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introduced to overcome these limitations, it is not yet feasible to
measure EEG signals in daily life. In this dissertation, new designs of
dry-contact EEG electrodes and multichannel EEG headsets are
introduced that overcome the limitations of existing dry-contact EEG
electrodes, simplify the procedure, and reduce the time for the
i

preparation of multichannel EEG measurement without assistance.

Methods: The proposed EEG electrodes have a reverse-curve-arch
shape and were fabricated with sterling silver using a 3D printer. This
unique structure was designed to reach the surface of the scalp by
passing through the layer of hair, and to maximize the contact area
between the skin and electrode. Therefore, its design could reduce
discomfort and pain when being worn. In addition, instant-donning
multichannel EEG headsets with electrodes were introduced. These
headsets were designed to let the electrodes reach the surface of the
scalp while being worn. It takes approximately ten seconds to put the
headsets on, including the ground and reference electrodes, without
any preparation or assistance. Several experiments were conducted to
validate the proposed electrodes and headsets, and they were applied
to the brain-computer interface system.

Results: The skin-electrode impedance of the proposed electrode was
relatively less than existing spiky electrode and the correlation
between signals using Ag/AgCl and proposed electrode are higher
than the spiky electrode. As instant-donning headsets, it was proven
that reliable EEG signals up to eight channels were acquired just after
putting it on without any assistant. SSVEP-based BCI system with the
proposed system showed the average accuracy of 95.70% and ITR of
20.34b/m. Additionally, ASSR-based BCI system with the system
ii

showed the average accuracy of 76%.

Conclusions: The electrodes and headsets introduced in this study
overcome the drawbacks of the existing dry-contact electrodes and
multichannel headsets. It was proven that reliable EEG signals were
obtained using the proposed system. This study shows the feasibility
of the instant-donning headsets for various EEG-based applications,
including BCI. The proposed system makes it possible to measure
EEG signals in daily life without assistance, and contributes to the
development of various EEG applications.

---------------------------------------------------------------------------------------------Keywords: Brain-computer interface, EEG, Dry-contact electrode,
Multichannel EEG measurement
Student number: 2011-30298
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CHAPTER 1.
Introduction

1

In this chapter, the general background of brain-computer interface
(BCI) and the essential components for the implementation thereof are
described. One of the major technologies for BCI is to acquire brain
signals using several modalities of brain imaging. Among these, the
advantages of electroencephalography (EEG) for BCI applications are
described. In addition, the advantages and disadvantages of several
types of existing EEG electrodes are reviewed, since attaching EEG
electrodes to the scalp is essential to measure EEG signals. The
various EEG-based applications, including BCI, require multichannel
EEG measurement. The procedure and limitations of conventional
multichannel EEG measurement are described. Finally, the purpose of
this study, the design and development dry EEG electrodes and
multichannel EEG headsets that reduce the preparation time of
multichannel EEG measurement, is described at the end of this
chapter.

2

1.1. Brain-computer interface
The brain-computer interface (BCI) system, a fast-growing emergent
technology in neural engineering or neuroscience, bypasses the
damaged neuromuscular pathways of the patients and allows for direct
communication with external devices such as computers, wheelchairs
and virtual environments (Fig. 1-1). The major goal of this system is to
provide locked-in syndrome (LIS), a condition in which a patient is
aware but affected by paralysis of nearly all voluntary muscles in the
body, with direct communication with others (1-3). The term “BCI” was
coined by professor Jacques Vidal in 1973 (4). He is widely recognized
as the inventor of the BCI system. After his early contribution to the
visual evoked potential (VEP) based BCI system, a number of studies
have been reported and decent advancement has been made to reach
the goal (5). In general, the system is composed of three components,
as illustrated in Fig. 1-2. The first step of BCI is to acquire signals from
the brain. The most widely used modalities for measuring brain signals
are electroencephalography (EEG), electrocorticography (ECoG), or
near-infrared spectroscopy (NIRS). These modalities acquire the
signals with an electrode placed on the scalp or cortical surface. The
second step is signal processing, which is a series of processes to
extract the user’s intent from the acquired brain signals. The last step
is to control external devices (e.g. wheelchair, virtual keyboard,
prosthesis) according to the classification results of the signal
3

processing. Over the last few decades, BCI technology has grown
dramatically and diverse approaches have been introduced. Recently,
most BCI research groups worldwide have focused on developing a
faster, more accurate, and more user-friendly system. However,
significant advancement is still necessary for practical use (6).

4

Figure 1-1. Examples of BCI systems: (a) BCI based virtual speller, (b)
motor imagery-based BCI for quadcopter control (7), (c) braincontrolled prosthesis (8), (d) BCI entertainment

5

Figure 1-2. Basic design and procedure of BCI system

6

1.2. Electroencephalography
The history of electroencephalography (EEG) starts with the German
psychiatrist Hans Berger’s discovery of the electrical activity of the
brain in 1924 (9). EEG is a noninvasive method to record electrical
activity of the brain with electrodes placed on the scalp (Fig. 1-3). It
measures voltage fluctuations resulting from ionic current within the
neurons of the brain (10). On the other hand, electrocorticography
(ECoG) or intracranial EEG measure the voltage fluctuations on the
surface of the cortex. EEG has been applied to diagnostic applications
including epilepsy, sleep disorders, coma, encephalopathies, and brain
death (11-13). It is also widely used in BCI applications. Other
modalities are also available for BCI applications, including functional
magnetic resonance imaging (fMRI), magnetoencephalography (MEG),
and ECoG. However, higher temporal resolution (Fig. 1-4), simple
setup, low cost, and the fact that surgery is not required, are
advantages of EEG for BCI applications. For these reasons, various
paradigms for EEG-based BCI systems have been developed, such as
event-related potential (ERP), steady-state evoked potential (SSVEP),
slow cortical potential, event-rerated desynchronization (ERD), and
event-rerated synchronization (ERS) (1, 14-22).

7

Figure 1-3. Lead locations of electrical brain signals

8

Figure 1-4. Scale of spatio-temporal resolution of various brain
imaging techniques (23)

9

1.3. EEG electrodes
Theoretically, the electrodes can be classified in two categories:
perfectly polarizable and perfectly nonpolarizable electrodes. For the
former, no actual charge crosses the interface between electrode and
electrolyte when a current is applied. For the latter, current passes
freely across the interface. Three major types of electrodes for EEG
are introduced in the subchapters.

1.3.1. Ag/AgCl Electrodes
A silver/silver chloride (Ag/AgCl) electrode is a practical electrode that
exhibits approximately the same characteristics as a perfectly
nonpolarizable electrode. It has been commonly used not only for EEG
measurement, but also for various biopotential measurements, such as
electrocardiography

(ECG),

electromyography

(EMG),

and

electrooculography (EOG) (24, 25). The electrode is named according
to its structure, which is a body is made up of Ag, and coated with a
AgCl layer. The behavior of the Ag/AgCl electrode is governed by the
following chemical reaction (25):

( )+

↔

( )+

(1-1)

Figure 1-5 shows the equivalent circuit of the Ag/AgCl skin-electrode
interface. Ehe denotes the half-potential of the electrode, and Cd and Rd
the double-layer interface between the conductive gel and the
10

electrode, and their charge transfer resistance, respectively. Rg
represents the resistance of the conductive gel layer between the skin
and the electrode. The impedance of the stratum corneum layer can
be reduced because of the highly ion-conductive layer of the gel. The
major advantage of the electrodes is low skin-electrode impedance.
However, it is not suitable for long-term daily-life ECG monitoring
because of the skin irritation it causes and gel dehydration, which
causes deterioration of the impedance.

1.3.2. Dry-contact electrodes
The dry electrode contacts directly to the scalp without conductive gel.
Using such electrodes reduces the long setup and clean up
procedures. Figure 1-6 shows the equivalent circuit of the dry skinelectrode interface. This interface can be represented by the parallel
combination of a resistor RS and a capacitor CS. The impedance of the
interface is relatively larger than that of the Ag/AgCl electrodes;
however, there is the possibility of reducing the impedance caused by
sweat moistening the skin after a long-term measurement. One of
strategies to reduce the high impedance is to use abrasive gel on the
measurement spots prior to the use of dry-contact electrode.
Nonetheless, a fast setup and no requirement for the use of conductive
gel are advantages of using such a dry-contract electrode.

