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Abstract: Dry electroencephalogram (EEG) systems have a short set-up time and require limited
skin preparation. However, they tend to require strong electrode-to-skin contact. In this study, dry
EEG electrodes with low contact impedance (<150 k() were fabricated by partially embedding a
polyimide flexible printed circuit board (FPCB) in polydimethylsiloxane and then casting them in
a sensor mold with six symmetrical legs or bumps. Silver—silver chloride paste was used at the
exposed tip of each leg or bump that must touch the skin. The use of an FPCB enabled the fabricated
electrodes to maintain steady impedance. Two types of dry electrodes were fabricated: flat-disk
electrodes for skin with limited hair and multilegged electrodes for common use and for areas with
thick hair. Impedance testing was conducted with and without a custom head cap according to
the standard 10-20 electrode arrangement. The experimental results indicated that the fabricated
electrodes exhibited impedance values between 65 and 120 k(). The brain wave patterns acquired
with these electrodes were comparable to those acquired using conventional wet electrodes. The
fabricated EEG electrodes passed the primary skin irritation tests based on the ISO 10993-10:2010
protocol and the cytotoxicity tests based on the ISO 10993-5:2009 protocol.

Keywords: dry electroencephalogram (EEG) electrodes; low-impedance electrodes; polydimethyl-
siloxane (PDMS); flexible printed circuit board (FPCB)

1. Introduction

Electroencephalogram (EEG) monitoring is a noninvasive procedure that is used to
record brain signals and detect abnormal brain activity. EEG recording is conducted for var-
ious reasons, such as primarily diagnosing head injuries, sleep disorders [1], seizures (such
as epilepsy [2]), brain tumor and brain dysfunction, and memory problems (such as demen-
tia [3,4]) as well as detecting brain signals in individuals in a coma [5]. Utilization of EEG
systems has expanded beyond clinical settings over the last decade. Neuropsychological
studies have shown correlation between emotions and EEG signals. This involved artifact
filtering, EEG feature extractions, use of machine learning classifiers [6], and predictions
from convolution neural network and long short-term memory [7]. Major depressive disor-
der is detected from graph structures formulated from EEG signals [8]. Baygin et al. utilize
Collatz pattern modeling of EEG signals for automated detection of schizophrenia [9].
EEG-based rehabilitation of limb functions following a stroke has also been studied [10-12].
Foong et al. utilized visual feedback in EEG-based study to help stroke survivors with
short-term upper limb improvement and detect possible presence of mental fatigue [13].
Moreover, commercial EEG gaming systems have been used to measure auditory event-
related potentials which are correlated with cognitive disorders [14]. Negative contents in
various mixed reality (MR) games are also avoided though classification of EEG signals
collected while playing MR games [15].

Most of these recent EEG-based studies utilize dry EEG systems. Mobile, portable, and
wearable dry EEG systems have been developed for use outside of clinical and laboratory
settings [16]. Aside from various brain—-computer interface (BCI) and machine learning
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classifiers, dry electrodes must be reliable in capturing brain signals in dry EEG system:s.
They are easy to set-up and are capable of detecting EEG signals comparable to wet
systems [17,18]. EEG-based studies have enhanced not only the interaction between human
and machine but the user’s engagement in purchasing intention [19].

In conventional EEG monitoring systems, a conductive substance, such as an elec-
trolytic gel, a high-viscosity conductive paste is placed on flat and shallow cupped metal
disks (i.e., EEG electrodes). Thus, such systems are commonly called wet systems. Scalp
or skin preparation is an essential and tedious process for a wet EEG system. The EEG
measurement usually follows the standard 10-20 electrode arrangement, under which
electrodes are placed at a relative distance of 10% or 20% of the skull distance from each
other (as proposed by the International Federation of Societies for Electroencephalography
and Clinical Neurophysiology) [20]. These setup and skin preparation processes usually
require a combined time of 20-30 min. Moreover, an EEG recording usually takes approxi-
mately 30-60 min, depending on the quality and duration of the EEG signals requirement.
The conductive paste is used to facilitate the acquisition of stable EEG signals and reduce
the electrode-skin contact impedance [21]. For ambulatory cases that require >24 h of
recording, degradation of the brain signal or contact impedance quality is probable as the
conductive substance dries out [22]. After EEG recording, patients are required to clean
their head for conductive paste removal.

Dry EEG systems have a short set-up time, require limited hair preparation, and do
not require skin scrubbing, as required by a wet EEG system [23]. The electrodes used
in dry EEG systems are commonly called dry electrodes because they are gel-free. They
do not require conductive paste to establish contact with the scalp. These electrodes are
often sold with a matching EEG headset or headcap with a 10-20 electrode arrangement.
Dry EEG electrodes are categorized as passive or active electrodes. Dry EEG electrodes
generally tend to have high electrode-to-skin contact impedance (typically between 100
and 2000 kQ) [24,25]. Preamplification is required to prevent noise from contaminating
weak EEG signals passing through the connector wires [26]. Active dry electrodes contain
in-built preamplification circuitry or are paired with such circuitry, which is usually located
at the connector portion closest to the electrode body.

Commercially available dry EEG electrodes are typically made of metal alloy material,
flexible polymer material, or a combination of these materials [27]. Moreover, hybrid
electrode systems that contain dry EEG electrodes and other types of electrodes have been
developed. For example, dry EEG electrodes have been combined with transcranial direct-
current stimulation electrodes in a single headset [28]. With regard to the electrode shape
and structure, electrodes made of stainless steel have a flat and round structure, whereas
those made of gold alloy have a single-pin-based or multiple-pin-based structure that is
fully rigid, spring-loaded, or placed in a rotating holder [29,30]. The use of metal pins leaves
impressions on the skin and causes discomfort to patients when EEG signal recording is
conducted for an extended period. Dry electrodes are made of flexible materials such
as nylon, which is 3D printed onto a multilegged structure and coated with conductive
polymer [31]. The problem of coating a conductive layer on a structure is that this coating
is that it is prone to peeling off after repeated use, which can lead to degradation in
impedance readings.

