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The paper describes the development of a reusable electrode system for non-invasive brainecomputer
interface application with signal quality comparable to that of conventional wet Ag/AgCl electrodes. The
innovative electrode system consists of a polyvinyl alcoholeglyceroleNaCl contact hydrogel and a 3D-
printed, silver-coated polylactic acid electrode body. Advantageous features of the proposed system are
the comfortable use, reusability, long shelf life, and alterable geometry. The electrical properties of
freshly prepared and aged contact gels, as well as different gel/silver interfaces, were separately char-
acterized, showing much lower impedance values than those measured at the electrodeeskin interface
with the complete electrode system. Acceptability limits relevant to electroencephalographic measure-
ments, such as signal-to-noise ratio during steady-state visually evoked potential measurements and
band ratio values during alpha wave detection, have proven the applicability of the system.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Electroencephalography (EEG) is a well-known method for
electrical brain signal acquisition. The popularity of EEG is due to its
non-invasive nature and the achievable high temporal resolution.
EEG is used for such medical diagnoses for evaluating sleep disor-
ders, stroke, epilepsy, and brain death. EEG is also most commonly
used for brainecomputer interface (BCI) applications due to its
advantages compared to other invasive methods. The fact that
there is no need for a surgery makes involving participants easier,
conducting experiments more convenient and safer. It is also
possible to study a larger volume of the brain with this approach. A
BCI is a computer-based system that translates captured brain
signals into commands in real time. BCIs have been gaining popu-
larity in the past decade; they are primarily used in medicine to aid
paralyzed patients to regain communication toward and control
ros).
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over their locomotive system. Recently, human lifestyle enhance-
ment applications have also appeared [1,2].

For electroencephalographic signal acquisition, conventional wet
Ag/AgCl electrodes have been used almost exclusively for a long time
and are also considered to be the golden standard. They provide
sufficiently low electrodeeskin impedance and good signal quality.
However, wet electrodes possess threemain disadvantages. First, the
placement of the electrodes on the scalp is a lengthy process that
should be carried out by an expert. Second, the conductive gel or
paste applied as electrodeeskin interface often causes discomfort to
the patient, since it can irritate and damage the scalp, and the
removal of this substance from the hair after recording also comes
with inconvenience. Finally, due to dehydration, long-term mea-
surement is only feasible if the gel is reapplied to the electrode
surfaces. Solid hydrogels absorbing conductive solutions are not
regarded as conductive gels in this paper.

To overcome the drawbacks of the conventional wet EEG elec-
trodes, several dry sensor designs have been proposed; these
electrodes do not require the application of electrolytes or
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conductive gels; however, a small amount is usually still present at
the electrodeeskin interface due to adsorbed sweat and moisture.
Popular are the microneedle electrode arrays produced by micro-
machining silicon wafers. The needles are usually shaped as pillars,
cones, or pyramids. These arrays also must be coated with some
conductive materials such as metals (Au, Ag) or metal oxides (IrO).
The main advantage of these sensors is that they bypass the skin's
outer layer, the stratum corneum, thus greatly lowering the elec-
trodeeskin impedance. However, the brittle needles may break
causing infections, and they can only be used on non-hairy sites due
to their shortness [3e5]. Similar results have been attained by the
preparation of a carbon nanotube array sensor [6]. Pin-shaped
polymer sensors are also favored as an electrode design. Their
base materials include rigid and flexible polymers as well, such as
polylactic acid (PLA), polyamides, thermoplastic polyurethane,
rubber and acrylonitrile butadiene styrene . Most of these can be 3D
printed, thus granting a great freedom in electrode geometry. The
polymer must contain or has to be coated with a conductive
component, such as gold, silver, carbon or carbon nanotube,
poly(3,4-ethylenedioxythiophene), and so on [7e12], with similar
strategy as polymer-based nanocomposite electrodes are used in
analytical assays [13e15]. Several unique electrode designs have
also been mentioned in the recent literature: sensor made of silver-
coated polymer bristles [16], electrically conductive foam covered
by a conductive fabric [17] and a sensor that uses gold-coated
spring contact probes for low impedance signal acquisition [18]. A
flexible Ag/AgCl electrode array was also developed, which lowers
the contact impedance by using a sweat-absorbing sponge during
forehead recordings [19].