11

Figure 1-5. Equivalent circuit of the skin-electrode interface with
Ag/AgC electrode

Figure 1-6. Equivalent circuit of the skin-electrode interface with drycontact electrode
12

1.3.3. Capacitive-coupled electrodes
With regard to reducing skin irritation and realizing unconstrained
monitoring, the use of capacitive coupling electrodes is considered to
be a promising solution. Such electrodes can acquire physiological
signals through an insulator (e.g. clothing) without the use of a
conductive gel or direct skin contact. Several types of capacitive
coupling electrodes have been developed. Lim et al. attached an
electrode to the back of a chair and a mattress (26, 27). Recently, a
flexible or conductive foam surfaced electrode was also introduced
(28-30). An example of the equivalent circuit of a capacitive electrode
is described in Fig. 1-7, and the overall gain can be expressed as
follows:

( )=

(

+

+
) + 0.9

13

+

(1-2)

Figure 1-7. Overall equivalent circuit of capacitive electrode

Figure 1-8. Frequency responses for different resistance: (a) Using
100% cotton as insulator, (b) Using 100% polyester as insulator

14

A bias resistor was used to provide a path of biased current to the
preamp. A significantly high resistance, in the order of giga-ohm (GΩ)
was used in previous studies owing to the high impedance of the
insulator (26, 28). One of the unique behaviors of the capacitive
electrode is that it acts as a high-pass filter. The combination of the
insulator capacitance and the bias resistor forms the first order highpass filter. The cut-off frequency of the high-pass filter can be
determined by the value of bias resistor as described in Fig. 1-8. Thus,
the value of the resistor should be considered according to frequency
range of the acquired signals.
In the use of capacitive electrode for EEG measurement, the
electrodes are located on the hair and does not reach to the surface of
the scalp. The bunch of hair acts as the insulator layer of capacitive
electrode. However, the high skin-electrode impedance is a major
drawback of the capacitive electrode.

15

1.4. Multichannel EEG measurement
Conventional multichannel EEG measurement is implemented with
Ag/AgCl or gold plate electrodes with conductive gel. The preparation
of multichannel EEG measurement begins with the localization of
measurement spots according to the 10-20 international system, which
is an internationally recognized method to describe the location of
electrodes on the scalp in the context of EEG measurements. After
localization of the measurement spots, scrubbing with abrasive gel is
necessary to exfoliate for reducing skin-electrode contact impedance.
Finally, each electrode is attached and the gel is injected. The overall
procedure is typically conducted with an assistant. Because of the
time-consuming and laborious process for the preparation of the
multichannel EEG measurement, it has been implemented in only
hospital or laboratory environments. In addition, the subjects or
patients may be tired because of the preparation procedure prior to the
initiation of the experiment or measurement. Although there have been
diverse approaches introduced to overcome these limitations, it is not
yet feasible to measure EEG signals in daily life.

16

1.5. Purpose of the study
For EEG measurement with dry-contact electrodes, the layer of hair is
the major obstacle, and time-consuming preparation is necessary to
minimize the adverse effect of the hair. To pass through the hair, the
existing dry electrodes were designed to have a spiky structure, such
as pins or bristles. However, those electrodes have inherent
drawbacks, such as limited skin-contact area, and pain to the user.
Therefore, to measure multichannel EEG signals with Ag/AgCl or
existing dry-contact electrodes, the time-consuming and laborious
process of preparation with assistance is necessary. The two major
objectives of the dissertation are to develop a new design of drycontact EEG electrodes that overcomes the drawbacks of existing dry
EEG electrodes, and an instant-donning multichannel EEG headset for
reducing time and to simplify the preparation procedure for EEG
measurement.
In Chapter 2, a new design of dry EEG electrodes for increased skinelectrode contact area on hairy scalps is presented. These electrodes
have a reverse-curve-arch shape, while the existing dry-contact
electrodes have spiky tips. The drawbacks of the existing electrodes
were overcome by the proposed electrode. In particular, the obstacle
of hair was efficiently eliminated with the proposed electrode, resulting
in lower skin-electrode impedance. The results of the comparison
experiment are described in the chapter.
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In Chapter 3, an instant-donning multichannel EEG headset is
introduced. The time-consuming and laborious process of preparation
for multichannel EEG measurement is only possible in laboratory or
hospital environments. For practical applications based on EEG
measurement, reducing the preparation process should be considered.
Multichannel EEG headsets, which can be worn instantly on hairy
scalps without any preparations, are introduced and the results of the
validation experiments are described in the chapter.
In Chapter 4, BCI systems with the proposed electrodes and headsets
were implemented. A steady-state visual evoked potential (SSVEP)
and auditory steady-state response (ASSR) based BCI system was
implemented. The details and results are described in the chapter.
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CHAPTER 2.
Reverse-curve-arch-shaped drycontact EEG electrode
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There are a variety of modalities that measure brain activity noninvasively, including functional magnetic resonance imaging (fMRI),
electroencephalography (EEG), magnetoencephalography (MEG), and
near-infrared spectroscopy (NIRS). Because EEG does not require
expensive and bulky equipment and because its temporal resolution is
better than other such modalities, many studies and applications
requiring fast signal processing have been performed with EEG, such
as brain–computer interface (BCI) studies (31). EEG signals represent
electrical activity resulting from ionic current flow within the neurons of
the brain. The conventional method of EEG recording is to place
Ag/AgCl electrodes on the scalp with conductive gel or paste. However,
conductive electrodes dehydrate over time, resulting in a low signal-tonoise ratio. In addition, multichannel EEG measurement requires a
time-consuming preparation procedure, including skin preparation and
skin-electrode impedance checking. After measurement, furthermore,
the conductive gel must be washed out of the user’s hair. To overcome
the aforementioned drawbacks, alternative non-invasive approaches,
such as the use of dry-contact electrodes or capacitive electrodes,
have been proposed. These dry-contact electrodes are designed to
have spiky structure such as pins or bristles (Fig. 2-1) to pass through
the hair and reach the scalp surface (32-36). However, they have their
own limitations. The skin-electrode contact area is limited because
only the tips of the spiky structures reach the surface of the scalp.
Limiting the skin-electrode contact area causes high skin-electrode
20

impedance, which results in a low signal-to-noise ratio. Furthermore,
for a given pressing force, the use of such electrodes causes more
pain or discomfort than would electrodes that provide larger skinelectrode contact areas because pressure is defined as force per unit
area. Pain and discomfort are crucial drawbacks of long-term EEG
measurement. To lessen the pain induced, some approaches involving
the use of spike-shaped electrodes made with flexible materials or
spring-loaded spike structures have been proposed. These materials
and structures, however, also achieve limited skin–electrode contact
areas (34, 37-40). On the other hand, capacitive electrodes are able to
measure physiological signals without direct skin contact and an over
insulator (26, 41). Applications of capacitive electrodes for EEG
measurement have been introduced recently (30, 42-44). Although
capacitive electrodes do not need direct skin contact via a spiky
structure, they do cause high impedance between the skin and the
electrode, which gives rise to several limitations, as described in (45).
The effect of increased contact impedance might be reduced by
enlarging the surface of the electrode, but an enlarged electrode is not
suitable for dense multichannel applications (30). Therefore, in this
study, a dry-contact electrode that addresses the drawbacks of
existing dry electrodes for use in EEG measurement on hairy scalps is
developed. The electrode described in this chapter was designed to
overcome the obstruction of hair effectively, and the reverse-curve
arch design maximizes skin-electrode contact area and reduces
21

impedance between the skin and electrode. To validate the proposed
electrode design, comparison experiments with a conventional
Ag/AgCl electrode and a commercially available finger-type dry-contact
electrode were conducted.
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Figure 2-1. Various kind of spiky dry-contact electrodes (a) 3D printed
electrode (35), (b) micro spiky structure (46), (c) commercial electrode
(47), (d) soft spikes (40), (e) bristle structure (33), (f) spring-loaded
spikes (48), (g) comb-shaped active electrode (32)
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2.1. Materials and Methods
2.1.1. Electrode
The structure of the proposed electrode is illustrated in Fig. 2-2. The
electrode was designed in the SOLIDWORKS® environment and
fabricated of sterling silver using a three-dimensional (3D) printer
(Perfactory, EnvisonTEC, Germany). The sterling silver is an alloy of
silver containing 92.5% by mass of silver and 7.5% by mass of copper.
The electrode consists of an electrode base and five arches. The base
of the electrode is a 10-mm square with a thickness of 2.5 mm. The
five arches are aligned on the base. The thickness of each arch is 1.2
mm, and the gaps between the arches are 0.8 mm wide. The arches
were designed to have a reversed curve shape to adapt to the
curvature of the scalp and thereby maximize the contact area between
the electrode and the scalp and disperse the pressing force. The
electrode is designed so that when it is placed on the scalp, hair
passes through the gaps between the arches and the arches are able
to reach the scalp. Two examples of placing the electrode on the scalp
are shown in Fig. 2-3. The photographs on the left show examples of
the electrode placed on straight hair, and those on the right show
examples of its placement on curly hair. As the figure shows,
regardless of the hair texture, the electrode is able to reach the surface
of the scalp by being combed through the hair and toward the scalp
from a point several centimeters above the measurement spot.
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Figure 2-2. (a) Proposed electrode (left), front view (middle), side view
(right); (b) photograph of the electrode (left), electrode with preamplifier
(right)
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Figure 2-3. Examples of placing the electrode on (a) straight hair and
(b) curly hair
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A preamplifier was attached to the other side of the base of the
electrode, as shown in Fig. 2-2(b). Figure 2-4(a) show a schematic of
the preamplifier. A high-input impedance op-amp (OPA124, Texas
Instruments, Dallas, TX, USA), which has an input impedance of 1013
Ω || 1 pF, was selected for use as the preamplifier. The bias resistor
was used to provide a path of biased current to the preamp. The value
of the bias resistor is 5GΩ. The overall equivalent electrical circuit of
the electrode is shown in Fig. 2-5. The gain of the circuit is given by