In the present study, passive dry EEG electrodes with an impedance of less than
150 k) were developed. The novelty of the proposed electrodes is the hybrid packag-
ing of polydimethylsiloxane (PDMS) with a partially embedded polyimide-based flexible
printed circuit board (FPCB). The electrodes are flexible and deformable with low contact
impedance against the scalp. Scalp preparation using the proposed electrode is not neces-
sary, which simplified the setup process and improve user experience, reduce discomfort
as compared to wet electrode system. The electrodes are compatible with any EEG system
that has a standard-sized snap connector cable and a Deutsches Institut fiir Normung
plug connector. To obtain better EEG signal quality, the electrodes can be easily converted
into active electrodes via pre-amplification circuitry. A single-piece fully adjustable and
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stretchable head cap with a built-in harness was fabricated for the electrodes according
to the 10-20 arrangement during signal measurements. The development of the dry EEG
electrodes and the EEG cap was previously published in 2020 [32]. This publication pre-
sented the development of the dry EEG head cap. For this work, we deep dive into dry
electrode designs and their fabrication method. In addition, extensive work on electrode
impedance testing using various types and combination of electrodes was conducted. The
active dry EEG electrodes were further integrated with a circuitry module and tested on
human subjects for brain signal recording. Data were transmitted to a mobile APP for
signal readout. The results are discussed in this paper.

2. Materials and Methods

Two types of dry electrodes were developed: normal-legged and flat-disk electrodes.
Normal-legged electrodes can generally be used on any part of the head with thick hair,
whereas flat-disk electrodes can only be used on the portion of the head with no hair
or limited hair (e.g., forehead). The design of the fabricated electrodes is displayed in
Figure 1. The developed dry EEG electrodes are included in a system that also contains a
dry EEG head cap and EEG cables. These electrodes contain a rigid metal snap connector, a
polyimide FPCB, PDMS, and Ag-AgCl. The Ag-AgCl coating, which is biocompatible [33],
is added to the electrodes to maximize the signal-to-noise ratio and stabilize the impedance
of the electrodes. The dimensions of the rigid metal snap connector of the dry electrodes are
compatible with those of the connector of the Holter electrocardiogram (ECG) cables used
in this study. These cables are shielded and ready to use. Moreover, their end connectors
are compatible with EEG equipment, such as the Nihon Kohden EEG system.

Dry EEG head cap

Output wire
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(S <«— Metal snap
U connector
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fastener _—
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Figure 1. Designed dry electroencephalogram (EEG) electrode and its corresponding snap connector
in the designed dry EEG head cap (not drawn to scale). The exploded view shows the configuration of
the designed electrode, which consists of a rigid metal snap connector, partially embedded polyimide
flexible printed circuit board (FPCB), polydimethylsiloxane, and tips coated with Ag-AgCl.

Figure 2 displays the design of the dry EEG head cap developed in this study. The
designed cap can be adjusted according to the user’s head circumference. The snap
connectors of the shielded EEG cables are attached to hook and loop fasteners, as shown in
Figure 2a, for the positioning of the electrodes in the head cap. As displayed in Figure 2b,
the developed head cap follows the 10-20 standard arrangement for electrode placement
and is mainly used for signal measurement in the Fp1, Fp2, F3, F4, C3, C4, P3, P4, O1, and
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02 channels. Ground and reference electrodes are also incorporated into the developed
cap. Up to 19 channels can be used by incorporating additional EEG cables into the cap.
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EEG snap connectors
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adjustable one-piece
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Figure 2. Design of the proposed dry EEG head cap: (a) shielded EEG cables attached with Velcro
and fastened at the inner side of the cap. (b) Electrode arrangement (the 10-20 arrangement) and
channels (Fpl, Fp2, F3, F4, C3, C4, P3, P4, O1, and O2) of the proposed head cap.

3. Fabrication and Packaging
3.1. Fabrication of Dry EEG Electrodes

Before the fabrication of dry EEG electrodes, EEG mold tools were designed and
fabricated. The mold tools were designed according to the dimensions and geometry of
the dry electrodes. The size of each electrode was primarily based on the 10-20 electrode
arrangement for a head cap size of 46-52 cm for children and 60 cm for adults. In this
study, the maximum head circumference for children was considered to be 54 mm. Table 1
lists the dimensions of the legged and flat-disk dry electrodes developed in this study. The
protruding part of a flat-disk electrode that touches the skin is called a bump, which is
equivalent to a leg of a normal-legged electrode.

Table 1. Comparison of the legged and flat-disk dry EEG electrodes developed in this study.

. Design A Design B
Description (Legged) (Disc %ype)
Span (as is) 16.0 mm 16.0 mm
Total Thickness ! 13.6 mm 4.5 mm
Span 2 22.0 mm 16.0 mm
No. of Legs/Bumps 6 legs 6 bumps
Leg Length 7.0 mm N/A
Leg Thickness 3.5 mm N/A
Leg/Bump Width 3.0 mm 3.0 mm
Ag-AgCl on Tip/Bumps Yes Yes

1 Total thickness includes the soldered metal snap connector. 2 The span of each electrode is from one of its tips to
the other when the electrode is flattened or pressed down.

The mold tools for the electrodes were made from aluminum. Precision machining
was adopted to create the shape of the designed electrode in the mold. Aluminum was
used as the mold material because its high thermal conductivity allows PDMS to be cured
uniformly and because it can withstand a curing temperature of 150 °C. As displayed in
Figure 3a, the mold tools contained a top mold and bottom mold. Separate mold tools
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were developed for the legged (design A). To fix the metal snap connectors and FPCB in
the correct positions, supporting pins were added to the bottom mold. The bottom mold
also contained guiding pins for alignment with the top mold. When closed, the mold tools
were secured by stainless-steel screws. For the easy release of cured PDMS, the mold tools
were cleaned and conditioned after each curing process. A thin coating of conditioner was
applied on the mold tools to prevent PDMS from sticking to the tools.

