'.) Check for updates

Journal of Applied Polymer Science

WILEY
Applied Polymer

SCIENCE

| RESEARCH ARTICLE CEIEED

Flexible Dry Electrodes Based on
Styrene-Ethylene-Butylene-Styrene/Carbon Black
and Ethylene-Vinyl Acetate/Carbon Black for
Electroencephalography: Electrical, Thermal and
Mechanical Properties

George Gnonhoue | Ilyass Tabiai | Jérémie Voix | Eric David

Université du Québec, Ecole de technologie supérieure, Montreal, Canada

Correspondence: George Gnonhoue (olatoundji-george.gnonhoue.1@ens.etsmtl.ca)
Received: 15 August 2025 | Revised: 19 November 2025 | Accepted: 30 November 2025

Keywords: biomedical applications | copolymers | dielectric properties | mechanical properties | sensors and actuators

ABSTRACT

Electroencephalography (EEG) is an essential technique for monitoring brain electrical activity in clinical, sports, and wearable
health settings. However, traditional wet electrodes face issues like gel drying and skin irritation, while coated dry electrodes
tend to degrade over time, affecting long-term signal stability. This study explores flexible dry electrodes made from conductive
polymer composites—poly(styrene-b-ethylene-ran-butylene-b-styrene) filled with carbon black (SEBS/CB) and ethylene-vinyl
acetate filled with carbon black (EVA/CB)—as affordable and recyclable alternatives to standard materials such as PDMS and
TPU. The electrodes were manufactured using solvent casting and compression molding, ensuring even filler distribution and
consistent surface quality. Both composites reached an electrical conductivity of around 0.01 S/m with a percolation threshold
close to 12wt% CB. Contact impedance tests showed better performance for SEBS/CB electrodes (5.4 + 0.9 kQ) compared to EVA/
CB (26.7 £4.4 kQ), nearing the value of a commercial flexible electrode (4.2 £0.5 kQ). Mechanical testing confirmed that SEBS/
CB is softer and more elastic, facilitating stable, low-noise EEG signal collection. Overall, SEBS/CB composites provide a good
balance of electrical performance, flexibility, and scalability, highlighting their potential for next-generation, long-term EEG
monitoring systems.

1 | Introduction

Electroencephalography (EEG) measures brain electrical ac-
tivity via scalp electrodes, reflecting physiological and cogni-
tive states [1-4]. EEG signals, classified into Delta (0.5-4Hz),
Theta (4-8 Hz), Alpha (8-12Hz), Beta (12-30Hz), and Gamma
(30+ Hz) bands, are fundamental for diagnosing neurological
disorders and for continuous brain-computer interface (BCI)
and health monitoring applications. The reliability of EEG

recordings strongly depends on maintaining low skin-electrode
contact impedance, which ensures a stable signal-to-noise ratio
and accurate measurements [5-7]. Traditional wet electrodes,
despite their low impedance and high signal quality, have no-
table drawbacks such as gel drying, skin irritation, and insta-
bility during extended use or movement [1-3, 8-15]. As a result,
research has shifted toward dry flexible electrodes, which
eliminate the need for electrolytic gels and are better suited for
wearable and long-term applications. These gel-free electrodes
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need materials that are flexible, biocompatible, and electrically
conductive to ensure signal quality under different mechanical
deformations [16, 17].

Flexible polymers are commonly used as base materials, with
material choices varying based on design, application, and user
needs in clinical, research, or consumer settings. Dry flexible
electrodes enhance comfort during long-term EEG by con-
forming to the scalp's curvatures, maintaining stable contact
even during movement, and improving signal quality. While
these electrodes present a higher impedance than wet ones, op-
timizing the surface texture and design can minimize contact
impedance, enhance skin contact, and reduce motion artifacts.
Effective designs, such as those using silver-coated electrodes
[7, 18], ensure stable signals, comfort, and minimal irritation.
These electrodes achieve impedance levels below 50 kQ at
10Hz, making them suitable for reliable and prolonged EEG re-
cordings [19, 20].

Over the past few years, various materials have been investi-
gated to achieve this balance. PDMS (polydimethylsiloxane)
and TPU (thermoplastic polyurethane) have been widely used
due to their softness and skin compatibility, but their rela-
tively high contact impedance and limited recyclability con-
strain their performance and scalability (TPU) [21-26]. For
instance, Fiedler et al. [6] developed Ag/AgCl-coated poly-
urethane electrodes that reached ~150 kQ impedance, while
Heijs et al. [27] reported 602 +401 kQ using similar multipin
electrodes. Recent efforts have explored conductive coatings
and composite formulations—such as silver-filled TPU [28],
carbon black (CB)/TPU [29], graphene/PDMS composites [5],
and multi-walled carbon nanotube (MWCNT)-PDMS mix-
tures [30, 31], achieving moderate improvements in flexibility
and signal quality. Nevertheless, contact impedance typically
remains in the 10-600 kQ range, which is still considerably
higher than that of wet electrodes.

To overcome these challenges, attention has increasingly
turned toward thermoplastic elastomers (TPEs) that combine
the softness of rubbers with the processability of plastics.
Among them, Styrene-Ethylene-Butylene-Styrene (SEBS) and
Ethylene-Vinyl Acetate (EVA) have emerged as promising al-
ternatives. SEBS exhibits exceptional elasticity, softness, and
chemical resistance, making it ideal for skin-interfacing bio-
medical devices. EVA offers comparable flexibility, biocom-
patibility, and easy processing, with adjustable mechanical
properties depending on its vinyl acetate content [32]. Both
materials are recyclable thermoplastics, contrasting with non-
recyclable PDMS, and they are compatible with scalable man-
ufacturing processes such as extrusion, injection molding,
and 3D printing—key advantages for the mass production of
wearable biosensors [33, 34].