( )=

=

+

||

(2-1)

||

Where the symbol || indicates the parallel combination of two
impedances,
(

|| ),

is the input impedance of the operational amplifier

is much
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=

(2-3)

1+

Therefore, the overall source-to-output voltage gain can be rewritten
as
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Figure 2-4. (a) Schematic of the electrode, (b) photograph of the
preamplifier

Figure 2-5. Equivalent model of the electrode
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2.1.2. Comparison experiment
To validate the proposed electrode design, comparison experiments
with a conventional Ag/AgCl electrode and a commercially available
finger-type electrode (47) were conducted. I designed a special prove
consisting of those two electrodes and the proposed electrode in the
shape of a triangle so that I could measure ECG and EEG signals with
all three at the same time for purposes of comparison (Fig. 2-6). The
electrodes were spaced 10mm apart.

Figure 2-6. Prove for simultaneous measurement of three electrodes

The experiment was conducted with six healthy subjects with various
hair types, such as straight and curly hair. I measured EEG signals by
placing the probe at the occipital region (OZ) while the subjects opened
and closed their eyes for 180 seconds, respectively. In addition, I
measured ECG signals by placing the probe on both upper limbs of
each subject. I determined the signal-to-noise ratio (SNR) according to
following equation for use in alpha-rhythm analysis:
30

(

) = 10

∑
∑

= 10

_

∑

∑

( )

( )

(2-5)

I defined the signal as band power of 8 to 13 Hz range and the noise
as all band power.
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2.1.3. Animal experiment
To validate the proposed electrode, animal experiment on EEG
measurement with Sprague-Dawley rat was conducted. Typically, to
measure EEG of the animals, a surgery is needed to expose their skull
as illustrated in Fig. 2-7. Since the electrode was designed to
overcome the obstruction of hair effectively, the experiment with hairy
animals to validate possibility of measurement of EEG signals on the
scalp was conducted. In the experiment, EEG signals were acquired
with two groups of the rats. The one group is epilepsy-induced models
by pentylenetetrazol (PTZ) injection (49). The other group is a control.
To compare acquired signals with Ag/AgCl electrode and proposed
electrode, the signals were acquired simultaneously with each
electrodes (Fig. 2-8).

Figure 2-7. Invasive EEG measurement of rat
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Figure 2-8. (a) EEG montage (solid circle: Ag/AgCl electrode, dashed
circle: proposed electrode), (b) photograph of experiment setup, (c)
photograph of skin-electrode interface
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2.1.4. Skin-electrode impedance
To analyze the effect of the proposed reverse-curve-arch-shaped
electrode on skin–electrode contact impedance, the impedance from
0.1 Hz to 1 kHz were invastigated. The contact impedance was
analyzed using a VersaSTAT 3 impedance analyzer (Princeton
Applied Research, Tennessee, USA). Three types of electrode were
analyzed. They are Ag/AgCl electrode, the finger-type electrode and
proposed electrode in the study. Each electrode was tested with four
subjects that had hairy scalps, and I tested the electrodes on their
(hairless) upper limbs for comparison.

Figure 2-9. Impedance analyzer
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2.1.5. Maximum skin-electrode contact area
To demonstrate the efficiency of the proposed electrode, the size of
the electrode, the type of electrode, the number of spiky structures,
and the skin–electrode contact area are investigated based on
previous studies that mentioned the details of their proposed
electrodes. The ratio of the maximum skin–electrode contact area
(MSCA) to the electrode base area (EBA) is determined to assess the
contact efficiency of each electrode as flowing equation.

=

× 100(%)
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(2-6)

2.1.6. Discomfort and pain
The degree of user discomfort produced by placing the electrodes on
the scalp and the pain caused by the electrodes was investigated. For
the finger-type electrode, to make the tip of the electrode reach the
surface of the scalp, the electrode had to be twisted on the exact
measurement spot, as shown in Fig. 2-10(b). The proposed electrode
had to be combed into the hair from a point several centimeters above
the measurement spot, as shown in Fig. 2-10(a). The subjects were
asked to fill in a questionnaire to express their thoughts on the degree
of discomfort associated with these two methods of placing the
electrodes. To quantify the pain caused by the electrodes, the subjects
were asked to complete a questionnaire after placing the finger-type
electrode and the proposed electrode on the scalp under the same
pressing force for 30 minutes. The two indices were rated on a 10point scale where 1 = no pain or discomfort and 10 = very painful or
very uncomfortable.
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Figure 2-10. Methods of placing electrode on scalp: (a) proposed
electrode: combed in from several centimeters above and (b) fingertype electrode: twisted onto measurement spot
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2.2. RESULTS
2.2.1. Comparison experiment
Figure 2-11 shows an example of ECG and EEG signals acquired from
the Ag/AgCl electrode, the finger-type electrode, and the proposed
electrode in the time domain. The correlation coefficients of the ECG
and EEG signals of the six subjects for the reference electrode are
illustrated in Fig. 2-12 and Fig. 2-13, respectively. The coefficients of
the proposed electrode are slightly better than those of the finger-type
electrode. Examples of EEG signals on an occipital region during eye
opened and closed are illustrated in Fig. 2-14. The alpha-rhythm SNRs
are illustrated in Fig. 2-15. The figure shows that the SNRs of the
proposed electrode are better than those of the finger-type electrode.
The results are also presented in Table 2-1.
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Figure 2-11. Comparison of signals acquired from (a) ECG and (b)
EEG
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Figure 2-12. Correlation coefficients of ECG signals
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Figure 2-13. Correlation coefficients of EEG signals
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Figure 2-14. Examples of EEG signals at Oz (a) eye open, (b) eye
close
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Figure 2-15. Comparison of alpha-rhythm SNR
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Table 2-1. Correlation coefficient of EEG and ECG signals and alpha-rhythm SNR
correlation coefficient (R)
ECG

Subject

SNR (dB)
alpha-rhythm

EEG

finger

proposed

finger

proposed

finger

proposed

Ag/AgCl

1

0.9980

0.9982

0.8220

0.8312

-5.9947

-5.9167

-4.5397

2

0.9944

0.9898

0.6095

0.6148

-6.2082

-5.1668

-3.3380

3

0.9761

0.9842

0.5854

0.7663

-5.2475

-3.8419

-3.1800

4

0.9823

0.9876

0.4795

0.6361

-7.2195

-3.2573

-3.0043

5

0.9978

0.9984

0.7234

0.7675

-11.953

-9.1529

-6.0221

6

0.9968

0.9961

0.9285

0.9385

-7.7674

-7.5630

-7.4908

Mean

0.9909

0.9923

0.6913

0.7590

-7.3985

-5.8164

-4.5958

4
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2.2.2. Animal experiment
Figure 2-16 shows an example of EEG signals acquired from the
control group and with Ag/AgCl electrode and the proposed electrode
in the time domain. Figure 2-17 shows an example of EEG signals
acquired from the epilepsy-induced group and with Ag/AgCl electrode
and the proposed electrode in the time domain. For the epilepsyinduced group, intermittent epileptiform were clearly observed against
that of control group. The correlation coefficient of EEG signals
between Ag/AgCl electrode and proposed electrode is presented in
Table 2-2. The mean value of ten trials was 0.8308.