Guiding pin Guiding pin
op PDMS Flow 9p
______ | Supporting
Top — pins
Mold
Bottol
Mold
(a)

.~ Metal snap
. connector

Figure 3. Photos of the mold tools and FPCB. (a,b) Mold tool of electrode design A. Each mold tool
consists of a top and bottom mold, and FPCB which consists of a gold layer over a copper layer.

The main sensing element of the dry electrodes was the partially embedded FPCB.
This board was fabricated with a polyimide and contained a 0.05 um thick gold layer over
a 34.7 um thick copper layer. As shown in Figure 3b, the FPCB was designed as a common
component for the two types of fabricated dry electrodes. The maximum thickness of the
FPCB was 100 um. The thinner the FPCB, the more flexible was the dry electrode when
pressed down. Moreover, the thicker the FPCB was, the harder the dry electrode became. A
thick FPCB has a thick polyimide or copper layer (>34.7 um); this made it difficult for the
FPCB to bend for the molding and casting of the electrode. A thicker copper layer increased
the possibility of the FPCB containing a broken metal layer when bent; such a layer results
in unstable or open impedance. The thickness of the copper layer in the FPCB was not
greater than 34.7 um, and the nominal polyimide thickness was maintained at 50 pum.

The fabrication of a dry EEG electrode began with the soldering of a metal snap
connector to an FPCB. A rigid metal snap connector was selected according to the usage
of the standard ECG Holter cable connector. This connector is electrically conductive, has
a typical resistance of <0.5 (), and is a solderable material. The soldering process was
conducted using a hot plate at a temperature of 180 °C. The FPCB was laid flat on the
hot plate, and a solder wire or solder paste was melted onto this plate. The metal snap
connector was then placed directly onto the melted solder. The FPCB and snap connector
were soldered together when they were lifted off the hot plate; the change in temperature
hardened the melted solder. To verify this fusion, a continuity test was conducted using a
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digital multimeter. The soldering process could be repeated by placing the soldered part
back on the hot plate. Figure 3b shows the metal snap connector soldered on the FPCB.

After soldering, the FPCB was placed inside a mold tool so that the FPCB could be
preformed into the shape of the electrode. When the top mold was removed, the FPCB
remained in the bottom mold, and the tips of the legs of the FPCB curled upward. The
legs of the FPCB had to be inspected before the molding of PDMS. A 3 mm rigid tube was
used for manually preforming the shape of the tips. This method was especially useful for
the flat-disk electrodes. After the FPCB was suitably preformed and placed on the bottom
mold, the top mold was placed back into the mold tool. The guiding pins of the bottom
mold had to align with the holes of the top mold. Stainless-steel screws with a size of M4
were used to close the mold tool tightly.

Sylgard 160 was the PDMS selected for the body of the electrode. Sylgard 160 is a
two-component silicone elastomer with a mixing ratio of 1:1 by weight or volume. This
elastomer is curable at room temperature and elevated temperatures. When cured, PDMS
has a dark gray color [34]. In this study, the curing temperature was set to 150 °C, and
the curing time was set to 10 min. These settings were selected achieve a short curing
time at elevated curing temperatures [35]. To remove trapped air or bubbles, the PDMS
was deaired by using a vacuum jar at 40 mmHg for at least 30 min. After deairing was
conducted, the PDMS was slowly poured into the cavity of the mold tool and allowed to
rest for 15 min. The resting period facilitated the further deairing of the PDMS in the mold.
Subsequently, conventional oven curing was performed, and the mold tool was allowed to
cool down after this process. The stainless-steel screws and top mold were removed after
the mold tool cooled down, and the electrode was separated from the bottom mold. For
the legged electrodes, each leg was slowly released from the mold. After all the legs were
released, visual inspection was conducted. Fine film-like protrusions from the electrode
structure might occur if the top and bottom molds have a micro-gap during closure, which
can be removed using a micro-grinder under a low-power microscope.

After the aforementioned steps, the FPCB was fully embedded. All the electrode legs
(for legged electrodes) or bumps (for the flat-disk electrodes) were molded in PDMS. The
metal layer of the FPCB at the tips of electrode legs and bumps had to be exposed to create
an electrical connection. A micro-grinder was used to expose this layer partially, and a
continuity test was then conducted using a digital multimeter. After the continuity was
verified, the electrode was coated with Ag-AgCl. Ag-AgCl (ALS Co. Ltd., Osaka, Japan)
has a surface resistance of 7.87 m )/ pmz and a viscosity of 50,000 & 10,000 CP at 21.1 °C,
and it can be used without further processing. This material can be applied to the intended
surface through painting or dipping and is cured through air drying at room temperature
or oven curing. To coat the electrode legs and bumps uniformly, Ag-AgCl was applied
through the dipping process in this study. This process was performed by placing Ag-AgCl
into a Petri dish and then dipping each electrode upright into the Petri dish up to 3 mm
from its bottom. After the dipping process, the electrodes were placed upside down in a
stainless-steel carrier. Ag-AgCl was cured at 120 °C for 5 min. The measured electrical
resistance of the cured parts ranged from 0.1 to 0.3 Q). After the aforementioned process,
the dry electrodes were ready for use and testing.

Figure 4 shows the fabricated legged and flat-disk EEG electrodes. The previously
exposed metal layer of the polyimide FPCB was fully covered with cured Ag-AgCl. Al-
though the metal snap connector was partially embedded in PDMS, this connector was
still compatible with EEG cables. To avoid the discoloration or contamination of Ag-AgCl,
the fabricated dry electrodes were placed in a clean container and stored inside a dry
cabinet. The fabricated electrodes did not exhibit peeling of the coating. The main conduc-
tive layer was the FPCB, which was fully embedded in the electrode structure after the
coating process.
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Figure 4. Photograph of the fabricated dry EEG electrodes. Design A is a normal electrode intended
for use on hairy parts of the head, and design B is intended for use on portions of the head with
limited hair. All electrode legs and bumps are coated with Ag-AgCl through dipping.