Semi-dry electrode designs have been proposed in the past
decade combining the advantages of wet and dry electrodes while
Fig. 1. The negative of the molds used for the electrode production and the prin
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alleviating their drawbacks. The semi-dry sensors wet the scalp via
the use of minimal amounts of electrolytes providing lower
impedance at the electrodeeskin interface than in the case of dry
sensors while preventing short circuits and staining the subject's
hair. The electrolyte seepage of electrodes can be realized by active
pressure or passively via capillary force or gravity, realized either by
possessing reservoirs that leak the conductive liquid or by the use
of porous materials such as hydrogels. Design with reservoirs was
first used by Mota et al. [20] where they developed an Ag/AgCl-
coated flexible polyurethane electrode with a cavity for the elec-
trolyte. This was later adapted to make semi-dry electrodes using
porous Ti and a micro-seepage sponge-based electrode design
[21,22]. Solid hydrogels were also employed as semi-dry electrodes
to enable gradual scalp wetting; these include carboxymethylcel-
lulose [23], alginate [24], polyacrylate [25] and polyvinyl alcohol
[26]. The latest development in the field of semi-dry electrode has
been made by Pedrosa et al. [27] and Li et al. [28], where they
designed electrode systems capable of controlled fluid release
through capillary force via porous polycarbonate or ceramic wicks.
A similar construction was also made with the use of a poly-
acrylamide/polyvinyl alcohol composite gel yielding a sensor that
can “chargeedischarge” electrolyte like a battery [26].

PVA hydrogels have been used in biomedical applications and
recently as a flexible conductor material [29e31]. The gelation of
PVA can be done chemically or physically. In the case of the former,
small crosslinker molecules, like glutaraldehyde or another macro-
molecule, such as alginate or gelatine are needed [32e34]. The most
common way of physical PVA crosslinking is the freezing-thawing
method, during which gels with excellent elasticity can be ob-
tained thanks to microcrystal formation. The properties of such
hydrogels were thoroughly investigated by N. Peppas and C. Hassan
ted mold (bottom right). All length values depicted are in millimeter unit.



Fig. 2. Design of the PLA electrode bodies. The snap connectors and the positioning arms on the side are to be noted. All length values depicted are in millimeter unit.

K. Jakab, J. Csipor, I. Ulbert et al. Materials Today Chemistry 26 (2022) 101085
[35e39]. The modification of the original method is being explored
extensively in the literature [40e43]. Recently, Shi et al. [44] used a
watereglycerol mixture as a base for the polymer solution achieving
excellent mechanical properties and gelation at room temperature,
due to the physical, hydrogen-bond-mediated crosslinks.

Our aim was to integrate the low impedance of solid gel based
and the long-term usability of dry EEG electrodes by gel structure
modification. We have used a modified Peng et al.’s [29,45] method
of PVA gelation for our electrode design. The produced polyvinyl
alcoholeglyceroleNaCl hydrogels (PVA gel) possess high ionic
conductivity that enables good signal transfer; their glycerol con-
tent provides longer shelf life, since it inhibits dehydration and
prevents mold formation. The solidity and flexibility ensure that
the gel follows the shape of the skull for better contact and that
only minimal liquid residue remains on the scalp. Furthermore, a
wide range of geometrical configurations are available due to the
gel casting manufacturing method, which enables brain signal
detection on hairy sites. 3D-printed PLA bodies (AgPLA) were used
as the interface between the solid gel and the electrical wiring to
convert ionic to electric current. The AgPLA bodies were coated
with silver paint to provide conductive properties [9]. The solid gel,
the silveregel interface, and the electrodeeskin interface were
electrically characterized by impedance spectroscopy; the elec-
trode system's open circuit potential (OCP) was determined;
steady-state visually evoked potentials (SSVEPs) and alpha waves
Fig. 3. Production steps of the electrode system: printed PLA electrode body (top left); silver
(middle); AgPLA fixed inside the cast PVA gel (right).
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were also captured by the electrode to determine signal quality as
proposed by Li et al. [46].

2. Materials and methods

2.1. Manufacture of the electrode system

The complete electrode system consists of a 3D-printed, silver-
coated PLA electrode body, which is embedded into a PVAegly-
ceroleNaCl contact gel that serves as an ionic bridge toward the
human skin.