Table 2-2. Correlation coefficient of EEG signals between Ag/AgCl and
proposed electrode
Trial

Corrcoef (R)

1

0.9342

2

0.9770

3

0.7211

4

0.4653

5

0.9355

6

0.9806

7

0.9230

8

0.6529

9

0.8885

10

0.8295

mean

0.8308
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Amplitude (mV)
Amplitude (mV)

Figure 2-16. Example signals of control rat EEG (top: Ag/AgCl, bottom:
proposed electrode)
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Amplitude (mV)
Amplitude (mV)

Figure 2-17. Example signals of epilepsy-induced rat EEG (top:
Ag/AgCl, bottom: proposed electrode)
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2.2.3. Skin-electrode Impedance
The skin-electrode impedance results for the four subjects with curly or
straight hair are shown in Fig. 2-18. The plot on the top shows the
impedance on the subjects’ hairless upper limbs, and the plot on the
bottom shows the impedance on the subjects’ hairy scalps. The
asterisks, circles, and triangles denote the impedance of the fingertype electrode, the proposed electrode, and the Ag/AgCl electrode,
respectively. The plots show that the impedance decreases as the
frequency increases. A wider dispersion at low frequencies was
observed, although this is not shown in the figure. At both the hair and
bare skin sites, the proposed electrode exhibited a lower contact
impedance than the finger-type electrode. The dispersion of the
impedance from all subjects on the hairy scalp is shown in Fig. 2-19.
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Figure 2-18. Skin-electrode impedance on (a) bare skin and (b) hairy
scalp
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|Z|, ohms

Figure 2-19. Skin-electrode impedance on hairy scalp with dispersion
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2.2.4. Maximum skin-electrode contact area
As shown in Table 2-3, the total size of the proposed electrode was
similar to that of the spiky dry-contact electrode, and the ratios of the
maximum skin-electrode contact area to the total electrode area
covered a wide range. On the other hand, the proposed electrode has
the smallest total electrode size and the highest MSCA/EBA value of
the electrodes compared. A number of studies on dry-contact
electrodes were reviewed but only the studies that mentioned the
exact dimension of the electrode were analyzed.
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Table 2-3. Results of MSCA/EBA analysis
Shape

Electrode
base shape

Electrode base
area(EBA)

# of spiky
structure

Maximum skin-electrode
contact area (MSCA)

MSCA/EBA(%)

reference

pin

circle

9.55mm2 π

8

0.95mm2 π X 8

7.92

(47)

pin

circle

7.5mm2π

26

0.51mm2 X 26

12.02

(32)

2

2

pin

circle

8mm π

24

0.75mm π X 24

21.09

(39)

truncated
conical

circle

†

180

0.65mm2π X 180

†

(35)

pin

circle

6.5mm2π

17

0.65mm2π X 17

12.77

(48)

pin

circle

5~6.5mm2π

15

†

†

(40)

pin

circle

†

7

†

†

(38)

arch

square

10mm2

5

7.5mm X 1.2mm X 5

45

(50)
† = not available

2
5

2.2.5. Discomfort and pain
The results of the questionnaire on pain and discomfort are presented
in Table 2-4. The results indicate that all of the subjects felt more pain
with the finger-type electrode. However, most of the subjects reported
experiencing on difference in discomfort with the two electrodes
placement method.

Table 2-4. Result of questionnaire on discomfort and pain
Subject

discomfort

pain

finger

proposed

finger

proposed

1

4

6

7

2

2

5

5

8

3

3

5

5

10

2

4

6

1

7

1

5

5

5

6

1

6

5

5

10

8

Mean

5

4.5

8

2.83
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2.3. DISCUSSION
In this chapter, reverse-curve-arch-shaped dry-contact electrode for
use in EEG measurements on the scalp is proposed. The proposed
electrode was designed to increase the contact area on hairy scalps,
compared to other types of electrodes available. The proposed
electrode was fabricated of sterling silver using a 3D printer. The
curvature of the reverse-curve arch was designed to conform to the
curvature of the scalp to maximize the contact area and disperse the
pressing force, thereby lessening the pain induced. The electrode was
designed to overcome the drawbacks associated with the previously
proposed finger-type dry-contact electrode, such as the limited contact
area achieved and pain induced. The results indicate that the
proposed electrode yields better correlation coefficients and SNRs
than the finger-type dry-contact electrode. The electrode is designed
more efficiently than any other spiky dry-contact electrode, as
indicated by its considerably better MSCA/EBA value. However, the
optimization of the respective dimension such as the width of the gaps
between the arches, the thicknesses of the arches, and the height of
the arches should be considered according to ergonomic design in the
future study. The widths of the gaps between the arches and the
thicknesses of the arches of the proposed electrode can be varied
depending on the density of the pores of the user’s scalp. The height
of the arches can also be varied depending on the amount of hair of
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the user. Furthermore, the curvature of the reverse-curve arches can
be varied depending on the curvature of different measurement spots,
according to the international 10–20 EEG system. On the other hand,
the biocompatibility of the material of the electrodes should be
considered but it is not investigated in this study. However, sterling
silver has been commonly used for several of kinds of jewelry since
long time ago. Thus, there would be no serious side effect after
attaching the electrodes on the scalp except somebody who are
sensitive to silver.
In the next chapter, multichannel EEG headsets using the proposed
electrodes are introduced. The system were designed to reduce the
preparation time in of EEG measurement significantly in comparison
with a conventional Ag/AgCl application.
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CHAPTER 3.
Instant-donning multichannel EEG
headsets
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There are various applications based on EEG signals, including brain–
computer interface (BCI), brain mapping, polysomnography, clinical
diagnosis, and authentication (51-56). Such applications require
multichannel measurement of EEG signals. However, measuring EEG
signals at multiple spots on the scalp can be implemented only in a
hospital or a laboratory environment because the steps needed to
prepare for an EEG, i.e., the localization of sites for the electrical
montage, attachment of electrodes on those sites, gel injection and
impedance checking, are laborious and time-consuming, even for an
expert. The complexity of an EEG procedure is a major obstacle to its
practical use outside of the hospital or laboratory. To overcome this
drawback and simplify the procedure, various types of EEG headsets
or headgear have been introduced and are available on the market
(57). The official website of the BNCI Horizon 2020 project, a
collaboration of ten European universities, companies, and institutions,
provides a list of companies involved in the BCI field and closely
related sectors (http://bnci-horizon-2020.eu/index.php/community/com
panies). I investigated the companies on that list involved in EEG
measurement headsets and found the following headsets (Fig. 3-1).
MindWave Mobile (NeuroSky Inc., San Jose, CA, USA) and Yband
(Ybrain, Seoul, South Korea; not in the list) can be worn “out of the
box”, but they can measure only one or two channels of EEG signals
from the frontal lobe, where there is no hair. The Emotiv EPOC
(Emotiv, San Francisco, CA, USA) is similar to the preceding two
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headsets, but conductive gel injection are necessary before use. The
Stat X24 mobile EEG system (Advanced Brain Monitoring Inc.,
Carlsbad, CA, USA) measures up to 24 channels of EEG signals, but it
is impossible to put the headset on without assistance and gel injection
is necessary in advance. The HD-72 High Density Dry Headset
(Cognionics Inc., San Diego, CA, USA) measures up to 72 channels,
but assistance is required to don it. The DSI 10/20 (Quasar, San Diego,
CA, USA) can be donned easily, but after donning, each electrode
must be twisted for stable contact between the scalp and the electrode,
which is time-consuming. The Quick-20 Dry EEG Headset (Cognionics)
is quick and easy to set up, but the electrodes are spiky, which has
several drawbacks as mentioned a previous chapter. None of these
headsets measures multichannel EEG signals immediately after
donning without some preparation.
In this chapter, we present multichannel EEG headsets that can be
donned quickly and then measure EEG signals immediately. This
chapter also describes the validation experiments conducted with the
headsets and the details of the results.
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Figure 3-1. Various products of EEG headsets in the market (a) Stat
X24 (Advanced Brain Monitoring), (b) DSI 10/20 (Quasar), (c) Yband
(Ybrain), (d) HD-72 High Density Dry Headset (Cognionics), (e) Quick20 Dry EEG Headset (Cognionics), (f) Emotiv EPOC (Emotiv), (g)
MindWave Mobile (NeuroSky)
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3.1. MATERIALS AND METHODS
3.1.1. Electrodes
The reversed-curve arch-shaped dry-contact electrodes introduced in
the preceding chapter were used in the development of a headset that
can be donned quickly. Additional electrodes were designed according
to the curvature of multiple spots on the scalp (Fig. 3-2).
To minimize setup time, the ground and reference electrodes are
contained in an earclip (LXEL-EAR-01, Laxtha, Daejeon, South Korea)
(Fig. 3-3). The electrodes, on either side of the clip, are gold-coated
and have a diameter of 15 mm. In the original earclip, the electrodes
were wired together, but the clip was modified to separate the
electrodes into ground and reference electrodes [Fig. 3-3(b)].
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Figure 3-2. (Top) Different curvatures and heights of electrodes that
are placed on the scalp for multispot EEG measurement
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Figure 3-3. (a) Side view of the earclip, (b) ground and reference
electrodes in the earclip, (c) photograph of the earclip worn on the
earlobe
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3.1.2. Headsets
Two types of headset were designed: the around-type that goes
around the back of the head and extends to the transversal plane, and
the posterior-type that covers the occipital and parietal regions for use
in BCI applications. Both headsets come in small and large sizes. The
three-dimensional (3D) models of the headsets are shown in Fig. 3-4
and Fig. 3-5, respectively. The headsets were designed using the 3D
computer-aided design (CAD) system SOLIDWORKS® (Dessault
Systèmes, Vélizy, France) and fabricated in plastic using a 3D printer.
Photographs of the fabricated headsets are shown in Fig. 3-6 and Fig.
3-7. The headsets have square holes to which the electrodes can be
fixed so that they are aligned in the vertical direction of their arches.
Figure 3-8 shows the locations for EEG measurements with the
around-type headset: F7, T7, P7, PO3, PO4, P8, T8, and F8, and Fig.
3-9 shows those for the posterior-type headset: Pz, PO3, POz, PO4,
O1, Oz, and O2. The locations are based on the 10-20 international
system. The donning procedure of the around-type and the posteriortype headset is illustrated in Fig. 3-10 and Fig. 3-11, respectively. All
the electrodes reach the surface of the scalp by combing them through
the hair as the around-type headset is moved from a point several
centimeters above the crown of the head and as the posterior-type
headset is moved from the crown of the head to their respective
measurement spots. The combing action makes the hair go into the
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gaps between the arches of the electrodes (Fig. 3-12) so the
electrodes easily reach the surface of the scalp.
The signal from each electrode goes to the positive input of an
instrumentation amplifier (INA118, Texas Instruments Inc., Dallas, TX,
USA), while the signal from the reference electrode goes to the
negative input of the amplifier. The difference between the two signals
was amplified 11 times by the amplifier. The output signal was filtered
by a second-order high-pass filter at a cutoff frequency of 0.5 Hz,
amplified at a gain of 300, and then filtered by a fourth-order low-pass
filter at 50 Hz. The analog filter and gain circuit were designed with a
quad operational amplifier (OP497, Analog Devices, Norwood, MA,
USA). The out signals of the analog circuit were then digitized at a
sampling frequency of 1000 Hz by using a data acquisition system (NI
USB-6229, National Instruments Corporation, Austin, TX, USA). The
schematic of the overall system, from headset to data processing, is
shown in Fig. 3-13.
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Figure 3-4. 3D models of the around-type EEG headset
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Figure 3-5. 3D models of the posterior-type EEG headset
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Figure 3-6. Photographs of the around-type EEG headset
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Figure 3-7. Photographs of the posterior-type EEG headset
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Figure 3-8. EEG montage of the around-type headset