When combined with conductive fillers such as carbon black
(CB), carbon fibers, or graphene, these matrices can form light-
weight, low-cost conductive composites suitable for EEG elec-
trodes. CB is particularly advantageous due to its high surface
area, ease of dispersion, chemical stability, and significantly
lower cost than CNTs or graphene. Recent works [35, 36] have
shown that SEBS- and EVA-based composites exhibit tunable
conductivity and mechanical properties, making them strong

candidates for flexible bioelectronic applications. However, their
use in EEG electrodes has not yet been thoroughly explored or
benchmarked against established PDMS- and TPU-based de-
signs, leaving a clear gap in the literature.

The present study addresses this gap by systematically investi-
gating SEBS/CB and EVA/CB composites as alternative materi-
als for flexible dry EEG electrodes. Using a chemical dissolution
method for homogeneous filler dispersion, flexible electrodes
were fabricated and characterized for their electrical conduc-
tivity, contact impedance, mechanical compliance, and EEG
signal acquisition capability. The obtained results were directly
compared with those of commercial dry electrodes and bench-
marked against recent PDMS- and TPU-based designs from the
literature.

This work highlights, for the first time, the comparative ad-
vantages of SEBS- and EVA-based carbon black composites in
balancing low contact impedance, high flexibility, and scal-
able manufacturability. Beyond performance improvement,
the use of thermoplastic matrices introduces sustainability
and cost-efficiency benefits that are critical for the next gener-
ation of wearable EEG systems. The study thus contributes to
expanding the material platform for bioelectronic interfaces
by proposing recyclable, high-performance elastomeric com-
posites for durable and comfortable long-term EEG applica-
tions. Section 1 outlines the methodology for developing and
characterizing SEBS/CB and EVA/CB electrodes, focusing
on the surface morphology, compression testing, electrical
properties, contact impedance, and brain signal acquisition.
Results are compared with those of commercial dry flexible
EEG electrodes. Section 2 details the experimental procedures
used to prepare and characterize SEBS/CB and EVA/CB elec-
trodes, including composite formulation, electrode fabrica-
tion, morphological analysis, mechanical testing, electrical
characterization, and EEG signal acquisition methodology.
The discussion addresses the study's limitations and suggests
directions for future research. The objective is to determine
the composite material that offers the optimal combination
of electrical conductivity, low contact impedance, mechani-
cal compliance, thermal stability, and scalp conformity. This
work ultimately seeks to advance the development of durable,
high-performance EEG electrodes designed for long-term,
real-world applications.

2 | Experimental Testing

This section details the materials, preparation methods, and fab-
rication process used to develop SEBS/CB and EVA/CB flexible
EEG electrodes. The main aim is to compare the performance of
SEBS/CB and EVA/CB materials with that of a commercial dry
flexible electrode to identify which provides superior electrical
conductivity and lower contact impedance for recording brain
electrical signals. The methodology was designed to ensure re-
producibility and facilitate other researchers in replicating the
fabrication process. All experimental procedures were con-
ducted under controlled conditions, with the purity and speci-
fications of the materials used clearly outlined. A future clinical
study involving long-term, multi-participant EEG recordings is
planned.
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FIGURE1 | Schematic overview of the fabrication process for flexible multipin dry electrodes. The method includes (i) dissolving the SEBS or

EVA polymer in toluene, (ii) dispersing conductive fillers (CB) to create a uniform suspension, (iii) evaporating the solvent to form composite films,

and (iv) using compression molding to shape the films into multipin electrode structures.

TABLE 1 | SEBS/CB and EVA/CB nanocomposites at different
carbon nanoparticle weight fractions.

SEBS/CB (Wt%) EVA/CB (Wt%)
Reinforcements Matrix Reinforcements Matrix
0 100 0 100
3 97 5 95
5 95 8 92
6 94 12 88
7 93 16.5 83.5
8 92 18.5 81.5
10 90 20 80
12 88

15 85

20 80

2.1 | Materials

Two thermoplastic matrices were selected: Styrene-ethylene-
butylene-styrene (SEBS) and ethylene-vinyl acetate (EVA), cho-
sen for their elasticity and mechanical resilience.

« SEBS, with a number-average molecular weight of 54,000 g/
mol and a polystyrene content of 30wt%, was supplied by
Kraton Polymers (Paulinia, Brazil) with a purity greater
than 99%.

« EVA (vinyl acetate content 28 wt%, density 0.950 g/cm?) was
obtained from Repsol (Madrid, Spain), analytical grade,
with a purity of over 98%.

» Carbon black nanoparticles (Carbon Lampblack C198-500,
Lot 145,509, average diameter approximately 50 nm, nomi-
nal conductivity around 400S/m, density =1.8 g/cm?) were
sourced from Fisher Chemical (Ottawa, Canada), with a pu-
rity over 99%.

« Toluene (UN1294, Optima grade, Lot 234,238) was used
as a solvent and obtained from Fisher Chemical (Ottawa,
Canada), with a purity of >99.8%.

All materials were used as received without further purifica-
tion. The preparation steps were carried out in a fume hood to
ensure solvent safety and process safety repeatability.

2.2 | Preparation of SEBS/CB and EVA/CB
Composites

The preparation process involved four main stages: dissolving
the polymer, dispersing the filler, and removing the solvent, as
shown schematically in Figure 1.

2.2.1 | Polymer Dissolution

Each polymer (SEBS or EVA) was dissolved separately in tolu-
ene at 100°C with magnetic stirring (600 rpm) until a clear, ho-
mogeneous solution was achieved.

2.2.2 | Filler Incorporation

After complete dissolution, carbon black (CB) was gradually
added to the polymer solution at various mass fractions rang-
ing from 0 to 20wt% (see Table 1). The mixture was stirred for
an extra 30min at 100°C to ensure uniform dispersion of CB
within the matrix. The formation of the composite depended on
the physical entanglement of polymer chains with the conduc-
tive CB network, enabling efficient electron transport after the
solvent was removed.