2.1.1. Gel production method
For the production of the gels, 4.5 g of polyvinyl alcohol (Acros,

98.0e98.8% hydrolyzed, 50e85 kDa) was added to 25.5 g, 1:1 ratio
mixture of distilled water and glycerol (99.5%, Molar Chemicals
Ltd.). It was stirred and heated to near boiling temperature in a
beaker for 2 h; it was covered with a watch glass so only minimal
amounts of water could evaporate. After the 2 h, 0.3 g plant-based
activated charcoal powder was added during heavy stirring; 10 min
later, 3 g of NaCl (analytical grade, Spektrum-3D Ltd.) was slowly
mixed with the polymer solution, and then after a half minute of
stirring, the solutionwas poured intomolds, before it could solidify.
The filled molds were then placed into sealable lowedensity
polyethylene jars for a day; this allowed liquid to leak between the
paint-coated PLA electrode body (bottom left); AgPLA placed into the 3D printed mold



Fig. 4. Complete electrode system from the top (left) and the bottom (right).

Fig. 5. Photo (left) and schematic figure (right) depicting the setup of the electrochemical impedance spectroscopic measurement determining the resistance of the PVA gel. CE e

counter electrode; RE e reference electrode; WE e working electrode; WES e working electrode sense; (a) polished copper plates; (b) PVA gel; the big arrows indicate the plastic
clamp.

Fig. 6. Photo (left) and schematic figure (right) depicting the setup of the electrochemical impedance spectroscopic measurement carried out on a PVA gel-AgPLA interface. CE e

counter electrode; RE e reference electrode; WE eworking electrode; WES e working electrode sense; (a) polished copper plates; (b) PVA gel; (c) silver-coated PLA cube; (d) silver
quasi-reference electrode; the big arrows indicate the plastic clamp.
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solid gel and the wall of the mold, which made the removal of the
whole hydrogel feasible. For impedance spectroscopic measure-
ments regarding the characterization of the sole gel and the PVA
geleAgPLA interface, 12 welled polystyrene culture plates were
used as molds providing cylindrical gels. The molds used for
manufacturing complete electrodes were designed in Fusion 360
and were 3D printed by a Formlabs Form 2 printer using their
standard black resin (Fig. 1). For this report, only one electrode
geometry was considered.

2.1.2. Printing and coating of the electrode body
The PLA bodies were designed in Fusion 360 and were printed

by an Original Prusa i3 MK3 printer, using PLA Extrafill Vertigo
4

Gray and PLA Extrafill Metallic Grey filaments (Fillamentum
Manufacturing Czech s.r.o.) (Fig. 2). They were designed to be
used with snap connections and to have two positioning arms;
the former enables fast setup and easy electrode swapping, the
latter aids their fixation during the gel casting process. The bodies
were printed in a 45� angle giving snaps resistance against
breaking. PLA cubes of 1 cm3 were also produced for the electrical
investigation of the PVA geleAgPLA interface. The coating process
was carried out with a small paintbrush and silver paint
(Demetron GmbH): the bodies were painted once with one
loaded brush and once more with another e after a few minutes
of drying e for better coverage. After the paint completely dried,
the PVA-based gel was casted around the AgPLA body. We



Fig. 7. Schematics of the wristband used for electrodeeskin impedance spectroscopic measurements (left) and pictures of the manufactured design (right).

Fig. 8. Designed frame for holding the working and the quasi-reference electrodes, schematics on the left, the 3D-printed object on the right.

Fig. 9. Photo of the wristband and the electrode holding frame (left) and schematic figure (right) depicting the setup during the impedance measurements of the electrode-skin
interface (without the insulating top layer). CE e counter electrode; RE e reference electrode; WE eworking electrode; WES e working electrode sense; (a) copper-plated fabric; b)
PVA gel-AgPLA electrode system; c) silver quasi-reference electrode; d) silver quasi-reference electrode transfixed through a silicone cylinder; e) skin of the subject; the big arrows
indicate the plastic clamp.
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investigated whether different surface treatments on the AgPLA
body have any effect on the electrical properties of the PVA
geleAgPLA interface. The three treatments were the following:
(1) the AgPLA was stored in 1 M NaCl solution for a week; (2) the
electrode body was placed beside 1 M hydrochloric acid in a
closed container also for a week; (3) nanoporous silver was
electrochemically deposited on the surface of the coated body
from AgNO3/HNO3 solution.
5