Figure 3-9. EEG montage of the posterior-type headset
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Figure 3-10. Photographs showing the instant-donning procedure of
the around-type headset
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Figure 3-11. Photographs of showing the instant- donning procedures
of the posterior-type headset
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Figure 3-12. Electrodes passing through the hair like a comb: (a)
straight hair, (b) curly hair
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Figure 3-13. Schematic of the overall system from headset donning to
data processing
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3.1.3. Instant-donning experiments
Donning time was defined as the time between the cue sign and the
first zero crossing point of an acquired signal after donning (Fig. 3-14).
Four subjects, each with a different hairstyle, i.e., curly, straight, short,
and long, participated in the instant-donning experiment with both
headsets. For the posterior-type headset experiment, subjects were
asked to pick up and don the headset after the cue signal. They were
then asked to open their eyes for 10 s and close their eyes for 10 s. If
there was an alpha rhythm while the subject’s eyes were closed, the
EEG was classified as reliable; otherwise, the EEG was a failed
measurement after donning the headset. On the other hand, for the
around-type headset experiment, an unreliable signal due to unstable
contact of an electrode could be observed by spectral analysis.
Normally, EEG signals are relatively weak compared with other
physiological signals and external electrical signals; therefore, the
spectrum of spontaneous EEG signals is normally stable. However,
the P8 signal in Fig. 3-15 shows a relatively large power band,
implying the possibility of unstable contact between the electrode and
the scalp. If the power density of the EEG signal is higher than that of
the other signals, then the EEG signal is not classified as reliable.
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Figure 3-14. Definition of donning time
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F8
PO4

P8

T8

F7
T7
P7
PO3

Figure 3-15. Unstable contact between the scalp and the electrode
causes an abnormal EEG spectrum at P8
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3.1.4. Measurement experiments
To validate each headset, EEG signals were measured just after
donning the headset. First, we determined whether a signal was
acquired from all channels and then the acquired signals were
investigated in the time and frequency domains.
In addition, I investigated the presence of P300 in the EEG signals. To
elicit P300, we conducted an oddball paradigm experiment where the
subjects were asked to focus on and count the number of times a
target LED flashed among six LEDs that randomly flashed one at a
time. The LED was on for 0.1 s and interstimulus interval was 0.075 s.
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3.1.5. Alpha-rhythm-based BCI experiment
The presence of alpha rhythm, which is a pattern of slow brain waves
(alpha waves) in the frequency range of 8–13 Hz when the eyes are
closed, indicates the presence of stable and appropriate contact
between the electrodes and the surface of the scalp. In this experiment,
the presence of alpha rhythm is confirmed by an alpha-rhythm-based
BCI system in which the presentation of slides is controlled by the
presence of alpha rhythm (
=
where

∑
∑

), defined as
=

∑

( )

∑

( )

>

(3-1)

is the band power of the frequency range of 8-13

Hz and

is the band power of the frequency range of 2-50

Hz. Four subjects participated in the experiment. One run comprised
ten trials and each trial took 3 s. The subjects were asked to close or
open their eyes, whichever they preferred. If they closed their eyes, the
next slide was presented, and if they opened their eyes, the previous
slide was presented.
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3.2. RESULTS
3.2.1. Instant-donning experiments
The results of the experiment that quantified the donning time are
presented in Table 3-1. Subject 1 had curly hair and subjects 2, 3, and
4 had straight, short, and long hair, respectively. The average donning
time was 10.08 s. Subjects 2 and 3 picked up the headsets faster than
subjects 1 and 4 did because they had participated in several previous
headset experiments. The success and failure of the experiment, i.e.,
the presence of alpha rhythm, with the posterior-type headset are
presented in the Table 3-2. The average success rate was 8.75 out of
10. The results for the subjects in the experiments with the aroundtype headset are presented in Tables 3-3 to 3-6, respectively. Subject
1, with curly hair, had the lowest success rate.
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Table 3-1. Results of donning time quantification experiment
trial

Donning time (s)
Subject 1

Subject 2

Subject 3

Subject 4

1

10.11

6.74

11.82

12.85

2

11.70

7.80

7.97

14.68

3

14.19

7.50

8.01

13.46

4

12.66

7.00

6.88

11.42

5

12.90

5.66

6.83

15.22

6

14.95

5.37

10.41

10.95

7

13.18

5.75

7.23

10.43

8

13.98

5.99

7.96

11.53

9

11.98

4.77

9.93

9.75

10

15.98

5.16

9.21

12.83

mean

13.16

6.17

8.63

12.31

Table 3-2. Success (O) of failure (X) of reliable alpha-rhythm
measurement after donning
trial

Success or failure
Subject 1

Subject 2

Subject 3

Subject 4

1

O

O

O

O

2

O

O

O

O

3

X

O

O

O

4

O

O

O

O

5

O

O

O

X

6

O

O

O

O

7

O

O

O

X

8

X

O

O

O

9

O

O

O

O

10

O

O

X

O

8/10

10/10

9/10

8/10
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Table 3-3. Success (O) of failure (X) of each channels measurement
on curly hair (subject 1)
Subject1

F7

T7

P7

PO3

PO4

P8

T8

F8

ratio

1

O

O

X

O

O

O

O

O

7/8

2

O

O

X

O

O

O

O

O

7/8

3

O

O

X

O

X

O

O

O

6/8

4

O

O

X

X

O

O

O

O

6/8

5

O

O

O

X

O

O

O

O

7/8

6

O

O

O

O

O

O

O

O

8/8

7

O

O

X

O

O

O

O

O

7/8

8

O

O

O

O

O

O

O

O

8/8

9

O

O

O

O

O

O

O

O

8/8

10

O

O

X

O

O

O

O

O

7/8
7.1/8

mean

Table 3-4. Success (O) of failure (X) of each channels measurement
on straight (subject 2)
Subject2

F7

T7

P7

PO3

PO4

P8

T8

F8

ratio

1

O

O

O

O

O

O

O

O

8/8

2

O

O

O

O

O

O

O

O

8/8

3

O

O

O

O

O

O

O

O

8/8

4

O

O

O

O

O

O

O

O

8/8

5

O

O

O

O

X

O

O

O

7/8

6

O

O

O

O

O

O

O

O

8/8

7

O

O

O

O

O

O

O

O

8/8

8

O

O

O

O

X

O

O

O

7/8

9

O

O

O

O

O

O

O

O

8/8

10

O

O

O

O

O

O

O

O

8/8
7.8/8

mean
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Table 3-5. Success (O) of failure (X) of each channels measurement
on shortcut (subject 3)
Subject3