SEBS, owing to its elastomeric block-copolymer architecture,
accommodates higher filler loadings because of its greater chain
mobility and tolerance to viscosity increases. In contrast, EVA
exhibits a marked rise in viscosity at elevated CB contents,
which restricts its processability under identical mixing and
molding conditions.
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2.2.3 | Solvent Evaporation and Film Formation

The resulting dispersions were cast and left to dry under a chem-
ical fume hood at room temperature until all solvent evaporated,
resulting in nanocomposite films.

2.3 | Fabrication of Surface Multipin EEG
Electrodes

The solid composites were molded into surface multipin EEG
electrodes using compression molding (Figure 1).

« Step 1: Pre-heating and low-pressure molding at 215°C,
0.8 MPa, 5min.

« Step 2: High-pressure consolidation at 215°C, 5 MPa, 15 min.

Each electrode consisted of 19 cylindrical pins arranged in a cir-
cular pattern. The pins had an average height of 4.9 +0.09 mm
and a diameter of 1.41+0.01 mm. The center-to-center distance
between neighboring pins was about 2.5 mm, which corresponds
to an edge-to-edge spacing of approximately 1.1 mm at the elec-
trode-skin interface.

2.4 | Optimization and Reproducibility

Distinct CB loadings were explored for SEBS and EVA to iden-
tify the electrical percolation threshold and the conductivity pla-
teau for each matrix. For both material systems, the composite
exhibiting the highest electrical conductivity was selected for
subsequent electrical, mechanical, and morphological charac-
terizations. To ensure reproducibility, three independent batches
of each selected formulation were fabricated and characterized
under identical conditions.

2.5 | Characterizations
2.5.1 | Electrical Characterization

The electrical conductivities of the different composites were not
measured using conventional electrophysiological techniques
(e.g., impedance at fixed frequencies or skin-contact methods), but
rather using a frequency-domain dielectric spectrometer (Alpha-A
Dielectric Analyzer, BDS—Novocontrol, Montabaur, Germany) to
characterize their intrinsic bulk conductivity. For each formula-
tion, measurements were performed on three independent sam-
ples to ensure reproducibility. Each sample was shaped into a
20mm-diameter and 1.2mm-thick disk and placed between two
solid brass electrodes to form a planar electrode/composite/elec-
trode sandwich. This setup allows for accurate determination of
the real part of the complex conductivity over a wide frequency
range (1072 to 10°Hz) at 30°C. The aim was to assess percolation
behavior and frequency dependence of conductivity in the bulk
material, independently of contact with biological tissue.

2.5.2 | Structural Characterization

To study the distribution of the conductive particles in the host
matrix, the morphology of the composites was investigated

using a high-resolution scanning electron microscope (Hitachi
SU-8230 field emission-SEM) at 5kV. Cross-sections of the spec-
imens were prepared using a cryogenic fracture technique, after
which they were coated with a platinum layer of approximately
2nm under vacuum conditions using a turbo-pumped sputter
coater/carbon coater (Q150T).

2.5.3 | Thermal Characterization

Differential Scanning Calorimetry (DSC) was employed to in-
vestigate the thermal properties of the pure polymer matrices
(SEBS and SEBS-MA). Tests were conducted in a nitrogen atmo-
sphere to prevent oxidation. Approximately 10 mg samples were
sealed in aluminum pans and heated at a rate of 10°C/min. To
avoid thermal degradation, the measurement ranges were tai-
lored to the thermal stability of each material: —100°C-250°C.
These conditions facilitated the detection of key transitions, in-
cluding the glass transitions of both the soft and hard phases,
without interference from decomposition.

2.5.4 | Mechanical Characterization

Cyclic compression tests were conducted on SEBS/20wt% CB
and EVA/20wt% CB composites using the ASTM D575-91 stan-
dard to define specimen geometry and test conditions. Standard
cylindrical specimens measured 28.6+0.1mm in diameter
and 12.5+0.5mm in thickness. A compressive load of 100kN
was applied using a universal testing machine (MTS Alliance
RF/200, MTS Systems Corporation, Eden Prairie, Minnesota,
United States). Each test involved three consecutive loading-
unloading cycles to evaluate the flexibility, shape memory
behavior, and mechanical repeatability of the materials. All
measurements were carried out under ambient laboratory con-
ditions, with a temperature of approximately 23°C and relative
humidity of 45%-55%.

To characterize the mechanical performance, key parameters
were extracted from the stress-strain curves, including the stress
at 50% compression, the elastic modulus, the hysteresis loss (en-
ergy dissipated per cycle), the loading energy, and the energy ratios
between cycles to assess energy retention and mechanical stability.
Tests were performed on three independent samples per material
to ensure repeatability and statistical reliability of the results.

2.6 | Experimental Validation in Vivo

Multipin flexible EEG electrodes were selected to evaluate
contact impedance and EEG artifacts associated with eye
movements. These artifacts were wirelessly recorded using
the OpenBCI 16-channel Cyton Biosensing Board (OpenBCI,
NY, USA) in combination with the Ultracortex ‘Mark IV’ EEG
headset (OpenBCI, NY, USA). Contact impedance was mea-
sured at 31 Hz using the same acquisition system, as shown
in Figure 2.

To simulate practical conditions for wearable EEG applica-
tions, the skin was neither cleaned nor abraded before measure-
ments. The headset, in which the electrodes were inserted, was

40f 16

Journal of Applied Polymer Science, 2025

B5UBO17 SUOLILLOD SAIERID 3(ded! dde au) Aq pauLRA0B 88 s3I YO B8N JO S3IMNU 10J A1q 1T 8UIIUO A1 U (SUIONIPUD-PUR-SLUIBY/WI0D A8 | M Ae1q 1 U IUO//:SaNY) SUONIPUOD PUe SWS L L) 89S *[9202/T0/0T] uo Aiqiauluo As|im ‘e tedns a1fojouyos L 8@ 81093 Aq £9T02 dde/z00T 0T/10p/w0d A 1M Afe.q 1 jBu Juo//SdiL WOy papeoiumoq ‘0 ‘829v.60T



comfortably positioned on the head without applying pressure
to the electrode surfaces. A commercial dry flexible electrode
(OpenBCI, NY, USA) was placed at position 2 (see Figure 2),
while the multipin electrodes developed in this study were in-
serted at positions 1 and 3.