2.1.3. Assembly of the electrode system
The production steps of the electrode system can be followed in

Fig. 3. The PLA body is first printed, and the printing supports are
removed; this was followed by the coating with silver paint. After
the paint has dried, the positioning arms of the AgPLA is placed into
the indentations on the shorter sides of printed mold's cavity. The
PVA solution is prepared as described in Chapter 2.1.1 and poured
into the mold until the electrode body is almost wholly covered,
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and only the snap connectors are left exposed. The finished elec-
trode system can be seen in Fig. 4.
2.2. Electrochemical impedance spectroscopic (EIS) measurements

The electrical properties of the electrode system were charac-
terized comprehensively via electrochemical impedance spectros-
copy by a Zahner IM6e potentiostat. Since hydrogels are sensitive to
the air's water content and thus are prone to dehydrationwhen left
on open air, the PVA gels' resistance change was investigated dur-
ing aging in open containers and also when stored in environments
with set humidity. In the case of the former, gels were stored at
25 �C room temperature in a laminar flow box with the humidity
level uncontrolled. The impedance spectroscopic measurements
were carried out on fresh gels after 5 and 25 days of exposure to the
open air. Two sets of PVA gels (n ¼ 4) were placed into two des-
iccators. One of them contained a jar filled with distilled water to
maintain 100% humidity, while the other one filled with saturated
MgCl2 (hexahydrate, AR; Reanal Inc.), providing 33% humidity level.
Each set of gels was kept in one of the desiccators for a whole week,
while their mass and conductivity were measured each day. After a
week, the PVA gels were swapped, and the experiment continued
for one more week. During the EIS measurements, the cylindrical
solid gels with 2 cm diameter were placed between two polished
copper plates and fixed with a plastic clamp, after excess fluid has
beenwiped off. In these experiments, the potentiostat was used in a
two-electrode configuration, that is, the counter and the reference
electrode leads tied together was connected to one plate while the
working and working sense connections to the other one (Fig. 5).
The perturbing amplitudewas chosen to be 10mV in this and every
other EIS measurements, the investigated frequency range was
10 Hze100 kHz starting from the high values. If the high frequency
values of the impedance spectra are constant, then these represent
the resistance of the system.

The interface of PVA gels and the AgPLA bodies was also
examined. For this measurement, coated PLA cubes were immersed
4.5 mm deep into cylindrical PVA gels before complete solidifica-
tion. These coupled systems were also placed between the same
two polished copper plates fixed with a plastic clamp as before, one
of them serving as the contact to the silver-coated working elec-
trode, while the other one being the counter electrode. In this case,
the measurement was carried out in a three-electrode configura-
tion, that is, a silver wire as quasi-reference electrode was inserted
into the hydrogel phase (Fig. 6). The investigated frequency range
was between 10 mHz and 100 kHz.

Finally, the impedance values of the electrodeeskin interface
were determined, which is the most decisive factor of electrode
Fig. 10. Results of the impedance measurements of bulk gels: effect of aging on the
resistance. The impedance values stay constant above a few kHz; thus, those values can
be considered as the resistance of the gel samples. The corresponding specific re-
sistivity values are 46 Ucm, 171 Ucm, and 384 Ucm, respectively.
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qualification, besides signal quality. This experiment was carried
out with the help of eleven volunteers using the final electrode
design (n ¼ 3) and a custom-made wristband. The wristband was
made from a 12 cm � 30 cm layer of copper-plated fabric (LORIX
Ltd., Budapest, Hungary) sewn together with a similarly sized layer
of plastic textile and a few strips of touch fastener. The band had a
6 cm � 7 cm oval opening in the middle of it, and the upper non-
conductive layer had a smaller circular hole to give access to the
copper-plated fabric (Fig. 7). After fastening the band on the vol-
unteer's forearm, a 3D-printed frame was placed into the opening
that held the PVA gel-AgPLA electrode and a piece silver wire
transfixed through a silicone cylinder, which was used as the quasi-
reference electrode (Fig. 8). The frame holding the electrodes was
fixed with another strip of touch fastener reaching across the
opening. In this case, a four-electrode configuration was used: the
working electrode sense lead was connected to a silver wire quasi-
reference electrode inserted into the side of the hydrogel, while the
other silver wire quasi-reference electrode was pushed against the
skin of the volunteer and connected to the reference electrode lead.
Theworking electrode leadwas connected to the silver-coated snap
connector of the examined electrode system; the counter electrode
led to the copper fabric through the small hole on the upper layer.
The complete setup can be seen in Fig. 9. The investigated fre-
quency range during this measurement was 1 Hze100 kHz. The
Fig. 11. The weight (A) and resistance (B) change of PVA gels kept in a desiccator with
33% humidity for a week, then in one with 100% for another week (black). Gels kept in
the same desiccators in the reverse order (red) are also depicted.