F7

T7

P7

PO3

PO4

P8

T8

F8

ratio

1

O

O

O

O

O

O

O

O

8/8

2

O

O

O

O

O

O

O

O

8/8

3

O

O

O

O

O

O

O

O

8/8

4

O

O

O

O

O

O

O

O

8/8

5

O

O

O

O

O

O

O

O

8/8

6

O

O

O

O

O

O

O

O

8/8

7

O

O

O

O

O

O

O

O

8/8

8

O

O

O

X

O

O

O

O

7/8

9

O

O

O

O

O

O

O

O

8/8

10

O

O

O

O

O

O

O

O

8/8
7.9/8

mean

Table 3-6. Success (O) of failure (X) of each channels measurement
on long hair (subject 4)
Subject4

F7

T7

P7

PO3

PO4

P8

T8

F8

ratio

1

O

O

O

O

X

O

O

O

7/8

2

O

O

O

O

O

O

O

O

8/8

3

O

O

O

O

X

O

O

O

7/8

4

O

O

O

O

O

O

O

O

8/8

5

O

O

O

O

O

O

O

O

8/8

6

O

O

O

X

O

O

O

O

7/8

7

O

O

O

O

O

O

O

O

8/8

8

O

O

O

X

O

O

O

O

7/8

9

O

O

O

O

O

O

O

O

8/8

10

O

O

O

O

O

O

O

O

8/8
7.6/8

mean
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3.2.2. Measurement experiments
The eight channels of EEG signals from the around-type headset while
the eyes were open and closed are shown in Fig. 3-16 and Fig. 3-17,
respectively. Spontaneous EEG signals were observed when the eyes
were open and alpha rhythms were observed when the eyes were
closed. Power spectra of each channel are shown in Fig. 3-18 (eyes
open) and Fig. 3-19 (eyes closed). Similarly, significant alpha rhythms
were observed at the occipital region when the eyes were closed. In
addition, the presence of P300 in the EEG signal was investigated and
the average P300 evoked potential is presented in Fig. 3-20. A clear
positive peak of evoked potential occurred at the parietal lobe in both
subjects approximately 0.3 s after the onset of stimulation.
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4
8

Figure 3-16. EEG signals from 8 channels (eyes opened)
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Figure 3-17. EEG signals from 8 channels (eyes closed, alpha-rhythms are observed)

F8
PO4

P8

T8

F7
T7
P7
PO3

Figure 3-18. Power spectra of 8 channels of EEG after quick setup
(eyes opened)
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F8
PO4

P8

T8

F7
T7
P7
PO3

Figure 3-19. Power spectra of 8 channels of EEG after quick setup
(eye closed, significant alpha bands are observed at the occipital
region)
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Figure 3-20. Grand average of P300 from different two subjects (a)
subject1, (b) subject2
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3.2.3. Alpha-rhythm-based BCI experiment
Table 3-7 presents the results of the alpha-rhythm-based experiment of
controlling presentation slides. The table shows that all classification
results were corrected, i.e., the subjects controlled the presentation
slides by opening or closing their eyes, and reliable EEG signals were
measured just after donning the headsets. Figures 3-21(a) and (b)
show examples of EEG signals of one subject with the eyes open and
closed, respectively. Figures 3-21(c) and (d) show three examples of
power spectra when the eyes were closed and open, respectively. The
figures show that there were significant alpha rhythms when the
subject had closed eyes.
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Table 3-7. Results of alpha-rhythm-based experiment of controlling presentation slides
Subject

Time window (s)

Task

Classification results

Correct/total

spec

sens

1

3

NPNPNPNPNP

NPNPNPNPNP

10/10

1

1

2

3

NNNPPNNPNP

NNNPPNNPNP

10/10

1

1

3

3

NNPNNPNPPN

NNPNNPNPPN

10/10

1

1

4

3

NNNPPPNNPN

NNNPPPNNPN

10/10

1

1

10/10

1

1

Mean

N: next slide, P: previous slide, spec: specificity, sens: sensitivity

0
9

Figure 3-21. EEG signals obtained during a slide control experiment
while the eyes were (a) open and (b) closed. Power spectra of EEG
signals while the eyes were (c) closed and (d) open
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3.3. DISCUSSION
This chapter presented two EEG headsets that can be donned
instantly and immediately measure EEG signals of up to eight
channels. Experiments to show the presence of spontaneous EEG and
alpha rhythm and P300 in EEG signals were conducted. The results of
an alpha-rhythm-based BCI paradigm experiment showed the
feasibility of the headset for various BCI applications. It took
approximately 10 s for healthy subjects to don the headsets, including
the earclip with the reference and ground electrodes. To my
knowledge, such a short preparation and donning time has not been
reported. Reliable EEG signals were observed after the fast setup.
The headsets introduced in this chapter were designed such that the
electrodes can be replaced manually so they fit the curvature or the
shape of the head of each subject. However, once the combination of
electrodes is set for one subject, it would be difficult to use the headset
on another subject; the electrodes would need to be reset for the
headset to be used on another subject, which could be timeconsuming. To solve this problem, the headsets should be made from
material that is more flexible so that the headset can fit the shape of
any head more easily after donning it. In addition, the design of the
headset should be improved for use on ALS patients because they are
normally in the supine position all day. The headset should be
comfortable and still yield reliable EEG signals when the subject is in
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the supine position. An experiment with the supine patients should be
conducted in the future.
The proposed headsets measure up to eight channels of EEG signals
simultaneously; however, more channels are required for various
applications. Therefore, headsets that have more than ten channels
should be considered in a future study. In addition, low power
consumption, wireless data transmission, and strategies to reduce
motion artifacts should be part of a future study on ambulatory
monitoring of EEG signals.
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CHAPTER 4.
Brain-computer interface
applications
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The most practical application of brain-computer interface (BCI)
systems is the recording of electrical activity of the brain at the scalp,
known as EEG. This functionality is more suitable for practical, real-life
applications, compared to magnetoencephalography (MEG), functional
magnetic resonance imaging (fMRI), or electrocorticography (ECoG).
The setup is also not as extensive and bulky as that of MEG or fMRI,
and no surgery is needed, as in the case of ECoG. Hence, various
paradigms for EEG-based BCIs have been developed, such as the
event-related potential (ERP), steady-state evoked potential (SSVEP),
auditory steady-state response (ASSR), slow cortical potentials, eventrelated desynchronization (ERD), and event-related synchronization
(ERS) (1, 14-16, 58).
The mental speller is the most extensively studied BCI application.
Most mental spellers for patients are implemented based on P300,
which is an ERP component with an enhanced positive deflection
feature and a latency of approximately 0.25 to 0.5 s, usually elicited by
the “oddball” paradigm (18, 59-65). SSVEP, which consists of the
responses of the occipital region caused by visual stimulation at
specific frequencies, is also an extensively used paradigm in mental
spellers (17, 66-72). Hwang et al. introduced an SSVEP-based BCI
spelling system by adopting the QWERTY-style LED keyboard (17).
The result of the online experiment yielded an average spelling speed
of 9.39 letters per minute, with an average success rate of 85.58%.
Recently, studies on hybrid BCIs have been reported. These studies
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have combined various types of existing BCIs, such as ERD and
SSVEP, motor imagery and SSVEP, and EEG and non-EEG. In
particular, some hybrid BCIs have combined P300 and SSVEP. For
instance, Panicker et al. introduced a P300 BCI with SSVEP (73). In
this system, the SSVEP response served as a passive “brain switch.”
While Panicker et al. combined P300 and SSVEP sequentially, Xu et al.
and Yin et al. combined them simultaneously (74, 75). The former
report(74) proposed a 3×3 P300-based matrix with an SSVEP blocking
feature. In their study, the SSVEP blocking feature worked as a
supplementary parameter for discriminating the presence or absence
of a P300 evoked potential. The authors reported that the combination
of P300 and the SSVEP blocking feature enhanced the overall
performance of the system. The latter(75) report proposed a 6×6
P300-based matrix with SSVEP, and the author integrated the SSVEP
into the conventional P300 paradigm. The author obtained an online
classification accuracy of 93.85% and an ITR of 56.44 bits/min. On the
other hand, an auditory steady-state response (ASSR) based on a BCI
paradigm is a relatively new BCI concept, and can be classified as a
vision-free BCI paradigm. In contrast to the SSVEP or the P300
paradigms, subjects do not need to move their eyes to enforce their
desired commands. This could constitute a solution for patients who
are completely paralyzed and cannot move their body parts, including
their eyes.

