the FPS and RPS tasks, but the intensity is much lower than
that of CVS and the activation of motor imagery under the
same conditions.

Classification Performance
Off-line classification accuracies across all the subjects with their
mean accuracies are shown in Figure 6, and the best averaged
classification accuracy of cross-validation is chosen as the
performance. It is observed that the classification performance
in FPS tasks is significantly better than that of PMI tasks
(p = 0.012, paired t-test), but there is no significant difference in
performance between PMI and CVS tasks, nor between FPS and
RPS tasks. Compared with PMI tasks, the average performance
of FPS tasks increased by about 9%, and compared with CVS and
RPS tasks, it increased by about 4%. In FPS tasks, the number
of BIC-illiterate subjects (accuracy < 70%) decreased from 6 to
3 out of 10 subjects. Nevertheless, under other task conditions,
the number has not decreased significantly. In terms of average
classification performance, tactile vibration stimulation generally
enhances MI-based BCI, but individual performance is different.
Among them, the performance of two subjects on the PMI task
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A

B

FIGURE 4 | The cortical activations in time-frequency (A) and spatial (B) domains for subject S2.

FIGURE 5 | Grand-averaged distributions of ERD patterns of all subjects for each class. The EEG power was averaged from three representative frequency bands
(8–12; 13–30; 8–30 Hz) over 4 after the imagery task begins.

is higher than that of the other vibration stimulation tasks, while
the classification performance of three subjects in the CVS tasks
is significantly higher than the closed-loop vibration stimulation
tasks and PMI tasks, which will be discussed further in the
discussion section.

DISCUSSION

Effects of Tactile Stimulation on MI-BCI
In this study, we explored the impact of vibration stimulation
on MI-BCI. Tactile feedback has been increasingly used in
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FIGURE 6 | Classification accuracies and mean accuracies in four conditions over 10 subjects.

FIGURE 7 | The average energy fluctuation graph of all subjects in the alpha-beta frequency band (8–30 Hz) within 4 s after the start of the imagery task. A window
with a length of 1 s is calculated every 200 ms. The solid lines correspond to imagery tasks under different conditions, and the dashed lines correspond to rest tasks.

BCI research due to its good human-computer interaction and
the characteristics of reducing dependence on visual channels.
There is mainly mechanical vibration stimulation, kinesthetic
stimulation, electrical stimulation, and so on in terms of
stimulation types. Among them, somatokinetic stimulation is
more natural than other methods, which is in line with people’s

understanding and expectations of actual actions. However, it
often requires the assistance of larger devices or is placed in
a specific environment. Electrical stimulation is more powerful
than vibration stimulation and can transmit the stimulation
to nerves more effectively, but many subjects have fear and
resistance to it. In contrast, the vibration stimulation selected

Frontiers in Neuroscience | www.frontiersin.org 8 January 2021 | Volume 15 | Article 638638

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-638638 January 19, 2021 Time: 15:57 # 9

Zhang et al. Close-Loop Stimulation Improves MI Performance

in this study has the advantages of easy wearing, low cost, and
high acceptance by subjects, and is more suitable for MI-based
BCI. Many studies have demonstrated that the introduction
of vibrotactile stimulation can increase the excitability of the
motion-related cortex (Mizuguchi et al., 2013), and have proved
that the vibration stimulation can enhance the performance of
the motor imagination paradigm, but further research is needed
on the details of the application method.

First of all, the stimulus application method: Some studies
use short-term vibration stimuli to prompt the beginning and
ending of the imagery task or to inform the users of the
classification results (Chatterjee et al., 2007; McCreadie et al.,
2014; Jeunet et al., 2015). This kind of stimulus feedback method
is often used to replace visual feedback and has little effect
on classification performance. Therefore, many recent studies
have focused on applying continuous tactile stimulation during
imagination, and the effect of enhancing the performance of pure
MI-BCI is different. Yao et al. (2013) designed a hybrid BCI that
combines motor imagery and selective sensation using vibration
stimuli applied by both hands simultaneously based on selective
perception. Compared with the PMI task, the performance of
hybrid BCI was not significantly improved. However, most of
the subjects whose classification accuracy had not improved
were subjects who had performed well in PMI. The subjects
whose MI classification accuracy was below 60% had a visible
improvement after the introduction of vibration stimulation.
Similarly, Ahn et al. (2014) also studied a tactile hybrid BCI
based on selective sensation. It also showed no enhancement of
MI performance under bilateral vibration stimulation conditions,
but the classification accuracy of MI that was executed after
3 seconds of selective sensation to vibration stimulation was
about 10% higher than that of pure MI. Combined with the
fact that in this study, under CVS conditions, the classification
accuracy of some subjects was significantly decreased, which
may be due to the difficulty of the subjects to focus on the
two tasks of selective sensation and motor imagery at the same
time. In this case, the vibration stimulation interfered with
the participants’ imagination of the action. However, under
the same conditions of continuous stimulation of the hands,
Yi et al. (2017) used continuous electrical stimulation and
combined selective sensation with MI, but improved the overall
performance of an MI-based BCI, achieving 14% improvement
in total relative to the MI task alone. The reason is that
continuous electrical stimulation induces additional steady-state
somatosensory evoked potentials (SSSEP). The SSSEP does not
directly enhance ERD, but motor imagery will affect SSSEP,
resulting in more selective sensation results and making the
hybrid BCI perform better. It can be seen that the effects of
applying continuous vibration stimulation while performing MI
may be both pros and cons. On the one hand, it has been
shown that tactile stimulation can directly induce alpha/beta
ERD (Gaetz and Cheyne, 2006). And the spatial attention to
tactile stimulation can further regulate the activation of the cortex
(Bauer et al., 2006; Dockstader et al., 2010). High-intensity tactile
stimulation combined with selective sensation to induce SSSEP
can further generate more features to improve classification
performance. However, it is worth noting that most of the pure