Fig. 12. Results of EIS measurements on PVA gel-AgPLA interfaces. The different
treatments did not yield significant improvement on the specific impedance values.
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electrodeeskin impedance measurements were conducted just
before the alpha wave detection, except the 3-hour-long experi-
ment, which was done separately.

In order to eliminate the effect of electrode surface area on the
resistance and impedance, area-normalized values were calculated.
Since the proposed electrode has a highly porous hydrogel as the
contact material, only geometric area-normalized parameters were
feasible to be assessed. Specific resistance of the PVA gels was
calculated individually using the volume of the cylinders. The
diameter of their bases was changing slightly during dehydration,
so an average of 2 cm was chosen giving an area of 3.141 cm2. The
height of the cylinder was slightly different between specimen.
During the silver treatment studies, the PVA geleAgPLA interface
was roughly 2.8 cm2. Estimating the electrode area in the case of
electrodeeskin impedance measurements was the most difficult,
since here two soft materials established an interface deforming
each other. This parameter was approximated by the area of the
mark on the skin left by the electrode, which was 1.1 cm2. This
presentation of electrode impedances enables comparison with
other semi-dry EEG electrode designs [47].

2.3. Open circuit potential and potential drift

To characterize the dc properties of the proposed electrodes the
OCP was recorded using a Zahner IM6ex potentiostat in conjunc-
tion with a Zahner Noise Probe. The OCP values of the sintered Ag/
AgCl electrodes used in the EEG measurements were also investi-
gated. The electrodes (n ¼ 3) were immersed in 3% saline solution,
and the OCP was recorded for 10 min at 20.48 Hz sampling rate
against a reference Ag/AgCl (CHI111, CH Instruments Inc.) electrode.

2.4. EEG recordings

To determine the achievable signal quality of the proposed
electrode design, electroencephalographic measurements were
carried out with two approaches that are most commonly used for
EEG-based BCI system characterization: recording of SSVEPs and
alpha wave detection. For these experiments, a MindRove Arc
headset (MindRove Kft., Budapest, Hungary) has been modified by
the engineers of the company. The printed circuit board contains a
24-bit resolution A/D converter, which was configured to record
voltage signals with a 500 Hz sampling rate.

2.4.1. SSVEP recordings
SSVEPs are such evoked potentials that can be detected from the

visual cortex in response to a visual stimulus; the frequency of the
signal matches that of the stimulus. With this approach, the
achievable signal-to-noise ratio (SNR) is rather high and is also
applicable in the case of same-place-different-time detection
method [48]. During this experiment, three different PVA gel-
AgPLA electrodes were inserted into the headband's snap connec-
tions for each of the three selected volunteer, then it was placed on
their head in a way that the electrodes touched the scalp at the
occipital area, one in the middle and one on either side of it. After
fixing the band on the head, the electrodes were moved up-and-
down and side-to-side slightly to brush the hair aside and to
make the connection with the scalp as good as possible. For refer-
ence electrode and driven right leg (DRL) lead conventional Ag/
AgCl EEG electrodes were used with conductive gel (Parker Labo-
ratories Inc. SignaGel®) and were placed under both ears on the
neck. The visual stimulus was given by a row of three LEDs con-
nected to an Arduino microcontroller with the frequency set to
20 Hz. The volunteers were asked to look at the blinking LEDs for
1 min. The measurements were repeated every 30 min during a 3-
hourlong session. During this time, the headbandwas not removed;
7

only the reference electrodes were adjusted and filled with
conductive gel when needed.
2.4.2. Alpha wave detection
Alpha rhythm is a neural oscillation in the frequency band of