96

In this chapter, BCI applications are described by using instantdonning headsets. The experiments of SSVEP-based and ASSRbased BCI systems were conducted with the headsets and the results
were compared with previous studies.
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4.1. MATERIALS AND METHODS
4.1.1. SSVEP-based BCI speller
A graphical user interface (GUI) was employed for the Bremen BCI
speller for SSVEP-based BCI experiments (71, 76). The major feature
of the speller is that the most often used letters of the English alphabet
are arranged in the center to increase the spelling speed, as shown in
Fig. 4-1 and Fig. 4-2. The five LEDs on the frame of the monitor
flickered at 21, 19, 25, 23, and 17 Hz, and corresponded to the
commands “LEFT,” “RIGHT,” “UP,” “DOWN,” and “SELECT.” A cursor
is located on the letter “E” at the beginning of each trial, and return to
the original location is achieved after the “SELECT” command is
executed. The canonical correlation analysis (CCA) method is used to
determine the desired command (67, 77). This approach is a
multivariable statistical method that can be applied to two sets of data
that may have some underlying correlation. In this study, one set
consisted of the EEG signals from the occipital region, and the other
set consisted of periodic sinusoidal signals (Fig. 4-3). Each set of the
sinusoidal signals consisted of four periodic sinusoidal signals, as
shown by equation 4-3. The output command depends on the
maximum outcome based on the five combinations elicited by the CCA
algorithm. The time window for data acquisition and processing is 6 s.
Five healthy subjects participated in the experiment. Prior to the
experiment, they were instructed on how to wear the headset for
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themselves and how to navigate the cursor to the desired character.
The experiment was conducted while subjects were seated in a chair
approximately 60 cm away from the monitor (Fig. 4-2). All subjects
were asked to spell the words “BRAIN,” “ALS,” “NEW,” “SENSOR,”
“BCI,” and “SNU.” In the experiment, the posterior headsets were used,
and signals from O1 and O2 were processed for SSVEP response
detection. To evaluate the overall system, the accuracy, information
transfer rate (ITR), letters per minute, and efficiency [defined as the
minimum number of commands necessary to spell the given word
divided by the number of commands issued during the run (78)], were
calculated. The ITR is a well-known parameter for BCI system
evaluation. This parameter is defined as

where

ITR =

∙

(4-1)

∙

is the number of

denotes the spelling time in seconds,
is derived in accordance to

classifications, and

where

60

=

+

+ (1 − )

1−
−1

denotes the number of targets, and

(4-2)

is the classification

accuracy (71). It is important to note that the number of targets in our
study is not the number of letters in the GUI of the Bremen speller, but
is denoted by the number of flickering LEDs (
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= 5).

Figure 4-1. Graphical user interface of Bremen speller and flickering
LEDs
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Figure 4-2. Photograph of the experiment of the SSVEP-based BCI
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Figure 4-3. Illustration of signal processing of EEG signals using the
CCA algorithm
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4.1.2. ASSR-based BCI paradigm
The experimental paradigm and signal processing of ASSR-based BCI
was employed by Kim et al. and Baek et al. (76, 79, 80). The
frequency of the stimuli on the left was a 2.5 kHz pure tone with a
modulation frequency of 37 Hz, while the frequency of the stimuli on
the right was a 1 kHz pure tone with a modulation frequency of 43 Hz.
The around-type EEG headset was used for the experiments for T7
and T8 measurements. Four subjects participated in the experiment.
They were visually and verbally instructed to attend to one of the
stimuli in a random order at the beginning of each trial. The time
window for data analyses was 20 s for online experiments. The length
of the analysis time affected the overall ITR and accuracy of the BCI
system. Therefore, although it is necessary to identify the optimal
length of this time window, this task falls outside the scope of this
dissertation. An ASSR-based BCI application with instant-donning
headsets was evaluated according to the ratio of correct decisions to
the total number of trials, specificity, and sensitivity. To calculate the
specificity and sensitivity, it is assumed that the right is positive, while
the left is negative.
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Figure 4-4. Graphical user interface of ASSR-based BCI system
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4.2. RESULTS
4.2.1. SSVEP-based BCI speller
Two examples of SSVEP responses in the frequency domain are
illustrated in Fig. 4-5. As shown in the figure, significant SSVEP
responses are observed at 17 Hz and 23 Hz, respectively.
The results of the online experiment are described in Table 4-1. The
table shows the classification results of each trial, and the procedure
adopted for completing the given words. The shading commands in the
table present erroneous classification results for unintentional subject
errors. The average accuracy, ITR, LPM, and EFF, were 95.70%,
20.34 b/m, 3.75 l/m, and 90.88%, respectively. A previous study on
SSVEP-based BCI with capacitive electrodes obtained the average
accuracy was 91.21% (76). The comparison with other prior studies is
shown in Table 4-2. The proposed system shows the fastest
preparation time, while the accuracy is comparable to that elicited by
other studies. It is also observed that the BCI results from experienced
subjects (S1, S2) are better than those from nonexperienced subjects
(S3, S4). Considering the preparation and donning time, the proposed
system has more advantages for BCI applications.
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Figure 4-5. Examples of SSVEP responses at (a) 17 Hz, and (b) 23 Hz
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Table 4-1. Classification results of SSVEP-based online BCI experiments (ACC: accuracy, ITR: information transfer rate, LPM:
letters per minute, EFF efficiency)
ACC
(%)

ITR
(bits/m)

LPM
(letters/m)

EFF
(%)

→↓B↓R←←A↑I←N
→S←←→N←←←←→U
→↓B→→→C↑I
←←A↑↑↑L→S
←NE←↓W
→SE←N→S↑→O↓R

100
83.33
100
100
100
100

23.22
13.38
23.22
23.22
23.22
23.22

4.17
2.50
3.33
3.33
5.00
5.00

100
66.67
100
100
100
100

BRAIN
SNU
BCI
ALS
NEW
SENSOR

→↓B↓R←←←→A↑I←N
→S←N←←←U
→↓B→→→C↑I
←←A←↑↑→↑L→S
←NE←↓W
→SE←N→S↑→O↓R

92.86
100
100
90.91
100
100

18.08
23.22
23.22
17.01
23.22
23.22

3.57
3.75
3.33
2.73
5.00
5.00

85.71
100
100
81.82
100
100

S3

BRAIN
SNU
BCI
ALS
NEW
SENSOR

→↓B↓R←←A→↑←I←N
→S←N←←←U
→↓B→←→→←→→C↑I
→←←←A↑↑↑L→S
←NE←↓W
→SE←N→S↑→→←O↓R

92.86
100
84.62
90.91
100
92.86

18.08
23.22
13.95
17.01
23.22
18.08

3.57
3.75
2.31
2.73
5.00
4.29

85.71
100
69.23
81.82
100
85.71

S4

BRAIN
SNU
BCI
ALS
NEW
SENSOR

→↓B↓R←←←→A↑I←N
→S←N←←←U
→↓B→→→C↑↑↓I
←←A↓↑↑↑↑L→S
←NE←↓W
→→←S→←E←N→S↑→O↓R

92.86
100
90.91
90.91
100
93.75

18.08
23.22
17.01
17.01
23.22
18.60

3.57
3.75
2.73
2.73
5.00
3.75

85.71
100
81.82
81.82
100
75.00

95.70

20.34

3.75

90.88

Subject

Word

S1

BRAIN
SNU
BCI
ALS
NEW
SENSOR

S2

7
0
1
Mean

Input results
(shading denotes an erroneous result)

Table 4-2. Comparison of this study with previous SSVEP-BCI studies
Electrode

Preparation time

Time window

Subject

accuracy

reference

Spiky dry-contact
electrode

< 1 min

14 s

1

96.1%

Edlinger et al.
2012

Capacitive electrode

Several minutes

6s

5

91.21%

Baek et al. 2013

Spiky dry-contact
electrode

Several minutes

6s

2

89%

Wang et al. 2012

Reverse-curve-arch
shaped dry-contact
electrode

< 10 s

6s

4

95.7%

This study

8
0
1

4.2.2. ASSR-based BCI paradigm
Online experimental results are shown in Table 4-3. The average
accuracy, specificity, and sensitivity were 76%, 0.76, and 0.76
respectively. The results from a previous study on an ASSR-based BCI
system with capacitive electrodes elicited a 72% of accuracy, 0.64
specificity, and 0.76 sensitivity (76). The comparison results with
several prior published studies are listed in Table 4-4. As indicated, the
results obtained in this study are similar with those obtained from
previous studies. Nonetheless, considering the preparation and
donning time, the proposed system possesses more advantages for
BCI applications.
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Table 4-3. Classification results of online BCI experiment based on the ARRS (Spec: specificity, Sens: sensitivity, shading:
erroneous classification result)
Subject