Figure 3 shows the custom-designed multipin electrode along-
side the commercial flexible electrode used as a reference.
Performance evaluation was based on comparisons of contact
impedance and EEG signal amplitude between the developed
and commercial electrodes. The measurement system consisted
of a ground, a reference electrode, and the developed electrode,
allowing impedance to be measured between the developed and
reference electrodes. Figure 2 illustrates the Ultracortex ‘Mark
IV’ EEG headset used for signal acquisition and impedance
measurements.

2.7 | Participants

Participant testing validated the effectiveness of the developed
electroencephalogram (EEG) electrodes under physiological
conditions by assessing EEG signal quality and motion artifacts.
Healthy adult participants (n=4; 1 male and 3 females, aged be-
tween 21 and 35years) were recruited for EEG measurements.

0,
SEBS/20wt%CB EVA/20wt%CB

Ground Reference

Multipin commercial dry
flexible electrode

FIGURE 2 | Ultracortex “Mark IV” EEG headset used to install the
electrodes on the head.

OpenBCl EEG recording system

Commercial dry flexible EEG electrode

All procedures were approved by the ETS Internal Review Board
(« Comité d'éthique de la recherche », Approval No. H20230504)
and conducted in accordance with the Declaration of Helsinki.
Informed consent was obtained from all participants before the
experiments.

To ensure a controlled environment, participants were comfort-
ably seated in a quiet room during signal acquisition. EEG sig-
nals were recorded for 10s. Following standard EEG protocols
and the American Clinical Neurophysiology Society guidelines
[37], participants were instructed to minimize head and facial
muscle movements and remain still to reduce motion artifacts.
At designated time points—approximately at 1, 3, 8, and 10s—
they were asked to blink in response to a sound cue to evaluate
the electrodes’ ability to detect blink-related EEG activity.

3 | Results

3.1 | Electrical, Structural and Mechanical
Properties

3.1.1 | Electrical Properties

Figure 4 depicts the frequency dependence of the real part of the
complex conductivity (¢”) for SEBS and EVA composites with
various carbon black loadings. Only the real part is shown here,
as it directly reflects the conductive behavior associated with ef-
fective charge transport mechanisms within the composite ma-
terials. These measurements were performed across all tested
formulations to determine the electrical percolation behavior.
Once the percolation threshold is reached, o’ becomes almost
frequency-independent, indicating that it closely approaches the
true direct current (DC) conductivity. Figure 5 shows the elec-
trical conductivity of the SEBS/CB and EVA/CB composites as a
function of mass fraction, at a frequency of 1 Hz.

The percolation threshold for both SEBS/CB and EVA/CB com-
posites was found to be ~12wt%. Beyond this threshold, the
electrical conductivity of both composites reached a plateau at
about 0.01S/m at 20wt%. Below the percolation threshold, the
measured conductivity is overestimated due to the influence
of frequency-dependent mechanisms such as interfacial po-
larization and charge hopping, which do not reflect true DC
conduction.

Our dry flexible EEG electrode

FIGURE3 | Electrodes installed in the system for the acquisition of electrical signals from the brain. [Color figure can be viewed at wileyonlineli-

brary.com]
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FIGURE4 | Real part of the complex conductivity as a function of frequency of (a) SEBS/CB and (b) EVA/CB. [Color figure can be viewed at wi-

leyonlinelibrary.com]

This behavior is visible in Figure 4a for concentrations below
15 wt% CB for SEBS/CB composite, and below 16.5 wt% CB,
for EVA/CB composite in Figure 4b. It can also be seen in the
non-conductive domain (0-12wt%) that the value of the AC con-
ductivity at a given frequency is not well correlated with the CB
concentration. The composites with the highest mass fraction
(SEBS/20 wt% CB and EVA/20 wt% CB) were chosen for the
fabrication of the electrodes to perform the EEG measurements
since, as could be expected, they have the highest electrical con-
ductivities (0.01 S/m).

The evolution of the electrical conductivity of the composites as
a function of the frequency in Figure 4 confirms that the per-
colation threshold of the SEBS/CB composites is below 15 wt%
CB and that of the EVA/CB composites is below 16.5 wt% CB.

Figure 5 shows that the EVA/CB and SEBS/CB composites have
the same percolation threshold (12 wt% CB).

The graph of Figure 5 depicts the electrical conductivity
of SEBS/CB composites as a function of carbon black (CB)
mass fraction, measured at 1Hz. At low CB mass fractions
(0-12wt%), the conductivity remains extremely low, around
10712S/m, indicating insulating behavior. This suggests that
CB particles are insufficiently connected to form conductive
paths within the SEBS matrix. Around 12wt% CB, there is
a sharp increase in conductivity, spanning several orders of
magnitude, reaching approximately 10~2S/m. This marks the
percolation threshold, where CB particles form a continuous
network, enabling efficient electrical conduction. Beyond
15wt% CB, the conductivity plateaus, showing no significant
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increase as the CB concentration increases further. This in-
dicates that the conductive network has stabilized, and ad-
ditional CB has a diminishing effect on further improving
conductivity. The percolation threshold is observed near
12wt% CB. The steepness of the conductivity increase at the
percolation threshold demonstrates that CB particles form
a well-distributed and interconnected network in the SEBS
matrix, enhancing electrical properties efficiently. Below the
percolation threshold, SEBS/CB composites are suitable for
applications requiring insulating properties. Near or beyond
the percolation threshold, the composites exhibit significant
conductivity, making them suitable for EEG electrodes. The
graph of Figure 4a demonstrates the percolation behavior of
SEBS/CB composites, with a critical threshold near 12wt%
CB. Beyond this threshold, the material becomes conductive,
suitable for flexible electronic applications. The results high-
light the importance of achieving uniform filler dispersion
and optimizing CB content for specific electrical properties.