3.2. Fabrication of Dry EEG Head Caps

Dry EEG head caps were fabricated using a 3 mm thick neoprene fabric that is com-
patible with loop and hook fastener material (Velcro). The EEG connectors were attached
with Velcro and were arranged on the head caps according to the standard 10-20 electrode
arrangement. As displayed in Figure 5, two configurations of head caps were fabricated:
a 10-channel head cap and 9-channel head cap. The 10-channel head cap can optionally
hold additional electrode cables for up to 19 channels. This cap was fabricated with maxi-
mum sizes of 52 and 60 cm for children and adults, respectively. A ground electrode and
two reference electrodes are incorporated in the aforementioned head cap. The ground
electrode is located at the forehead between the two prefrontal electrodes (Fp1 and Fp2),
and one reference electrode is located behind each ear. EEG cables are repositioned or
added through the built-in hardness of the head cap. The inner part of this cap is lined
with water-resistant fabric that can be cleaned with disinfectant wipes after each use. The
fabricated 10-channel head cap has adjustable webbing straps and a chin guard.

The nine-channel head cap was fabricated for use on the motor cortex area of the head.
The channels corresponding to this area are Fp1, Fp2, T3, T4, C3, Cz, C4, O1, and O2. The
nine-channel head cap incorporates most of the features of the 10-channel one except for
the adjustable straps. The nine-channel head cap was fabricated from stretchable neoprene
material. In contrast to the 10-channel head cap, the nine-channel head cap has a fixed
number of channels with no option to add additional EEG cables.
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Figure 5. Photo of the fabricated dry head caps. The (a) 10-channel configuration and (b) nine-channel
configuration follow the standard 10-20 electrode arrangement. Both one-piece structures can be
integrated with EEG cables and allow the repositioning of dry EEG electrodes.

4. Test Results and Discussion
4.1. Impedance Test
4.1.1. Impedance Readings Obtained Using the Nihon Kohden EEG System

Impedance testing was conducted using the Nihon Kohden EEG system on five flat-
disk and eight legged dry EEG electrodes. The fabricated 10-channel EEG head cap was
used for impedance testing. The EEG cables attached to this head cap were connected to
the junction box of the Nihon Kohden EEG system (Figure 6a). Conventional gold disk
electrodes with conductive paste were also prepared to obtain typical impedance values for
a wet EEG system. After the impedance readings were checked, participants were asked to
open and close their eyes to examine whether the fabricated dry electrodes could detect
EEG signals when paired with a Nihon Kohden junction box. The adopted test protocol
involved the following steps:

1.  Testing was performed using only dry EEG electrodes attached to the fabricated
10-channel head cap. The ground electrode (Z) and reference electrodes (Al and A2)
were also dry electrodes.

2. Testing was performed again by replacing five dry electrodes, namely Al, A2, C3, C4,
and Z, with wet electrodes.

3. Testing was reperformed using only conventional wet electrodes.



Sensors 2023, 23, 4453

9of 15

326 EipdNadiQs we &

9299

3833
>
3

e
=
-~
i
i
i
]

YSS?Q??
=
TTIRIRRR
i
g

2322
2
2

(b)

Figure 6. Photographs of (a) the Nihon Kohden junction box with EEG cables plugged into the target
electrode locations. (b) Impedance values shown on the display of the Nihon Kohden EEG system.

The aforementioned protocol was followed to evaluate the entire dry system with-
out altering the condition of the target area. The wet electrode setup requires the scalp
preparation and application of conductive paste on the electrode during placement. Table 2
presents the impedance levels measured by the EEG system. These values were displayed
on the liquid crystal display monitor of the EEG system, as shown in Figure 6b. The
impedance values of the full dry system and the mixed system with eight dry and five
wet electrodes were <65 k(). However, the full wet system exhibited impedance values
of less than 5 k(), mainly because of the skin preparation and the conductive paste on
each electrode.

Table 2. Impedance levels recorded using the Nihon Kohden junction box.

Dry (8 Electrodes)

Electrode Electr(]))dreys Q) + Wet (A1, A2, C3,C4, 7) Wet Electrodes ! (kQ))
Electrodes (k)

Z 50.52 2.46 2.88
Fpl 58.60 17.79 4.79
F3 56.30 56.41 4.53
C3 13.68 2.48 1.23
P3 57.63 11.74 2.57
01 57.51 8.00 4.81
Fp2 60.57 59.50 4.68
F4 63.84 63.84 4.08
C4 11.79 2.42 1.19
P4 60.67 22.80 2.26
02 60.44 12.98 3.61
Al 60.56 1.68 2.07
A2 61.09 1.52 1.55

! Typical impedance values of the wet electrode when using an Au cup electrode.

4.1.2. Impedance Readings Obtained Using the NuAmps Amplifier

The impedance levels of the flat-disk electrodes were also measured using the NuAmps
amplifier (Compumedics Neuroscan) to examine whether these electrodes could measure
impedance when paired with the NuAmps amplifier. The electrodes were attached to
the Fpl and Fp2 locations of the head cap, and the remaining electrode locations were
not connected because they required legged electrodes. The impedance values of the
unconnected electrodes were shown in magenta on the display of NuAmps. As displayed in
Figure 7, the impedance values of the flat-disk electrodes were approximately 26.1-68.3 k().
The maximum impedance reading was within the impedance range obtained with the
Nihon Kohden system.



Sensors 2023, 23, 4453

10 of 15

VEOU Fp1 and Fp2 only

Using flat disc type electrode

300.0 kOhms
278.9

Measured

(A2 | "t 1| 26 konms

68.2 kOhms

Figure 7. Photograph of the display screen of the NuAmps amplifier when measuring the impedance
of flat-disk electrodes. The value of the measured impedance is indicated by the color scale to the
right. All the electrodes for which values are displayed in magenta were not connected.