8e12 Hz that is dominant during wakeful relaxation, while the eyes
are closed. Because of its large amplitude, it can be detected
throughout the scalp, which makes the alpha wave detection
applicable in same-time-different-place recording approach. Thus,
this method was used to compare the proposed electrode design
with the conventional Ag/AgCl electrodes in regard of short- and
long-term signal quality. For the measurement, the headband was
setup similarly to the SSVEP recordings; the difference was that
only one PVA gel-AgPLA electrode was used and placed on the right
side of the occipital area and beside it on the left side an Ag/AgCl
electrode filled with conductive gel was positioned. The alphawave
detectionwas conducted for 3 h with three and 1 h with eight more
volunteers. Every 30 min, the volunteers were asked to sit still for
2 min eyes closed and after that with their eyes open for 2 min as
well. The volunteers in this experiment were the same as the ones
partaking in the electrodeeskin impedance measurement.
3. Results and discussion

3.1. PVA gel-AgPLA electrode system development

Previously, PVA gels using the freezing-thawing method were
produced, but the hydrogels obtained this way were greatly sus-
ceptible to dehydration and mold formation. The latter could be
prevented with the use of fungistatics. However, the solution of the
problem regarding dehydration required a different manufacturing
approach [29,45]; hence, we started using the mixture of glycerol
and distilled water as the solvent of PVA. The production method
described earlier resulted in hydrogels that have high conductivity
(see Section 3.2), possess excellent mechanical properties, and are
less susceptible to dehydration than their water-based counter-
parts. Using only water or low glycerol/water ratio leads to a high
degree of dehydration and shrinkage, while the proposed 1:1 ratio
alleviates this greatly. Fresh hydrogels had an average diameter of
20.5 mm; this reduced to an average of 19.2 mm after being left on
open air (uncontrolled humidity, 25 �C) for a month and kept this
size indefinitely. After drying out in the described way, the PVA gels
did not dehydrate completely; they maintained most of their
flexibility although they became more prone to tearing when put
under high stress. In order to maintain optimal mechanical and
electrical properties the gels should be stored in airtight containers
with high humidity (see Section 3.2.2), this way a shelf life of
several months can be achieved. It should also be noted that while
the PVA gel-AgPLA electrode is a reusable system, an individual



Fig. 13. Average electrodeeskin interface impedance values at 100 kHz (in Ucm2, blue) and at 10 Hz (in kUcm2, dark cyan) for all 11 volunteers.
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electrode should only be used by one person due to proper hygiene
and health considerations.

In preliminary experiments, potassium chloride was investi-
gated as a substitute for sodium chloride, but since it had a
stronger “salting-out” effect, the potassium salt caused immediate
gelation, which prevented the casting of the solution. The added
charcoal was mainly used to dye the gels black, but it also elimi-
nated most of the air bubbles generated during stirring. Since it
was added in a very small amount, it had no effect on the gels’
electrical properties.

3.2. Characterization of the PVA gel-AgPLA electrode system

3.2.1. Effect of PVA gel aging on resistance
Fig. 10 shows the result of the EIS measurements conducted on

the PVA gels stored in an open container on the example of one
Fig. 14. Electrodeeskin interface impedance values at 100 kHz (in Ucm2) a
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selected gel at all three timestamps. Even though the resistance,
which corresponds to the constant high frequency impedance
values, increased tenfold after 25 days, it still remained below 400
Ucm. These results show the PVA gel's moderate sensitivity to ag-
ing, but for achieving longer shelf life, the electrodes should be kept
in a sealed container when not used.

3.2.2. Effect of controlled humidity on PVA gel resistance and
swelling

Because of the hydrogels' sensitivity to their environment,
especially humidity, it is important to assess its extent. The PVA gels
kept in 33% humidity gradually lost their water content, which led
to shrinkage and increase in resistance. After thesewere placed into
100% humidity environment, the gels swollen back up and the
resistance values decreased. Excess fluid was also observable
around and on them. In this highly humid milieu, the PVA gels
nd at 10 Hz (in kUcm2) recorded during the long-term measurement.



Fig. 15. Open circuit potential of the sintered Ag/AgCl electrodes (A) and the PVA gel-
AgPLA electrodes (B) during 10-minute measurement in the 3% saline solution. Noise
levels of a PVA gel-AgPLA electrode during 10 s (C).

Fig. 17. Signal-to-noise ratios of the SSVEP signals for every patient and detection site.
The acceptability limit of 15 dB is marked with a dotted red line.
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slowly decreased in weight which can be attributed to the removal
of excess salty fluid prior to the EIS measurements. These changes
in weight and resistance can be seen in Fig. 11.

