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Abstract

We study the extent to which contact–less and airborne ultrasonic tactile display
(AUTD) stimuli delivered to the palms of a user can serve as a platform for a brain
computer interface (BCI) paradigm. Six palm positions are used to evoke combined so-
matosensory brain responses, in order to define a novel contact-less tactile BCI. A com-
parison is made with classical attached vibrotactile transducers. Experiment results of
subjects performing online experiments validate the novel BCI paradigm.

1 Introduction

State–of–the–art brain computer interfaces (BCIs) are typically based on mental visual or au-
ditory paradigms, as well as motor imagery paradigms, which require extensive user training
and good eyesight or hearing. In recent years, alternative solutions have been proposed to make
use of a tactile modality [1, 2, 3] to enhance brain–computer interfacing efficiency. The concept
reported in this paper further extends the brain’s somatosensory channel by the application of
a contact–less stimulus generated with an airborne ultrasonic tactile display (AUTD) [4]. The
rationale behind the use of the AUTD is that, due to its contact–less nature, it allows for a more
hygienic application, avoiding the occurrence of skin ulcers (bedsores) in patients in a locked–in
state (LIS). This paper reports very encouraging results with AUTD–based BCI (autdBCI) in
comparison with the classical paradigm of vibrotactile transducer–based somatosensory stim-
ulus (vtBCI) attached to the user’s palms [3]. The rest of the paper is organized as follows.
The next section introduces the materials and methods used in the study. The results obtained
in online experiments with 13 healthy BCI users are then discussed. Finally, conclusions are
formulated and directions for future research are outlined.

2 Materials and Methods

Thirteen male volunteer BCI users participated in the experiments. The users’ mean age was
28.54, with a standard deviation of 7.96 years. The experiments were performed at the Life
Science Center of TARA, University of Tsukuba, at the University of Tokyo and at RIKEN
Brain Science Institute, Japan. The online (real-time) EEG autdBCI and vtBCI paradigm
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ਤ 3.1. ରʹࣈΔೖྗจ͚͓ʹݧ࣮͕ࣈஔͷணྫɽ֤Օॴԣͷܕͷஔͱɼ৮ܹ

Ԡ͢Δɽ

ਤ 3.2. ۭதԻ৮֮σΟεϓϨΠɽߦݱϞσϧ 2ͭΛฒͯ༻ͨ͠ɽৼಈࢠ 249×2 = 498

ɼݸ

ͷযΛܗ͠৮֮Λఏࣔ͢Δɽύϧε෯มௐʹΑΓ 30Hzʹมௐ͞ΕܹͨΛ༻͍ͨɽ࣮ݧ

ͰɼஔΛصͷ্ۭʹΓԼ͛ɼखΛͦͷԼʹஔ͍ͨঢ়ଶͰ༻ͨ͠ʢਤ 3.3ʣɽ͔صΒ

ஔͷৼಈ໘·Ͱͷڑ 250mmͰ͋ͬͨɽిࢠടʹΑͬͯܭଌͨ݁͠Ռɼఏࣔ͞ΕΔྗ

 2.0gfͰ͋ͬͨɽ ৮ܕͷܹஔɼۭதԻ৮֮σΟεϓϨΠͷযܘʢ 1cmఔ

ʣʹ͍ۙେ͖͞Ͱ͋Δ HiWave ࣾͷεϐʔΧʔυϥΠόʔ HIHX09C005-8[26]ʢৼಈࢠ

ܘ 12mmʣΛ༻͍ͨɽৼಈप 150HzͰ͋ͬͨɽৼಈपͱৼಈͷڧɼඃऀݧͷ

৮͕ײ 2ͭͷ৮ܹ֮ஔͰ΄΅ಉ͡ʹͳΔΑ͏ʹ࣮ݧతʹܾΊΒΕͨɽ࣮ݧͰɼஔ͕ൽ

ෘʹಉఔͷ͞ڧͰ৮͢ΔΑ͏ʹɼςʔϓΛ༻͍ͯஔΛݻఆͨ͠ʢਤ 3.1ʣɽ
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ਤ 3.3. Λड͚ΔɽਤۭதԻ৮ܹ֮ʹɽ྆खΛଗ͑ͨମΛͱΓɼ྆खऀݧதͷඃݧ࣮