4.2. EEG Signal Recording
4.2.1. Verification of the Pairing of the Fabricated Dry EEG Electrodes

In Figure 8, brain signals were recorded using the Nihon Kohden EEG system to
investigate whether the EEG signals obtained with the dry electrodes were as consistent as
those obtained using conventional wet electrodes. The EEG equipment setting for low pass
filter is 0.53 Hz, high pass filter is 70 Hz, and the sensitivity is 10 uV. The recording was
targeted in low frequency domain, purposely for epilepsy monitoring. The EEG equipment
also has a high signal-to-noise-ratio which filters out background noise to obtain the usable
signal. Participants were asked to open and close their eyes to examine whether the changes
in the brain wave pattern were detected by the electrodes.

Eyes Closed Eyes Open
i [~ T (| SRR EETTRL
F1-c3 |- M‘” e R e O P G REPGpSRPEEN WSS SEEE S
C3-P3 ™" €3.P3 [ e A C3-P3 |l Ll . C3-P3 |rmnrret i
P3-01 [" T Y PRO et ney NSNS fnaw«zw-»mWW
Ve L
Fp2-F4 W7o - Fp2-Fa4 WMM\ P it Fo2-F4 MM/WM Fo2F4 MV/ L"“”"“’Mym\ /ﬁ
Fach [ FhCA | L. NEPUSSRSEE .. BRSEEREY S
CAPA [t CAPA i o, TRENNRERTN . ERRRERERE
P4-02 |werinmistitns  PUaO2 fern Pa07 b PAOD. [ s
A1-CE e d LGS A1CI oty oot ATAC3 ¥\ sl on
CI:Ch o siminidbirindbs | C3CA hadtidonts boillonad v, RERYNEEENN  WESRANRAN
c4-A2 Ca-A2 o CAAZ Lo Nn i GARZ [Vt o
e .
(a) all wet electrodes (b) all dry electrodes (c) all wet electrodes (d) all dry electrodes

Figure 8. Brain signals recorded by using Nihon Kohden system: signals obtained when using (a) the
full wet electrode system under the eyes closed condition, (b) the full dry electrode system under the
eyes closed condition, (c) the full wet electrode system under the eyes open condition, (d) the full dry
electrode system under the eyes open condition.

One-way analysis of variance (ANOVA) in OriginPro software (OriginLab Corporation,
Northampton, MA, USA) was used to perform statistical analysis on the measured brain
wave data. One-way ANOVA compared the mean amplitude of wet and dry electrodes
for statistically significant difference [36]. When ANOVA is performed, results produced
corresponding F-Value and p-level. F-value is the variation between samples, thus the
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Wet electrode

larger it is, the greater the difference between the means. The p-level determines if the
difference between means is statistically significant, i.e., if p is less than 0.05 [37], there is a
significant difference between mean amplitudes of the signals between the wet and dry
electrodes. The electrodes from placement A1-C3 and at C4—A2 are selected for analysis.
Signal used for the analysis is shown in Figure 8a,b. The results of the ANOVA showed
that there was no statistically significant difference in amplitudes between wet and dry
electrodes at placement A1-C3 (F-value = 0.5787, p = 0.4499) and C4-A2 (F-value = 0.3284,
p = 0.5688). Figure 8 indicates that despite the big difference in the electrode impedance
levels, the amplitudes of the signals recorded from dry electrodes are comparable to those
recorded obtained using conventional wet electrodes.

4.2.2. Capturing EEG Signals by Using Self-Developed Circuitry

Further assessment of the fabricated dry electrodes was conducted with and without
the 10-channel head cap to verify whether these electrodes could capture signals that were
similar to signals in the alpha bandwidth. A mobile application (app) was developed to
record and measure brain signals and used in the aforementioned assessment. This app
was paired with an FPCB, to which the fabricated dry electrodes were connected. Two
flat-disk electrodes were placed on the forehead (at Fpl and Fp2). Moreover, a wet Au
disk electrode with Ten20 conductive paste was placed behind the right ear at A2. This
electrode served as the reference electrode. The developed flexible circuitry only allows
for the connection of two EEG electrodes and one reference electrode, and this circuitry is
placed as close as possible to the two EEG electrodes. Figure 9 displays the setup used in
the aforementioned assessment.

dry EEG
electrodes

Log scale Real time CLEAR DATA

 Normalised o
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Figure 9. Photographs of the setup comprising a mobile application (app) and a flexible circuitry
board. (a) Two flat-disk electrodes placed at Fp1 and Fp2. The flexible circuitry is placed as close as
possible to these electrodes, (b) wet reference electrode placed behind the ear, and (c) mobile app
used to read EEG signals through 1000 x gain amplification.

The bandwidth of the amplifier was set to 40 Hz. The flexible circuit board’s input
alternating current had a frequency of 200 Hz, and the amplification gain was set as 1000 x.
The resolution of the embedded analog-to-digital converter was set as 1 mV, and the
Bluetooth module of the system logged real-time data.

The adopted protocol involved participants engaging in the following sequence: eyes
closed for 60 s, eyes open for 60 s, and blinking for 60 s. This protocol was repeated twice
for each participant, and corresponding data were collected. The peak-to-peak amplitude
of this signal was 4 mV; thus, the actual peak-to-peak amplitude was 4 uV because the
amplification gain was 1000 times. The mobile app recorded all the data generated during
the testing, which were then exported for postprocessing. The acquired signals were
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postprocessed and filtered to a bandwidth of 8-12 Hz. Filtering was done to eliminate the
out-of-band noise to obtain alpha-band EEG signal [38]. Digital filter design called FDA
Tool in MATLAB (The MathWorks Inc., Natick, MA, USA) was employed to implement a
bandpass filter for the signal processing. Chebyshev type filter was chosen due to its sharp
transition between passband and stopband with a lower order. The passband was 8§~12 Hz
under sampling frequency of 200 Hz. The passband and stopband attenuation were both
set to be 80 dB with passband ripple of 0.01 dB, which was adequate for signal quality.
Figure 10a,b show raw EEG signal before and after filtering, respectively. After bandpass
filtering, a reduction in amplitude from £100 mV to £10 mV, which is more than ten times
(10x), was observed. Figure 10c shows that when zooming-in to a period of 13-15 s, the
EEG signal waveforms are observed to be similar to the alpha signals from brainwave [38].
After the amplification gain was set as 1000 times, the flexible circuit board captured EEG
signals and wirelessly display signals in the developed mobile app.