Time window

Task

Classification results

Correct/Total

Spec

Sens

S1

20 s

RLRLRRRLRL

RRRLRRRRRR

7/10

0.4

1

S2

20 s

LRLRLRRLLR

LLLRLLRLLL

7/10

1

0.4

S3

20 s

RLLLRRLRLR

RLRLRRLRLR

9/10

0.8

1

S4

20 s

RLLRLRLLRR

RLLLLRLLLL

7/10

1

0.4

S5

20 s

RRRLLRLLRL

RRRLRRLRRL

8/10

0.6

1

7.6/10

0.76

0.76

Mean

0
1
1

Table 4-4. Comparison of this study with previous ARRS-BCI studies
Electrode

Preparation time

Time window

Subject

Accuracy

reference

Gold disk

Several minutes

2–20 s

6

84.3%

(Hwang et al.
2011)

Capacitive electrode

Several minutes

14 s

5

72%

(Baek et al. 2013)

Reverse-curve-arch
shaped dry-contact
electrode

< 10 s

20 s

5

76%

This study

1
1
1

4.3. DISCUSSIONS
We can easily search and identify numerous internet video clips on
EEG-based BCI applications. However, almost all of these video clips
were recorded after the EEG measurement system was set up, and at
the time instant it was ready to measure EEG signals. This is obviously
due to the prohibitively long time taken by the preparation procedure.
In the study, however, the BCI application was conducted with instantdonning EEG headsets. It took approximately 10 s to put the headsets
on, and reliable EEG signals could be measured immediately. The
SSVEP-based and the ASSR-based BCI systems were adopted for the
validation experiment. In comparison to the previous study that used
capacitive electrodes, the results obtained with the proposed system
are similar (76).
To generate better results in terms of the BCI experiment, signal
processing should be considered, such as use of a classification
algorithm, optimization of the time window, and others. Nevertheless,
pursuit of this work falls outside the current scope of this dissertation.
In this study, only healthy subjects participated in the experiment. This
constitutes one of the limitations of the study. The validation
experiment with ALS patients who are potential users of the BCI
system should be conducted in a separate study.
On the other hand, the conventional, time-consuming, and laborious
preparation of EEG measurement is not adequate for EEG-based
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authentication.

Similar

to

fingerprint-based

authentication,

measurement of signals should be completed very quickly and without
any preparation. For these reasons, the proposed headsets are
promising solutions for EEG-based authentication. Therefore, these
types of headsets will be proposed to be used in the separate EEGbased authentication study.
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CHAPTER 5.
Conclusions
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Electroencephalography (EEG), the electrical activity of the brain,
provides valuable information from the brain, and there are many
applications based on EEG signals. To measure EEG signals, placing
electrodes on the scalp is necessary. To date, various electrode types
have been introduced for EEG measurements. However, existing
electrodes have inherent drawbacks. With Ag/AgCl electrodes, skin
irritation and gel dehydration both limit the long-term measurement of
EEG signals. Therefore, time-consuming and laborious procedures are
required for multichannel measurements using the electrodes. Drycontact electrodes or capacitive coupling electrodes are considered
alternative solutions that reduce skin irritation; however, these
methods also present drawbacks. Dry-contact electrodes normally
have pointed structures to reach the scalp surface by passing through
the hair. Of those structures, however, only the tips of the pointed
structures reach the surface of the scalp, resulting in high skinelectrode impedance as well as pain. In contrast, capacitive coupling
electrodes do not require direct contact with the skin. However, the
resulting higher skin-electrode impedances lead to lower signal-tonoise ratios.
In various EEG-based applications, multichannel EEG measurement is
required. However, even with assistance, time-consuming and
laborious preparation limits these measurements such that they can be
implemented only in a hospital or laboratory. The preparation includes
attaching electrodes with gel injections onto particular locations of the
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scalp. This complex EEG measurement procedure is a bottleneck for
practical daily applications.
In this dissertation, a new dry-contact EEG electrode structure is
introduced. In contrast with the pointed structure of existing dry-contact
EEG electrodes, this structure has an arching reversed-curve shape.
The unique structure increases the area of skin-electrode contact on
hairy scalps and results in lower skin-electrode impedance and
decreased pain. The results of comparison experiments show that the
proposed

electrode

performs

better

than

existing

dry-contact

electrodes and reduces discomfort and pain. Furthermore, instantdonning multichannel EEG headsets are introduced. These headsets
have been designed such that all electrodes are able to reach the
scalp surface while being placed on the head; this capability eliminates
the need for preparation procedures and allows EEG signal
measurement immediately after donning. The validation experiment
and BCI experiments with the headsets were conducted to validate the
headsets. The results of the validation experiments show that reliable
EEG signal measurement is possible immediately after donning the
headsets without any preparation. Therefore, the results of SSVEPbased and ASSR-based BCI experiments indicate that performance is
sufficient for BCI applications; 95.7% and 76% accuracies were
obtained, respectively.
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In conclusion, the proposed system shows promise for contributing to
the development of EEG-based research and the extension of EEG
measurement and applications into daily activities.
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국문 초록

서론: 뇌전도(뇌파)를 측정하여 응용하는 분야는 다양하다. 예를 들
면, 뇌-컴퓨터 인터페이스, 뇌전도 기반의 질병진단, 수면다원검사,
그리고 뇌파를 기반으로 하는 개인인증 등이 있다. 이러한 다양한
응용분야들은 다채널 뇌파측정이 요구된다. 하지만, 뇌파를 측정하
기 위한 과정이 복잡하고 많은 시간이 소모되는 단점이 있어 실험
실이나 병원 등 제안된 공간에서 전문가의 도움으로 측정이 가능하
다. 이러한 단점을 극복하기 위해 다양한 접근 방법들이 지금까지
소개 되었지만 아직까지도 뇌파를 병원이나 연구실 환경이 아닌 일
상생활 중 측정하는 것은 거의 불가능하다. 본 논문에서는 이러한
문제점을 극복하기 위해 새로운 구조의 건식 뇌파 전극과 쉽고 간
단하게 혼자서 뇌파측정을 진행 할 수 있는 헤드셋을 소개하였다.

방법: 개발된 건식전극은 오목한 아치형의 구조를 가지고 있으며,
3D 프린터를 이용해 스털링 실버로 제작되었다. 이러한 구조는 머리
카락의 장애를 극복하고 효율적으로 두피에 전극이 닿을 수 있도록
설계 되었으며, 피부-전극간 접촉 면적을 최대화 하여 임피던스가
낮도록 설계 되었다. 또한, 착용시 발생하는 불편함이나 고통을 최
소화 할 수 있도록 설계되었다. 또한, 신속 착용이 가능한 다채널
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헤드셋을 개발된 건식전극을 이용하여 개발하였다. 이 헤드셋은 사
용자가 착용과 동시에 건식전극이 머리카락 사이로 전극이 자연스
럽게 들어가 두피까지 닿을 수 있도록 설계 되었다. 별다른 준비과
정 없이 간단하게 착용이 가능하며 착용하는데 걸리는 시간이 접지
전극과 레퍼런스 전극 착용을 포함하여 약 10 초 정도 이다. 개발된
전극과 헤드셋을 검증하기 위한 비교 실험을 진행 하였으며, 온라인
뇌-컴퓨터 인터페이스에도 적용해 결과를 도출하였다.

결과: 개발된 건식전극의 피부-전극간 임피던스는 기존 건식전극에
비해 상대적으로 낮았으며, 측정된 신호 또한 Ag/AgCl 전극으로 측
정된 신호와 상관도가 높았다. 신속착용 헤드셋의 경우 사용자가 스
스로 착용한 후 바로 신뢰할 수 있는 뇌파 신호를 받을 수 있는 것
을 검증하였다. 개발된 시스템을 이용해 뇌-컴퓨터 인터페이스에
응용하였을 때 SSVEP 기반의 BCI 시스템의 경우 평균 95.70%의
정확도와 20.34b/m 의 정보전달율을 나타냈다. ASSR 기반의 BCI
시스템의 경우 평균 76%의 분별 정확도를 나타내었다.

결론: 본 연구에서 개발된 건식 뇌파 전극과 신속착용 헤드셋은 기
존의 전극과 다채널 시스템들의 단점을 보완하여 신뢰할 수 있는
수준의 뇌파를 측정 하였다. 또한, BCI 를 포함하는 다양한 분야에
적용 가능성을 확인하였다. 본 논문에서 제안한 시스템을 통해 일상
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적인 환경에서도 전문가의 도움 없이 뇌파를 측정 할 수 있으며, 뇌
파를 기반으로 하는 다양한 응용분야를 개척하는데 크게 기여할 수
있을 것이다.
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