σΟεϓϨΠͰͷྫɽ৮ܕஔͰಉ༷ͷମΛͱͬͨɽ

3.2 ৺ཧཧ࣮ݧ

3.2.1 ๏ํݧ࣮

৺ཧཧ࣮ݧͰɼඃऀݧϥϯμϜʹఏࣔ͞ΕΔܹΛࣝผ͠ɼࢦఆ͞ΕͨछྨͷܹΛ

ड͚ͨͱͨ͡ײͱ͖ͷΈɼϘλϯΛԡͯ͠ղ͢Δͱ͍͏λεΫΛ͍ߦɼͦͷͱ͖ͷղͷਖ਼

ଌͨ͠ɽܭΛؒ࣌ͱղޡ

৮ܕஔΛ༻͍Δ࣮ݧͱۭதԻ৮֮σΟεϓϨΠΛ༻͍Δ࣮ํ྆ݧʹ͓͍ͯɼඃऀݧ

ɼҜ࠲ʹࢠΓ྆खΛଗ͑ͯମͷલͷͷ্ʹஔ͍ͨମΛͱΓɼࠩ͠ग़͞Εͨ྆खʹܹΛ

ड͚Δʢਤ 3.3ʣɽ͜ΕۭதԻ৮֮σΟεϓϨΠ͔ΒܹΛड͚ΔͨΊͰ͋Δ͕ɼ࣮ݧ

݅Λಉ͡ʹ͢ΔͨΊʹ৮ܕஔʹ͍ͭͯಉ͡ମΛͱͬͨɽ2ͭͷ࣮ݧɼඃ͝ऀݧͱʹ

ॱ൪Λม͑ͯͨͬߦɽ

ղɼݩʹஔ͔ΕͨΩʔύουʢNT-9UH2PKɼαϯϫαϓϥΠࣾ [27]ʣΛ༻͍ɼΤϯ

λʔΩʔΛར͖Ͱԡ͢͜ͱͰೖྗͨ͠ɽ࣮ݧʹ͓͍ͯɼԠ͖͢λʔήοτͱͳΔܹ

ʑʹఏࣔ࣍ϥϯμϜͳॱͰʹޙͦͷऀݧॳʹΠϯετϥΫγϣϯͱͯ͠ఏࣔ͞Εɼඃ࠷͕

͞ΕΔܹͷ͏ͪλʔήοτ͕ఏࣔ͞Εͨͱ͖ͷΈϘλϯΛԡͯ͠ղͨ͠ɽ1ͭͷλʔήο

τʹ͍֤ܹͭͯ 10ճͣͭͱ͠ɼ1ͭͷλʔήοτʹର͢Δܹͷఏࣔɼ6छྨ ×10ճ

= 60ճʢλʔήοτܹ 10ճʗඇλʔήοτܹ 50ճʣͰ͋ͬͨɽ1ͭͷλʔήοτʹର

͢Δܹͷఏ͕ࣔऴΘΔͱɼλʔήοτϥϯμϜͳॱͰมΘΓɼಉ༷ʹΠϯετϥΫγϣϯ

ͷܹͷޙϥϯμϜͳܹͷఏࣔͱղΛ͍ߦɼ࠷ऴతʹશͨͬߦ͍ͯͭʹܹɽ͢ͳΘͪɼ

1ਓͷඃ͕ऀݧఏࣔ͞ΕΔܹશ෦Ͱ 60×6छྨ = 360ճͰ͋ͬͨʢλʔήοτܹ 60ճ

A user's palms with attached 
vibrotactile transducers used in vtBCI 
experiments. The stimulus locations are 
represented by digits to be spelled.

The AUTD array with ultrasonic 
transducers used to create the 
contact-less tactile pressure 
sensation.

A user during the autdBCI 
experiment with both palms 
placed under the AUTD array 
with ultrasonic transducers.

Figure 1: Tactile stimulus set-ups for autdBCI and vtBCI experiments with palms stimulated
from the top in the both cases.