EEG signal (close eye) before filtering  EEG signal (close eye) after filtering EEG signal (close eye) after filtering
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Figure 10. (a) EEG signal acquired before filtering, (b) after filtering within a bandwidth of 8-12 Hz,
and (c) signal zoomed-in to a period of 13-15 s from (b).

4.3. Primary Skin Irritation Tests and Biocompatibility Tests

The fabricated dry EEG electrodes were tested according to the ISO 10993 proto-
col, which describes tests for skin irritation and delayed hypersensitivity. In the ISO
10993 tests, the fabricated dry EEG electrodes exhibited no adverse effect on all the tested
animals during the observation period. To examine the biocompatibility of these elec-
trodes, cytotoxicity tests based on the ISO 10993 protocol, which are tests for in vitro
cytotoxicity, were performed. The results of these tests (Figure 11) indicated that the fabri-
cated dry EEG electrodes had no cytotoxic effect. Thus, the fabricated dry EEG electrodes
are biocompatible.

Figure 11. Photographs of cytotoxicity result (a) test sample, (b) positive control.
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5. Conclusions

In this study, we fabricated flexible dry EEG electrodes with impedance values of
<150 kQ). Partially embedding the polyimide flexible PCB in PDMS and Ag-AgCl coating
at the tip of the electrode legs enabled a steady low-contact-impedance readings. There is
no peeling-off of conductive layer observed from the electrode body after multiple usages.
The electrodes passed the test for primary skin irritation and biocompatibility.

Universal single-piece and stretchable dry EEG head caps were also developed. The
use of Velcro-compatible neoprene fabric caters to easy repositioning of the electrodes while
still following the 10-20 standard placement. Additional EEG connector wires are also
possible through the built-in harness of the head cap. The dry EEG head cap sizes fit head
circumferences of 46-52 cm for children and 60 cm for adults. The brain signals detected
by the fabricated dry EEG electrodes are similar to those detected by wet electrodes. The
fabricated dry EEG electrodes are compatible with hospital-grade EEG amplifiers and with
a self-developed system featuring flexible circuitry and a mobile application. EEG signal
acquired from human subjects had been amplified at a gain of 1000 times. Post processed
EEG signal waveforms were transmitted wirelessly to the developed mobile application for
display. This study is useful especially in areas where extended recording of EEG is needed.
The developed dry electrode can be paired with various types of head caps and dry EEG
systems for clinical setting, non-laboratory setting, or even in gaming. It can be further
developed for use in neuroscience or neuromonitoring applications such as upper limb
rehabilitation and EEG signal acquisition for potential customer preference in fragrance
and flavor marketing.

Author Contributions: Conceptualization, M.-Y.C. and Y.G.; methodology, M.-Y.C., R.B.D., R.L. and
T.-T.Z.; software, T.-T.Z. and Y.G.; validation, M.-Y.C., R.B.D. and T.-T.Z.; writing—original draft
preparation, R.B.D. and M.-Y.C.; writing—review and editing, R.B.D., M.-Y.C,, RL. and T.-T.Z,;
visualization, R.B.D. and M.-Y.C.; All authors have read and agreed to the published version of
the manuscript.

Funding: This research is supported by A*STAR <152 148 0028>.

Institutional Review Board Statement: The study protocol titled Wearable Wireless EEG Recording
System with Gel-free Active Electrodes for Long-Term Epilepsy Monitoring was approved by the
Singhealth Centralised IRB (CIRB) under reference number 2017/2118. The approved protocol
was used by the researchers during the optimization and testing of the fabricated electrodes and
head caps.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. https:/ /www.a-star.edu.sg/ime (accessed on 29 April 2023).

Data Availability Statement: https://www.a-star.edu.sg/ime (accessed on 29 April 2023).

Acknowledgments: The authors thank the staff of MedTech Lab at the Institute of Microelectronics,
A*STAR, Singapore, who helped with the fabrication of the dry EEG electrodes. This study was
supported by the Science and Engineering Research Council of A*STAR, Singapore, under the SERC
grant no. 152 148 0028.

Conflicts of Interest: The authors have no conflict of interest to declare.

1. Sharma, M,; Tiwari, J.; Acharya, U. Automatic Sleep-Stage Scoring in Healthy and Sleep Disorder Patients Using Optimal Wavelet
Filter Bank Technique with EEG Signals. Int. ]. Environ. Res. Public Health 2021, 18, 3087. [CrossRef] [PubMed]
2. Baud, M,; Schindler, K.; Rao, V. Under-sampling in epilepsy: Limitations of conventional EEG. Clin. Neurophysiol. Pract. 2021, 6,

41-49. [CrossRef]

3.  Sanchez-Reyes, L.-M.; Rodriguez-Reséndiz, J.; Avecilla-Ramirez, G.; Garcia-Gomar, M.-L.; Robles-Ocampo, J.-B. Impact of EEG
Parameters Detecting Dementia Diseases: A Systematic Review. IEEE Access 2021, 9, 78060-78074. [CrossRef]

4. Torres-Simon, L.; Doval, S.; Nebreda, A.; Linas, S.J.; Marsh, E.; Maestu, F. Understanding brain function in vascular cognitive
impairment and dementia with EEG and MEG: A systematic review. Neurolmage Clin. 2022, 35, 103040. [CrossRef] [PubMed]


https://www.a-star.edu.sg/ime
https://www.a-star.edu.sg/ime
https://doi.org/10.3390/ijerph18063087
https://www.ncbi.nlm.nih.gov/pubmed/33802799
https://doi.org/10.1016/j.cnp.2020.12.002
https://doi.org/10.1109/ACCESS.2021.3083519
https://doi.org/10.1016/j.nicl.2022.103040
https://www.ncbi.nlm.nih.gov/pubmed/35653914