selective sensation paradigms using vibration stimulation only
achieve a decoding rate of about 60% (Yao et al., 2013; Ahn
et al., 2014; Shu et al., 2018), which shows that the ERD and
other features produced by MI still play an important role in
hybrid BCI. On the other hand, vibration stimulation may not
induce SSSEP due to insufficient intensity or different individual
adaptation frequencies. At the same time, it may distract the
subjects and interfere with the subjects’ imagery tasks.

Compared with stimulating both hands at the same time
and then combined with selective sensation, it seems more
effective to apply tactile stimuli to the imaginary ipsilateral hand
(Chatterjee et al., 2007). Shu et al. (2017) applied constant
tactile stimulation to the non-dominant hand improved the
imbalance of MI ability between the dominant hand and the
non-dominant hand, and improved the classification accuracy
of MI-BCI by about 11%. This study also applied vibration
stimuli to the non-dominant hand, but unlike other studies, it
distinguished between imagining non-dominant hand movement
and rest. Physiological studies have proved that applying tactile
stimuli on the side of imagery can enhance the activation of the
contralateral cortex, but no obvious cortical changes are observed
on the contralateral hand. Vibration stimulation has a higher
intensity than somatosensory stimulation, such as holding a ball.
In addition to providing subjects with a more vivid imagination
environment and increasing the excitability of the motor cortex
(de Moraes Silva et al., 2015), vibration stimulation itself will also
activate the sensory cortex (Gaetz and Cheyne, 2006; Tu-Chan
et al., 2017). Therefore, applying a fixed vibration stimulus to one
hand will definitely affect the EEG mode of the rest state and affect
the classification effect.

Enhancement of Closed-Loop Vibration
Stimulation on MI
In this work, our research focuses on the impact of closed-
loop vibration stimulation on MI-BCI. Compared with open-
loop vibration stimulation, closed-loop stimulation shows better
performance in classification accuracy and the magnitude
of ERD. The physiological basis for phase-based closed-loop
vibration stimulation to be effective for MI is that neural
oscillations in the range of 8–12 Hz can affect tactile perception
(Ai and Ro, 2014), and pulses of the sensorimotor cortex
alpha rhythm can promote corticospinal excitability. Previous
studies on non-invasive precise phase stimulation generally used
electrical stimulation, TMS, and other stimulation methods.
However, sensory stimuli such as vision and hearing are
increasingly used in real-time stimulation, and the effect is
pronounced (Dijk et al., 2008; Romei et al., 2010). This study
used the algorithm proposed by Farrokh et al. (2017) to estimate
the real-time phase of the EEG of the contralateral sensorimotor
cortex (C4 channel) and distinguished the rising and falling
intervals to apply vibration stimulation. Studies have shown that
the perception of vibration stimuli at the alpha peak is inhibited
in terms of the impact on stimulus perception, while the valley
is more sensitive (Ai and Ro, 2014). Schaworonkow et al. (2018)
found that the MEP amplitude is modulated by the mu phase
in a wide range of stimulation intensity, and the stimulation
applied to the negative peak has the best effect. The intensity of
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the stimulation will also affect the regulation of the mu rhythm
cortex excitability. In addition, in terms of attention, even in
a continuous spatial attention state, the perception results will
change with phase changes (Helfrich et al., 2018). It can be
seen from Figure 5 that the motor imagery task under FES
conditions exhibits the strongest ERD mode, which means that
FES conditions have the best effect on the enhancement of
exercise-related cortical excitability, followed by RPS conditions.
At the same time, it has been observed that imagining the
non-dominant hand movement will cause the activation of the
ipsilateral sensorimotor cortex, which is consistent with the
results of previous studies (Porro et al., 2000). Furthermore, many
studies have found that applying a stimulus before the trough
helps to reduce the trough, while the stimulus applied at the
rising phase cannot effectively increase the peak. Moreover, the
descending phase interval stimulus has a cumulative effect, and
continuous multiple stimuli can further reduce the amplitude
(Holt et al., 2019). That may contribute to the continuation and
enhancement of ERD to a certain extent. In order to verify this,
we compared the average energy changes of all subjects during the
motor imagery or rest task. As shown in Figure 7, in the MI task,
the energy of the C4 channel under FPS conditions is the lowest,
and it shows a downward trend as time progresses, which may be
caused by the cumulative effect of stimulation mentioned before.
In contrast, the energy decrease of pure MI in the first 2 s is not
much different from FPS, but it does not continue to decrease,
which may be due to the participant’s inability to keep focusing
on their imagination. Energy reduction is also observed under
CVS conditions and there is no rebound over time, but it is worth
noting that the rest task under CVS conditions also shows energy
decline, which is similar to the imagery task. This may be the
main reason for the poor effect of CVS classification. The highest
energy is observed in the rest task without stimulation, which
indicates that vibration stimulation will induce the activation of
the contralateral sensorimotor cortex no matter imagined or not.
Among them, FPS makes the most prominent energy difference
because an increase of task complexity or attention results in an
increased magnitude of ERD (Boiten et al., 1992; Mashat et al.,
2019).