experiments were conducted in accordance with the WMA Declaration of Helsinki - Ethical
Principles for Medical Research Involving Human Subjects and the procedures were approved
and designed in agreement with the ethical committee guidelines of the Faculty of Engineer-
ing, Information and Systems at University of Tsukuba, Japan. The AUTD stimulus generator
produced vibrotactile contact–less stimulation of the human skin via the air using focused ultra-
sound [4, 5]. The effect was achieved by generating an ultrasonic radiation static force produced
by intense sound pressure amplitude (a nonlinear acoustic phenomenon). The radiation pres-
sure deformed the surface of the skin on the palms, creating a tactile sensation. An array of
ultrasonic transducers mounted on the AUTD created the focussed radiation pressure at an
arbitrary focal point by choosing a phase shift of each transducer appropriately (the so–called
phased array technique). Modulated radiation pressure created a sensation of tactile vibration
similar to the one delivered by classical vibrotactile transducers attached to the user’s palms.
The AUTD device developed by the authors [4, 5] adhered to ultrasonic medical standards and
did not exceed the permitted skin absorption levels (approximately 40 times below the limits).
The effective vibrotactile sensation was set to 50 Hz [5] to match with tactile skin receptors
and notch filters for power line interference rejection. As a reference, in the second vtBCI
experiment, contact vibrotactile stimuli were also applied to locations on the users’ palms via
the transducers HIHX09C005-8. Each transducer in the experiments was set to emit a square
acoustic frequency wave at 50 Hz, which was delivered from the ARDUINO micro–controller
board with a custom battery–driven and isolated power amplifier and software developed in–
house and managed from a MAX 6 visual programming environment. The two experiment
set-ups above are presented in Figure 1. Two types of experiments were performed with the
volunteer users. Psychophysical experiments with foot–button–press responses were conducted
in order to test uniform stimulus difficulty levels from response accuracy and time measure-
ments. The subsequent tactile oddball online BCI EEG experiments evaluated the autdBCI
paradigm efficiency and allowed for a comparison with the classical skin contact–based vtBCI
reference. In both the above experiment protocols, the users were instructed to spell sequences
of six digits representing the stimulated positions on their palms. The training instructions
were presented visually by means of the BCI2000 [6] and MAX 6 programs with the numbers
1−6 representing the palm locations as depicted in the left panel of Figure 1. The EEG signals
were captured with an EEG amplifier system g.USBamp by g.tec Medical Engineering GmbH,
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Figure 2: The autdBCI (blue - targets; red - non–targets) and vtBCI (green - targets; black -
non–targets) grand mean averaged ERP responses, together with standard error bars. Due to
limited space, of the 16 measured, only electrodes Cz and Pz are presented.

Austria, using 16 active electrodes. The electrodes were attached to the head locations: Cz,
Pz, P3, P4, C3, C4, CP5, CP6, P1, P2, POz, C1, C2, FC1, FC2, and FCz, as in the 10/10
extended international system. The ground electrode was attached to the FPz position, and
the reference was attached to the left earlobe. No electromagnetic interference was observed
from the AUTD or vibrotactile transducers operating with frequencies notch–filtered together
with power line interference from the EEG. The EEG signals captured were processed online
with a BCI2000–based application [6], using a stepwise linear discriminant analysis (SWLDA)
classifier [7] with features drawn from 0 − 800 ms ERP intervals decimated by a factor of 20.
The stimulus length and inter–stimulus–interval were set to 400 ms, and the number of epochs
to average was set to 15. The EEG recording sampling rate was set at 512 Hz, and the high
and low pass filters were set at 0.1 Hz and 60 Hz, respectively. The notch filter to remove
power line interference was set for a rejection band of 48 ∼ 52 Hz. Each user performed three
experiment runs (randomized 90 targets and 450 non-targets each). As a feedback the spelled
numbers (palm position assigned digits as in Figure 1) were shown on a display to the user.

3 Results and Conclusions

The averaged evoked responses to targets and non–targets are depicted together with standard
error bars in Figure 2. The BCI six digit sequences spelling accuracy analyses for both the
experiments for the various averaging options are summarized in Figure 3. The chance level
was of 16.6%. The mean accuracies for 15-trial averaged ERPs were 63.8% and 69.4% for aut-
dBCI and vtBCI, respectively. The maximum accuracies were 78.3% and 84.6% respectively.
The differences were not significant, supporting the concept of AUTD–based tactile stimulus
usability for BCI. However, a single trial classification offline analysis of the collected responses
resulted in mean accuracies of 83.0% for autdBCI and 53.8% for vtBCI, leading to a possible
19.2 bit/min and 7.9 bit/min, respectively. In the case of the autdBCI, only a single user’s
results were bordering on the level of chance, and four subjects attained 100% (10 trials av-
eraging). On average, lower accuracies were obtained with the classical vtBCI, with which
three users bordered on the level of chance, and only one user scored 100% accuracy level in
SWLDA–classified averaged responses. This case study demonstrates results obtained with a
novel six–command–based autdBCI paradigm. We compared the results with classical vibro-
tactile transducer stimuli already generated. The experiment results obtained in this study
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Figure 3: Averaged autdBCI and vtBCI six digits spelling accuracy results colour coded sepa-
rately for each user, with standard error bars depicted.

confirm the validity of the contact–less autdBCI for interactive applications and the possibility
to further improve the results with the utilization of single trial–based linear classification. The
EEG experiment with the paradigm confirms that contact–less (airborne) tactile stimuli can
be used to create six command–based interfaces. The results presented offer a step forward in
the development of novel neurotechnology applications. Due to the still not very high interfac-
ing rate achieved by users in the case of online BCI, the current paradigm obviously requires
improvement and modification. These requirements determine the major lines of study for
future research. However, even in its current form, the proposed autdBCI can be regarded as
a practical solution for LIS patients (locked into their own bodies despite often intact cogni-
tive functioning), who cannot use vision or auditory-based interfaces due to sensory or other
disabilities.
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