The plot in Figure 4b shows the variation of electrical con-
ductivity of EVA/CB (Ethylene-Vinyl Acetate/Carbon Black)
composites as a function of the carbon black (CB) mass frac-
tion, measured at 1 Hz. From 0% to 12%, the conductivity re-
mains extremely low, around 107'2S/m, indicating that the
material is electrically insulating. In this range, the carbon
black particles are too sparsely distributed to form conductive
pathways. The composite behaves like a dielectric material.
From 12% CB content, a significant increase in conductivity
is observed, reaching a plateau of 1072S/m. This sharp rise
is attributed to the percolation threshold, where CB particles
form a continuous conductive network within the EVA ma-
trix. From 16.5% to 20%, beyond the percolation threshold, the
conductivity stabilizes at 1072S/m. Further increases in CB
concentration enhance the density of the conductive network
but do not drastically improve the conductivity as saturation
is approached. Below 12% CB, composites have an insulating
behavior due to isolated CB particles whereas above 12% CB,

they have a conductive behavior due to interconnected CB
particles. For flexible electrodes, a CB content above the per-
colation threshold (12%-20%) is necessary to ensure sufficient
electrical conductivity for signal acquisition. Adjusting the CB
content allows to tune the conductivity and mechanical prop-
erties in order to balance performance and flexibility. These
findings confirm the need to carefully optimize the CB mass
fraction to achieve the desired electrical properties in EVA/
CB composites. A CB mass fraction of 12%-20% is ideal for ap-
plications requiring conductivity, such as dry EEG electrodes.

3.1.2 | Structural Properties

Figure 6 presents the scanning electron microscope (SEM)
micrograph of SEBS/CB and EVA/CB composites containing
20 wt% CB. The results show that the CB particles appear to
be well distributed at this concentration in both composites.
The Figure 6 shows that due to the high concentration of car-
bon black (20wt%) in the nanocomposites, some agglomerated
particles were observed in SEBS/20 wt% CB and EVA/20 wt%
CB. The agglomerations are indicated in Figure 6 as large CB
in the SEBS/20 wt% CB and EVA/20 wt% CB samples. The
interaction of the reinforcement (CB) inside the different ma-
trices is also apparent. The presence of agglomerates is pri-
marily attributed to the high CB concentration. Despite this,
these agglomerates contribute to the formation of conductive
paths within the composites through CB-CB contacts. As
the CB concentration increases, these agglomerates become
more interconnected, enhancing the density of the conductive
network.

3.1.3 | Thermal Properties

To support the development of flexible dry EEG electrodes, DSC
analysis was performed to assess whether adding carbon black
influences the thermal stability and segmental mobility of the
SEBS and EVA matrices. As shown in Figures 7 and 8, both
composites retain the characteristic thermal signatures of their
respective elastomers.

The SEBS/CB composite exhibits a glass-transition tempera-
ture (Tg) near —50°C, typical of the ethylene-butylene soft
phase, with no melting or crystallization peaks across the heat-
ing and cooling cycles. This confirms the fully amorphous na-
ture of SEBS and indicates that CB loading does not disturb its
microphase-separated structure. The EVA/CB composite shows
a Tg around —35°C, along with a broad endothermic transition
above 80°C-90°C corresponding to the softening of the vinyl-
acetate-rich domains.

These results demonstrate that the thermal transitions of
both matrices remain essentially unchanged after CB incor-
poration. This is an important outcome for EEG electrode
fabrication: the CB network enhances conductivity without
compromising the thermal integrity or processing window
of the elastomer. The composites, therefore, maintain the
flexibility and thermal stability required for reliable, skin-
conforming EEG electrodes while supporting improved elec-
trical performance.
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FIGURE 6 | Micrograph of both electrodes: (a) EVA/20 wt% CB and (b) SEBS/20 wt% CB.
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FIGURE 7 | Differential scanning calorimetry (DSC) thermogram of EVA/20wt% CB composite. The second heating (blue) and cooling (green)
curves display a glass transition around —30°C, a crystallization peak near 55°C-60°C, and a melting endotherm at approximately 95°C-100°C.
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3.1.4 | Mechanical Properties

Figure 9 shows the results of cyclic compression tests performed
on SEBS/20 wt % CB (green curve) and EVA/20 wt% CB (red
curve).

The steeper slope of the stress—strain curve at the initial linear
region indicates stiffness. EVA/20 wt% CB (red curve) shows
a higher stiffness as compared to SEBS/20 wt% CB, suggesting
that EVA/20 wt% CB is less deformable under compression.
The loops in the curves indicate energy dissipation during
loading and unloading (hysteresis). EVA/20 wt% CB exhibits
larger hysteresis loops as compared to SEBS/20 wt% CB, indi-
cating a greater energy loss, likely due to greater internal fric-
tion or viscoelastic effects. SEBS/20 wt% CB shows a narrower
hysteresis loop, suggesting a better elastic recovery after com-
pression as compared to EVA/20 wt% CB, which retains more
deformation after unloading. EVA/20 wt% CB withstands a

higher maximum stress at a given strain, showing greater re-
sistance to deformation under load. However, SEBS/20 wt%
CB achieves a higher strain at lower stress, demonstrating
greater flexibility. SEBS/20 wt% CB is more flexible and better
suited for applications requiring high deformation and recov-
ery, such as wearable sensors or flexible electrodes. EVA/20
wt% CB, being stiffer, might be preferred for applications de-
manding higher structural integrity under load. To manufac-
ture dry flexible EEG electrodes, SEBS/20 wt% CB is a better
choice than EVA/20 wt% CB, based on the following key mea-
sured parameters, including: the stress at 50% extension, the
elastic modulus, the hysteresis loss, the loading energy, and
the energetic ratios across multiple cycles:

« The stress at 50% of EVA/20 wt% CB is 16.2MPa, and that
of SEBS/20 wt% CB is 9.35MPa. EVA/20 wt% CB exhibits a
higher stress at a 50% extension, indicating a greater resis-
tance to deformation as compared to SEBS. This suggests