Sensors 2023, 23, 4453 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

Carrasco-Gomez, M.; Keijzer, H.; Ruijter, B.; Brufia, R.; Tjepkema-Cloostermans, M.; Hofmeijer, J.; van Putten, M. EEG functional
connectivity contributes to outcome prediction of postanoxic coma. Clin. Neurophysiol. 2021, 132, 1312-1320. [CrossRef]
Alarcao, S.; Fonseca, M. Emotions recognition using EEG signals: A survey. IEEE Trans. Affect. Comput. 2019, 10, 374-393.
[CrossRef]

Iyer; Das, S.; Teotia, R.; Maheshwari, S. CNN and LSTM based ensemble learning for humanemotion recognition using EEG
recording. Multimed. Tools Appl. 2023, 82, 4883-4896. [CrossRef]

Chen, T,; Guo, Y.; Hao, S.; Hong, R. Exploring Self-Attention Graph Pooling With EEG-Based Topological Structure and Soft Label
for Depression Detection. IEEE Trans. Affect. Comput. 2022, 13, 2106-2118. [CrossRef]

Baygin, M.; Yaman, O.; Tuncer, T.; Dogan, S.; Barua, P.D.; Acharya, U.R. Automated accurate schizophrenia detection system
using Collatz pattern technique with EEG signals. Biomed. Signal Process. Control 2021, 70, 102936. [CrossRef]

Ang, K,; Chua, K.; Guan, C.; Ang, B.; Kuah, C.; Wang, C.; Phua, K.; Chin, Z.; Zhang, H. Clinical study of neurorehabilita-
tion in stroke using EEG-based motor imagery brain-computer interface with robotic feedback. In Proceedings of the 2010
Annual International Conference of the IEEE Engineering in Medicine and Biology, Buenos Aires, Argentina, 31 August—4
September 2010.

Cincotti, E; Pichiorri, E; Arico, P.; Aloise, E; Leotta, F.; de Vico Fallani, F.; del R. Millan, J.; Molinari, M.; Mattia, D. EEG-
based Brain-Computer Interface to support post-stroke motor rehabilitation of the upper limb. In Proceedings of the 2012
Annual International Conference of the IEEE Engineering in Medicine and Biology Society, San Diego, CA, USA, 28 August-1
September 2012.

Milani, G.; Antonioni, A.; Baroni, A.; Malerba, P.; Straudi, S. Relation Between EEG Measures and Upper Limb Motor Recovery in
Stroke Patients: A Scoping Review. Brain Topogr. 2022, 35, 651-666. [CrossRef] [PubMed]

Foong, R.; Ang, K.; Quek, C.; Guan, C.; Phua, K.; Kuah, C.; Deshmukh, V,; Yam, L.; Rajeswaran, D.; Tang, N.; et al. Assessment
of the Efficacy of EEG-Based MI-BCI with Visual Feedback and EEG Correlates of Mental Fatigue for Upper-Limb Stroke
Rehabilitation. IEEE Trans. Biomed. Eng. 2020, 67, 786-794. [CrossRef] [PubMed]

Badcock, N.; Mousikou, P.; Mahajan, Y.; de Lissa, P; Thie, ].; McArthur, G. Validation of the Emotiv EPOC®EEG gaming system
for measuring research quality auditory ERPs. Peer] 2013, 1, e38. [CrossRef] [PubMed]

Miah; Shin, J.; Islam, M.; Abdullah; Molla, M. Natural Human Emotion Recognition Based on Various Mixed Reality(MR) Games
and Electroencephalography (EEG) Signals. In Proceedings of the 5th IEEE Eurasian Conference on Educational Innovation 2022,
Taipei, Taiwan, 10-12 February 2022.

Lau-Zhu, A.; Lau, M.; McLoughlin, G. Mobile EEG in research on neurodevelopmental disorders: Opportunities and challenges.
Dev. Cogn. Neurosci. 2019, 36, 100635. [CrossRef] [PubMed]

Zander, T.; Lehne, M.; Ihme, K,; Jatzev, S.; Correia, J.; Kothe, C.; Picht, B.; Nijboer, F. A dry EEG-system for scientific research and
brain-computer interfaces. Front. Neurosci. 2011, 5, 53. [CrossRef]

O’Sullivan, M.; Temko, A.; Bocchino, A.; O’'Mahony, C.; Boylan, G.; Popovici, E. Analysis of a Low-Cost EEG Monitoring System
and Dry Electrodes toward Clinical Use in the Neonatal ICU. Sensors 2019, 19, 2637. [CrossRef]

Castiblanco Jimenez, I.A.; Gomez Acevedo, ].S.; Olivetti, E.C.; Marcolin, E; Ulrich, L.; Moos, S.; Vezzetti, E. User Engagement
Comparison between Advergames and Traditional Advertising Using EEG: Does the User’s Engagement Influence Purchase
Intention? Electronics 2022, 12, 122. [CrossRef]

Acharya, J.N.; Hani, A.].; Cheek, J.; Thirumala, P.; Tsuchida, TN. American Clinical Neurophysiology Society Guideline 2:
Guidelines for Standard Electrode Position Nomenclature. J. Clin. Neurophysiol. 2016, 33, 308-311. [CrossRef]

Yang, L.; Li, H.; Ding, J.; Li, W.; Dong, X.; Wen, Z.; Shi, X. Optimal combination of electrodes and conductive gels for brain
electrical impedance tomography. Biomed. Eng. Online 2018, 17, 186. [CrossRef]

Nunes, T.; da Silva, H. Characterization and Validation of Flexible Dry Electrodes for Wearable Integration. Sensors 2023, 23, 1468.
[CrossRef]

Ng, C.R; Fiedler, P.; Kuhlmann, L.; Liley, D.; Vasconcelos, B.; Fonseca, C.; Tamburro, G.; Comani, S.; Lui, TK.-Y.; Tse, C.-Y.; et al.
Multi-Center Evaluation of Gel-Based and Dry Multipin EEG Caps. Sensors 2022, 22, 8079. [CrossRef]

Shad, E.H.T.; Molinas, M.; Ytterdal, T. Impedance and Noise of Passive and Active Dry EEG Electrodes: A Review. IEEE Sens. ].
2020, 20, 14565-14577.