The disadvantage of continuous open-loop vibration
stimulation is that some subjects are not sensitive to mechanical
vibration stimulation or only sensitive to specific vibration
frequencies. In addition, the mechanical vibration stimulation
of the same part for a long time will make some subjects feel
tired and make the skin numb. To make the short-term vibration
stimulation more easily perceivable, we applied 200 ms vibration
stimulation every time and used the “tic-tic-toc” stimulation
mode to enhance the participant’s attention to the stimulation
(Gescheider et al., 2010; Choi et al., 2015). After completing
the experiment, all the subjects reported that the closed-loop
stimulation method could be clearly felt compared with CVS,
and the degree of fatigue is lower. Besides, the frequency of
stimulation may also be one of the reasons for the enhanced MI
performance. The closed-loop stimulation is applied according to
the phase of the alpha rhythm, so the actual stimulation frequency
is also about 10 Hz. Previous research has shown that incoming
tactile stimuli at an alpha frequency can enhance task-related

alpha desynchronization (Long et al., 2016). Zhang et al. (2020)
experimented with enhancing MI by electrically stimulating the
ulnar nerve of the contralateral wrist at the alpha frequency
(10 Hz), and improved the classification accuracy of left- and
right-hand MI by about 15%. But in the actual application of
motor imagery, the imagination task is often initiated by people
subjectively rather than pre-set. Therefore, compared with online
applications, it may be more suitable for assisting the training of
MI. But this proves the effectiveness of alpha frequency tactile
stimulation for MI-BCI enhancement from the side.

Application Prospects and Future Works
This article tried to apply vibration stimuli in different phase
intervals of real-time EEG signals, but the estimation algorithm
of EEG real-time phase still has room for improvement in
accuracy and computational efficiency. Physiological studies (Ai
and Ro, 2014) have proved that the neural oscillation of the
alpha band can affect sensory perception, so in addition to the
phase information, we can try to monitor the activation of the
sensory-motor cortex of the subject according to the activation
state of the cerebral cortex and cortical energy. Further enhance
the robustness and effectiveness of the closed-loop stimulation
system and reduce vibration stimulation interference on the
concentration of MI. Besides, because vibration stimulation may
be particularly effective for BCI-illiteracy groups, while subjects
with better MI performance are likely to have the opposite effect,
the intensity or frequency of vibration stimulation should be
adjusted adaptively according to the actual performance of the
subjects (Bergmann et al., 2019).

In addition, some studies have shown that somatosensory
stimulation can improve the motor function training effect of
stroke patients (Sawaki et al., 2006; Bastos Conforto et al.,
2010). The activation of the contralateral cortex during MI
enhanced by vibration stimulation is also considered helpful
to the neural reorganization of stroke patients, so closed-loop
vibration stimulation can be further applied to assist stroke
rehabilitation training. Limited by the small number of subjects,
the effect of vibration stimulation applied in different intervals on
cortical activation and energy changes is still unclear. In future
works, more subjects should be recruited to further study the
changes in cortical energy caused by vibration stimulation in
different phase intervals, and to conduct long-term experiments
to explore whether vibration stimulation has a long-term effective
effect on MI-BCI.

CONCLUSION

In this work, a closed-loop vibration stimulation method based
on real-time phase prediction is proposed to improve MI-
based BCI’s overall performance. The effects of continuous
vibration stimulation and closed-loop vibration stimulation
in two different phase intervals on the non-dominant hand
imagination movement and rest classification performance
are compared and analyzed. We found that the closed-loop
vibration stimulation in the descending interval can deepen
the contralateral ERD of MI to a greater extent than other
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conditions, thereby significantly improving the classification
accuracy. Subjects generally report that closed-loop stimulation
methods can better assist the execution of MI and are less
prone to tactile fatigue. The method proposed in this paper is
an improvement to the existing BCI enhancement methods. It
may be expected to benefit people with complete somatosensory
systems but impaired motor functions in the future.
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