3.2.3. Effect of AgPLA surface treatments on impedance of the PVA
gel-AgPLA interface

The silver coating on the PLA electrode body lost its metallic
shine after the gel was cast around it and was left in the sealable
container. This phenomenon is due to silver chloride formation on
the surface of the coating. Three treatment methods were applied
to the AgPLA bodies to investigate the potential enhancement of
electrical properties; these are described in detail in Chapter 2.1.2.
These treatments, however, did not yield positive results; the ob-
tained impedance spectra were almost identical to that of the un-
treated AgPLA bodies (Fig. 12). Even though a more sophisticated
AgCl production method was not employed, such as the procedures
proposed by Polk et al. [49] and Lito et al. [50] the PVA gel-AgPLA
interface possessed significantly lower impedance compared to
Fig. 16. Fourier spectra of steady-state visually evoked potential detection recorded with P
arrows.
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that of the geleskin interface. As a consequence, surface treatment
of the silver was omitted in the final process.
3.2.4. Electrodeeskin interface impedance
The results of the electrodeeskin impedance spectroscopy

showing the average impedance values at 100 kHz and 10 Hz for
each volunteer can be seen in Fig. 13. There are significant differ-
ences observable between these measured values at 10 Hz; the
volunteer with the lowest electrodeeskin impedance had around
20 kUcm2, while the highest reached 200 kUcm2. This can mainly
be attributed to different skin types and other underlying factors
such as hydration. In order to lower the impedance, some
conductive liquid on the surface of the gel and the reference elec-
trode or slight abrasion to the stratum corneum could be applied.
Fig. 14 shows the data related to the long-term electrodeeskin
measurements. These results show that the impedance at high
VA gel-AgPLA electrodes. The 20 Hz peak and the external noise are marked with red



Fig. 18. Temporal spectra of alpha wave detection recorded with conventional Ag/AgCl electrode (1 and 3) and PVA gel-AgPLA electrode (2 and 4) with eyes open (1 and 2) and
closed (3 and 4). The signals were filtered with averaging filter (n ¼ 34).
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frequency increases with time, but at 10 Hz, it decreases first before
the increase. This is due to the initial wetting of the skin, followed
by the slow dehydration of the gel. However, the signal quality is a
more important factor for determining the electrode design's us-
ability as an EEG sensor than the electrodeeskin impedance.

3.2.5. Open circuit potential and potential drift
OCP was calculated by averaging the 10-min-long recordings;

potential drift was obtained by the difference between the
maximum and minimum values. The sintered Ag/AgCl electrodes
had a mean OPC of 22.49 mV with a standard deviation of 0.9 mV,
and the PVA gel-AgPLA electrodes showed an average of�21.22mV
and a standard deviation of 5.43 mV. The potential drift was
1.32 ± 1.36 mV for the former and 6.60 ± 6.09 mV for the latter. The
negative potential of the PVA gel-AgPLA electrode increased with
time (as seen in Fig. 15), which is due to the ongoing ion diffusion
between the gel and the saline solution. The data obtained with the
proposed electrodes are somewhat less favorable as compared to
those with the sintered Ag/AgCl ones. However, we would like to
emphasize that the aimed application field is the BCI where signals
in the frequency range above 0.5 Hz are significant and those values
of the OCP and drift are acceptable.
Fig. 19. Fourier spectra of alpha wave detection recorded with conventional Ag/A
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3.3. EEG recordings

The recorded EEG signals were processed via MATLAB scripts.
The first stepwas to extract uniform length of recording; in the case
of SSVEP signal acquisition, this was chosen to be 30 s of data
exempt from motion artefacts. For alpha wave detection, 1-min-
long records were picked. Next, the data were subjected to Fourier
transformation to gain the frequency spectra.

The SNR of the evoked potentials was gained in the following
way: the amplitude value of the 20 Hz peak (signal) was divided by
the standard deviation of the values in the 21e29 Hz frequency
range (noise); then it was converted into decibel:

SNRdB ¼ 20 log(ssignal / snoise) (1)

The frequency spectrum of one measurement can be seen in
Fig. 16. In Fig. 17., all the SNR values are shown. The deviations are
mainly due to different detection sites, hair lengths, and skin types.
The gained SNRs are almost exclusively above 15 dB, which can be
considered a limit to acceptable SNR values.