Lopez-Gordo, M.A.; Sanchez-Morillo, D.; Valle, EP. Dry EEG Electrodes. Sensors 2014, 14, 12847-12870. [CrossRef]

Debener, S.; Scanlon, J.; Jacobsen, N.; Maack, M. Does the electrode amplification style matter? A comparison of active and
passive EEG system configurations during standing and walking. Eur. J. Neurosci. 2021, 54, 8381-8395.

Connor, R. Dry EEG Electrode for Use on a Hair-Covered Portion of a Person’s Head. U.S. Patent US 2022/0233124 Al, 28
July 2022.

Koizumi, K.; Ueda, K.; Li, Z.; Nakao, M. Effects of Transcranial Direct Current Stimulation on Brain Networks Related to Creative
Thinking. Front. Hum. Neurosci. 2020, 14, 541052. [CrossRef]

Ocay, D.D,; Teel, E.F;; Luo, O.D.; Savignac, C.; Mahdid, Y.; Blain-Moraes, S.; Ferland, C.E. Electroencephalographic characteristics
of children and adolescents with chronic musculoskeletal pain. Pain Rep. 2022, 7, €1054. [CrossRef]

Katona, J.; Farkas, I.; Ujbanyi, T.; Dukan, P.; Kovari, A. Evaluation Of The Neurosky MindFlex EEG Headset Brain Waves Data. In
Proceedings of the 2014 IEEE 12th International Symposium on Applied Machine Intelligence and Informatics (SAMI), Herl’any,
Slovakia, 23-25 January 2014.


https://doi.org/10.1016/j.clinph.2021.02.011
https://doi.org/10.1109/TAFFC.2017.2714671
https://doi.org/10.1007/s11042-022-12310-7
https://doi.org/10.1109/TAFFC.2022.3210958
https://doi.org/10.1016/j.bspc.2021.102936
https://doi.org/10.1007/s10548-022-00915-y
https://www.ncbi.nlm.nih.gov/pubmed/36136166
https://doi.org/10.1109/TBME.2019.2921198
https://www.ncbi.nlm.nih.gov/pubmed/31180829
https://doi.org/10.7717/peerj.38
https://www.ncbi.nlm.nih.gov/pubmed/23638374
https://doi.org/10.1016/j.dcn.2019.100635
https://www.ncbi.nlm.nih.gov/pubmed/30877927
https://doi.org/10.3389/fnins.2011.00053
https://doi.org/10.3390/s19112637
https://doi.org/10.3390/electronics12010122
https://doi.org/10.1097/WNP.0000000000000316
https://doi.org/10.1186/s12938-018-0617-y
https://doi.org/10.3390/s23031468
https://doi.org/10.3390/s22208079
https://doi.org/10.3390/s140712847
https://doi.org/10.3389/fnhum.2020.541052
https://doi.org/10.1097/PR9.0000000000001054

Sensors 2023, 23, 4453 15 of 15

31.
32.
33.
34.
35.
36.
37.

38.

Chi, YM.; Elconin, M.H.; Kerth, T.A. Transducer Assemblies for Dry Applications of Transducers. WIPO Patent WO2013 /142316
Al, 26 September 2013.

Damalerio, R.; Cheng, M.-Y. Development of Dry EEG Electrodes and Dry EEG Cap for Neuromonitoring. In Proceedings of the
IEEE 70th Electronic Components and Technology Conference (ECTC), Orlando, FL, USA, 3-30 June 2020.

Tallgren, P; Vanhatalo, S.; Kaila, K.; Voipio, J. Evaluation of commercially available electrodes and gels for recording of slow EEG
potentials. Clin. Neurophysiol. 2005, 116, 799-806. [CrossRef]

Dow. SYLGARD™ 160 Silicone Elastomer Kit Technical Data Sheet; The Dow Chemical Company: Midland, MI, USA, 2017.

Dow. SYLGARD™ 184 Silicone Elastomer Kit Technical Data Sheet; The Dow Chemical Company: Midland, MI, USA, 2017.
Brereton, R. ANOVA tables and statistical significance of models. J. Chemom. 2019, 33, €3019. [CrossRef]

Di Leo, G.; Sardanelli, F. Statistical significance: P value, 0.05 threshold, and applications to radiomics—Reasons for a conservative
approach. Eur. Radiol. Exp. 2020, 4, 18. [CrossRef] [PubMed]

Abhang, P.; Gawali, B.; Mehrota, S. Book Chapter 2—Technological Basics of EEG Recording and Operation of Apparatus. In
Introduction to EEG- and Speech-Based Emotion Recognition; Academic Press: Cambridge, MA, USA, 2016; pp. 19-50.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.clinph.2004.10.001
https://doi.org/10.1002/cem.3019
https://doi.org/10.1186/s41747-020-0145-y
https://www.ncbi.nlm.nih.gov/pubmed/32157489

	Introduction 
	Materials and Methods 
	Fabrication and Packaging 
	Fabrication of Dry EEG Electrodes 
	Fabrication of Dry EEG Head Caps 

	Test Results and Discussion 
	Impedance Test 
	Impedance Readings Obtained Using the Nihon Kohden EEG System 
	Impedance Readings Obtained Using the NuAmps Amplifier 

	EEG Signal Recording 
	Verification of the Pairing of the Fabricated Dry EEG Electrodes 
	Capturing EEG Signals by Using Self-Developed Circuitry 

	Primary Skin Irritation Tests and Biocompatibility Tests 

	Conclusions 
	References