8 of 16

Journal of Applied Polymer Science, 2025

5UB0 17 SUOWILIOD BRI 8|G0 dde aU) Aq puenob a2 Sa1e VO ‘3N 0 3| 10} AReiq 1 8UNIUO AB]UM UO (SUOTIPOD-PUE-SUWLS 00" 4B 1M AJq]1[pUIIUO//ST1Y) SUONIPUOD) PUB SWLS | 8U) 95 *[920Z/T0/0T] U0 AIgiT8uliuo A8]im “rneusdn a16ojouyoe 1 94 21003 A £9T02 dde/Z00T 0T/10p/uc0" A8 1W ARG PUIUO// Sy Wo1) Papeojumoq ‘0 ‘8Z9v.60T


https://onlinelibrary.wiley.com/

06 ]
Tg of ethylene-butylene  Tg of polystyrene
0.4 / .
9
E N
¢]
g
w0 ]
©
(0]
I R
-0,4 '
. i : 200 300
Exo Down Temperature (°C)

FIGURE 8 | Differential scanning calorimetry (DSC) thermogram of the SEBS/20wt% CB composite. The curve shows a glass transition of the
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207 ‘ , , values corresponds to the reduction of the area enclosed
by the stress-strain hysteresis loops between the first
—— SEBS/20wWt%CB and third loading-unloading cycles, indicating that the
—  EVA20wt%CB material dissipates less mechanical energy as heat as its
internal structure becomes stabilized after repeated de-
formation. Both materials stabilize after repeated cycles,
with the hysteresis loss decreasing by approximately 72%
(EVA/20 wt% CB) and 61% (SEBS/20 wt% CB) from Cycle
1 to Cycle 3. SEBS demonstrates a lower energy dissipa-
tion overall, indicating greater efficiency and mechanical
resilience.

-
(42
T
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>

« The loading Energy (Total Energy Absorbed) of EVA/20
wt% CB is Cycle 1: 32.79J — Cycle 3: 12.78], and that

0 .
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Strain (mm/mm) of SEBS/20 wt% CB Cycle 1: 18.93]J — Cycle 3: 10.1917.

EVA/20 wt% CB absorbs more energy than SEBS/20 wt%

FIGURE9 | Stress-strain behavior of SEBS/20 wt% CB and EVA/20 CB, consistent with its higher rigidity and resistance to

wt% CB under compression tests. [Color figure can be viewed at wi- deformation. Both materials show reduced loading en-

leyonlinelibrary.com] ergy over cycles, reflecting material stabilization under

repeated loading.

« The energetic Ratio (Energy Returned/Stored) of EVA/20

that EVA is more rigid, while SEBS/20 wt% CB is more flex-
ible, making SEBS potentially more suitable for applications
where flexibility and adaptability (conforming to curved
surfaces) are essential.

The elastic Modulus EVA/20 wt% CB is 63.8 MPa and that of
SEBS/20 wt% CB is 47.2MPa. EVA/20 wt% CB has a higher
elastic modulus, confirming its greater rigidity. SEBS, with
a lower elastic modulus, is softer and more elastic, which
may provide better comfort and adaptability in flexible elec-
trode applications such as EEG systems.

The hysteresis Loss (Energy Dissipated as Heat) of
EVA/20 wt% CB is Cycle 1: 27.2J — Cycle 3: 7.63J, and
that of SEBS/20 wt% CB is Cycle 1: 13.3J — Cycle 3: 5.17J.
EVA/20 wt% CB dissipates significantly more energy as
heat than SEBS in all cycles. This decrease in energy

wt% CB is Cycle 1=82%, Cycle 2=63%, Cycle 3=59% and
that of SEBS/20 wt% CB is Cycle 1=70%, Cycle 2=53%,
Cycle 3=50%. EVA/20 wt% CB has higher energetic ra-
tios in all cycles, meaning that it returns a higher propor-
tion of absorbed energy. However, the ratio drops more
significantly for EVA/20 wt% CB (23% reduction) than for
SEBS/20 wt% CB (20% reduction) from Cycle 1 to Cycle 3.
SEBS shows a more stable energy return behavior, although
it is overall less efficient than EVA in energy restitution.

3.2 | Experimental Validation in Vivo
The contact impedance of the EVA/20 wt% CB electrode is

26.8 £4.4 kQ. This high impedance, with significant variability
(large standard deviation), indicates poor electrical contact with
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the skin, which leads to reduced signal quality and increased
noise during EEG measurements. The large variability suggests
inconsistent performance, likely caused by inadequate interac-
tion between the electrode and the skin. The same impedance of
flexible commercial electrodes is 4.2+ 0.5kQ. This is the lowest
impedance, suggesting a highly consistent performance as com-
pared to that of the EVA/20 wt% CB electrode. The minimal im-
pedance ensures optimal signal quality, making it a benchmark
for EEG applications. The contact impedance of the SEBS/20
wt% CB electrode is 5.4 +0.9kQ. This value is much lower than
that of the EVA/20 wt% CB and close to that of the commercial
electrode. The small standard deviation indicates consistent per-
formance. The low impedance reflects a better electrode-skin in-
terface and improved electrical conductivity, likely due to SEBS's
flexibility and better dispersion of conductive fillers. Its low
contact impedance makes it suitable for reliable EEG signal ac-
quisition. Figure 10. shows the eye movement-related artifacts of
SEBS/20 wt% CB, EVA/20 wt% CB, and commercial electrodes.

The eye movement-related artifacts plots in Figure 10, which
show a comparison of the commercial dry flexible electrode,
EVA/20 wt% CB, and SEBS/20 wt% CB, reveal notable differ-
ences in signal quality and stability.

o Commercial Dry Flexible Electrode (Top Panel—Blue
Line): The signal is stable and clear, with amplitudes of
~+2000uV. The consistent patterns during eyes-open and
eyes-closed periods indicate good sensitivity to changes in
brain activity. The commercial electrode provides reliable
signal quality, serving as a benchmark for comparison.