The temporal spectra of the measurements regarding the alpha
wave activity are depicted in Fig. 18. The heightened alpha wave
gCl (top) and PVA gel-AgPLA (bottom) electrode with eyes closed and open.



Fig. 20. Alpha band's ratio values of the conventional wet Ag/AgCl electrodes (A), the PVA gel-AgPLA electrodes (B) in the case of long-term alpha wave recordings. Comparison of
the conventional Ag/AgCl and the PVA gel-AgPLA electrodes in regard to alpha band's ratio values recorded during closed eyes (C). (v e volunteer).

Fig. 21. Alpha band's ratio values of both electrodes, with eyes open and closed at the 1-hour mark of the alpha wave recordings for all volunteers.
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activity during closed eyes can be observed in Fig. 19. in the case of
the wet Ag/AgCl and the PVA gel-AgPLA electrodes, respectively.
We chose the determination of alpha band's ratios (ABR) as away to
Table 1
Correlation coefficients between the data recoded by Ag/AgCl and PVA gel-AgPLA
electrodes using same-time-different-place method for alpha wave capture.

Volunteer Closed eyes Open eyes

0 h 0.5 h 1 h 0 h 0.5 h 1 h

1 0.84 0.84 0.78 0.77 0.74 0.78
2 0.95 0.95 0.87 0.81 0.87 0.87
3 0.81 0.88 0.85 0.78 0.83 0.71
4 0.79 0.89 0.94 0.94 0.94 0.93
5 0.78 0.95 1.00 0.95 0.92 0.93
6 0.69 0.82 0.83 0.81 0.84 0.84
7 0.90 0.93 0.86 0.79 0.88 0.82
8 0.33 0.89 0.96 0.89 0.88 0.98
9 0.79 0.84 0.86 0.88 0.87 0.83
10 0.94 0.86 0.82 0.74 0.82 0.84
11 0.62 0.86 0.09 0.80 0.83 0.92
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quantify this enhanced activity. ABR was calculated by dividing the
mean of the amplitudes in the alpha range (8e12 Hz) by the means
of two adjacent frequency regions (5e7 Hz and 13e15 Hz). The ABR
values regarding the 3-hour-long measurements for the conven-
tional Ag/AgCl and the PVA gel-AgPLA electrodes calculated this
way are shown in Fig. 20A and B, respectively. The two sensors can
be compared in this regardwith the help of Fig. 20C. The ABR values
after 1 h of wearing the headset are shown in Fig. 21 for all 11
volunteers and both electrodes. The difference in signal quality
between volunteers can mainly be attributed to different skin
types, hair length, and neural activity; the PVA gel-AgPLA elec-
trodes work better on sites with shorter hair, just like the con-
ventional wet electrodes do. The electrodeeskin impedance values
also showed no correlation with the ABR. As time went on, the
difference between ABR values obtained by closed and open eyes
show a narrowing tendency, which can be attributed to the long
nature of the experiment. The volunteers presumably lost interest
in the lengthy measurement, due to this strong alpha waves were
detectable even with eyes open. The electrodeeskin impedance
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values also showed no correlation with the ABR. Comparing our
electrode system to the conventional wet electrode, we can
conclude that the signal quality is very similar, the proposed design
is on par with the golden standard. The Pearson correlation coef-
ficient was also determined between the datasets recorded at the
same time with different electrodes, which is show in Table 1. The
grand average of the coefficients is 0.83. There are two values here
that are significantly lower than the rest, which is most likely due to
motion artefacts.

4. Conclusion

Reusable electrode system for non-invasive BCI application has
been developed. Polyvinyl alcoholeglyceroleNaCl contact hydrogel
and 3D-printed, silver-coated PLA electrode body has been produced
and assembled. The use of gel casting and 3D printing techniques
makes themanufacture of the electrode system easy, fast, and cheap.
Additionally, they provide great freedom in sensor geometry
enabling good and comfortable skin contact on hairy sites of the
scalp, the application is also simple due to the snap connectors.
Because of the high glycerol content, the PVA gels are resistant to
dehydration andmold formation, ensuring reusability and long shelf
life. The signal quality is adequate and is comparable with that of the
conventional wet electrodes even at long term. Results from elec-
troencephalographic measurements, such as SSVEP and alpha wave
detection, verify the electrode system for BCI use.
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