« EVA/20 wt% CB Electrode (Middle Panel—Red Line): The
signal shows amplitude spikes exceeding +10,000 uV, par-
ticularly during transitions between eyes-open and eyes-
closed states. These spikes suggest poor contact impedance
and suboptimal electrode-skin contact, compromising

signal reliability. When comparing the signal amplitudes
recorded during the eyes-open phases, significantly larger
amplitude fluctuations are observed with the EVA/20 wt%
CB electrode compared to SEBS/20 wt% CB and PDMS
(EVA/CB > SEBS/CB > Commercial Dry Flexible Electrode
PDMS, with no fluctuations detected for the commercial
electrode). These pronounced variations may account for
the higher overall amplitude observed with EVA/CB.

« SEBS/20 wt% CB Electrode (Bottom Panel—Green Line):
The signal amplitude is well-controlled and remains within
~+10,000uV, reflecting a better contact impedance. The
clear differentiation between eyes-open and eyes-closed
states suggests that SEBS/20 wt% CB electrodes are capable
of effectively capturing EEG signals.

To better contextualize the contribution of this work, Table 2
summarizes the performance of the newly developed SEBS/CB
and EVA/CB electrodes in comparison with recently reported
flexible dry and wet EEG electrodes. The comparison includes
parameters such as material composition, fabrication method,
contact impedance, electrical conductivity, mechanical compli-
ance, and electrode type.

Table 2 clearly shows that while most PDMS- and TPU-based
dry electrodes exhibit contact impedance values ranging from
tens to several hundred kilo-ohms, the SEBS/CB composite
developed in this study achieves a remarkably low impedance
of approximately 5kQ, approaching that of commercial flexi-
ble electrodes. Furthermore, SEBS/CB combines this electrical
performance with superior softness and elasticity, resulting in
stable EEG signal acquisition and enhanced user comfort. The
recyclability and processability of thermoplastic matrices such
as SEBS and EVA also provide an additional advantage over
conventional thermoset-based systems, enabling scalable, cost-
effective manufacturing for wearable biosensors.
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TABLE 2 | Comparison with relevant work in the application area.

Electrode material Fabrication method Contact impedance References
PDMS/AgNWs 3D printing 10kQ at 1kHz [38]
PDMS/CNT Sonication 290kQ at 10Hz [39]
PDMS/CNT Sonication + magnetic stirring 9kQ [40]
PDMS/CB Sonication + magnetic stirring 18kQ at 10Hz [41]
PDMS/Au Coating 18kQ at 20Hz [16]
PDMS/Cu Coating 600kQ at 31 Hz [42]
PDMS/Cu Coating 39.43kQ) [43]
PDMS/CNT Tree-roll milling 19-38kQ at 1kHz [30]
PDMS/MWCNTs Sonication 250kQ at 30Hz [31]
PDMS/Ag/CNT-GO Coating 6.4-7.2kQ [44]
PU/Ni/Cu Coating 2000kQ [45]
PU/Ag/AgCl Coating 702+£219kQ [46]
PU/CB 3D printing 70-90kQ at 30 Hz [47]
PU/Ag/AgCl Coating 264+125kQ [48]
PU/Ag/AgCl Coating 601.5+400.8kQ [27]
EVA/CB Magnetic stirring 26.8+4.4kQ at 31Hz This work
SEBS/CB Magnetic stirring 5.4+0.9kQ at 31Hz This work
Commercial flexible electrodes — 4.2+0.5kQ at31Hz This work

4 | Discussion

This study aimed to evaluate the electrical and mechanical
performance of flexible dry electrodes based on SEBS/CB and
EVA/CB for EEG signal acquisition, comparing them with
commercial flexible dry electrodes. The results highlight sev-
eral key findings regarding electrical conductivity, mechanical
properties, contact impedance, and EEG signal quality. The
percolation threshold for both SEBS/CB and EVA/CB compos-
ites was found to be identical, with both materials exhibiting
comparable bulk electrical conductivity once a continuous
carbon-black network is established. Below this threshold, in-
complete pathways lead to high resistivity, while approaching
it produces the expected sharp rise in conductivity associated
with classical percolation behavior. Above the threshold, con-
ductivity continues to improve as additional CB densifies the
existing network; however, excessive loading increases mix-
ture viscosity, promotes agglomeration, and restricts polymer
chain mobility. These effects can limit conductivity gains and
decrease elasticity by introducing stiffness. For flexible dry
EEG electrodes, such stiffening is undesirable, as it reduces
skin conformity and comfort. This highlights the need for an
optimal CB concentration that provides a robust conductive
network without compromising the mechanical compliance
required for wearable bioelectronic applications.

However, the electrical conductivity plateau achieved by the
composites developed in this study is approximately one order
of magnitude lower than that reported in similar studies using

melt-mixed SEBS/CB composites, such as the work by Kuester
et al. [49]. Similar effects of CB dispersion and network mor-
phology on conductivity development have been reported
by Jamatia et al. [50] reported an electrical conductivity of
0.01S/m for SEBS/CB composites prepared via the toluene
dissolution method with a very high filler content of 70 vol%.
Conversely, SEBS-based composites containing 5wt% of car-
bon black (CB) fabricated through extrusion, as reported by
Lakto et al. [51], exhibited a significantly lower conductivity
of 0.0001 S/m. These comparisons suggest that the processing
method, filler dispersion, and polymer-filler interactions criti-
cally influence the final electrical performance of the compos-
ites. As reported in previous studies [52-55] and as confirmed
by the findings of this work, the variation in electrical con-
ductivity as a function of conductive filler concentration can
be generally divided into three distinct regions. In the insu-
lating region, corresponding to low filler content, the AC con-
ductivity strongly depends on frequency. As the CB content
increases and approaches the percolation threshold, a sharp
rise in conductivity is observed. Beyond this threshold, the AC
conductivity becomes almost frequency-independent, indicat-
ing the formation of a continuous conductive network within
the polymer matrix. At this stage, the composite behaves as
an electrically conductive material [56]. In addition, recent
works on conductive polymer composites and EMI-shielding
materials provide valuable insight into the structure—property
relationship of similar systems. For example, hybrid and hier-
archical composites based on MXene, CNTs, or n-conjugated
polymers have been shown to enhance both conductivity and
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flexibility through synergistic filler dispersion and strong in-
terfacial bonding [57-61]. Furthermore, MAX-phase-based
and core-shell magnetic filler systems enhance electromag-
netic absorption and mechanical resilience, highlighting the
significance of filler architecture in energy dissipation and
mechanical reinforcement [62-64].

SEM micrographs revealed a homogeneous dispersion of CB
particles, but agglomerations were present at higher CB loadings
(20wt%), particularly in both SEBS/CB and EVA/CB compos-
ites. Similar agglomerations were reported in [51, 52| due to the
high concentration of carbon black. While these agglomerations
can lead to some variations in conductivity, they also contribute
to the formation of percolating networks necessary for efficient
charge transport. The presence of CB-CB contacts ensures that
conductive paths are present inside the polymer matrix, sup-
porting the electrical performance.

EVA/20 wt% CB is stiffer and more resistant to deformation,
with higher stress and modulus, whereas SEBS/20 wt% CB is
softer and more elastic, offering better adaptability and com-
fort. SEBS/20 wt% CB dissipates less energy as heat, resulting
in lower hysteresis loss, and is more mechanically resilient
under repeated loading cycles. Both materials stabilize over
cycles, but SEBS/20 wt% CB demonstrates better overall con-
sistency in energy absorption and dissipation. EVA/20 wt%
CB is suitable for applications requiring rigidity and higher
energy restitution. However, its higher hysteresis losses and
reduced stability may limit performance under repeated me-
chanical loads. SEBS/20 wt% CB is better suited for applica-
tions where flexibility, comfort, and mechanical durability are
essential, such as flexible EEG electrodes. Its lower hysteresis
loss and higher resilience under repeated use make it a more
reliable choice. SEBS/20 wt% CB has a lower stiffness, indi-
cated by the gentler slope of the stress-strain curve, making
it more flexible and better able to conform to scalp contours,
thus enhancing user comfort. The narrower hysteresis loop
for SEBS/20 wt% CB signifies better elastic recovery, ensuring
the electrode maintains good skin contact after repeated com-
pression, which is vital for long-term EEG monitoring. Known
for its biocompatibility, SEBS is safer for direct skin contact,
reducing the risk of irritation or discomfort. The lower stress
at the same strain decreases the risk of discomfort or pressure-
related issues during prolonged use. Conversely, EVA/20 wt%
CB's higher stiffness may limit its ability to conform to scalp
curves, potentially leading to poor contact and increased im-
pedance at the skin-electrode interface. Its larger hysteresis
suggests less adaptability and greater discomfort over ex-
tended periods. Overall, SEBS/20 wt% CB is the preferred ma-
terial for dry, flexible EEG electrodes, as its superior flexibility
ensures better skin-electrode contact, lower impedance, and
more reliable signal acquisition. Similar behavior has been ob-
served in other thermoplastic elastomer nanocomposites and
EOC-based foams, which exhibited improved cyclic compres-
sion recovery and reduced hysteresis when reinforced with
comparable filler content [65]. The current results also align
with those of Wang et al. [60], and Ugraskan et al. [64], where
carbon-based or SWCNT-reinforced polymer composites
demonstrated improved conductivity and compressive recov-
ery due to efficient filler-matrix adhesion. Similarly, PVDF-
and polyurethane-based nanocomposites exhibit balanced

conductivity and flexibility [63, 66], while hybrid systems
integrating graphene, nanodiamond, or MXene phases show
outstanding EMI shielding and mechanical durability [67, 68].
Overall, these results confirm that the interplay between filler
dispersion, interfacial adhesion, and matrix elasticity gov-
erns the electrical and mechanical response of SEBS/CB and
EVA/CB composites. SEBS/20wt% CB, in particular, provides
an optimal balance of conductivity, softness, and resilience,
making it an excellent candidate for durable and comfortable
dry EEG electrodes. The superior flexibility of the SEBS/CB
electrodes makes them particularly suitable for EEG applica-
tions, ensuring better conformity to the scalp curvature and
reducing motion artifacts.

The DSC thermograms of the SEBS/CB and EVA/CB compos-
ites provide additional insight into the thermal stability and
segmental mobility of the elastomer matrices after the incor-
poration of carbon black. Both materials retain their charac-
teristic thermal transitions, indicating that the filler does not
alter the intrinsic thermal behavior of the polymers. SEBS/CB
exhibits a glass transition near —50°C, consistent with the soft
ethylene-butylene phase, while EVA/CB shows a T, around
—35°C followed by a mild endothermic transition associated
with the softening of the vinyl-acetate-rich domains. These
observations confirm that the addition of 20wt% carbon black
does not disrupt the microphase structure or thermal relax-
ation mechanisms of either matrix. This is particularly rele-
vant for EEG applications, as the preservation of the thermal
transitions ensures that the composites maintain the elastic-
ity, softness, and temperature resilience required for skin-
conforming electrodes. The stable thermal behavior supports
the conclusion that the improvements in electrical conduc-
tivity and mechanical response reported in this study arise
primarily from the formation and densification of the CB con-
ductive network, rather than from modifications of the poly-
mer thermal properties.

The comparative results highlight that the SEBS/CB electrode
developed in this work offers the best trade-off between con-
ductivity, impedance, flexibility, and manufacturability among
polymer-based dry electrodes reported to date. Its performance is
close to that of commercial reference electrodes, demonstrating
the effectiveness of carbon black dispersion and the suitability
of SEBS as a soft, recyclable matrix for EEG applications. EVA/
CB electrodes, while less flexible, still outperform many PDMS-
and TPU-based counterparts in terms of impedance and cost-
effectiveness. These findings confirm the potential of SEBS- and
EVA-based composites as sustainable alternatives for large-scale
fabrication of comfortable and durable EEG electrodes.

The stability of flexible dry electrodes over time is vital for
reliable EEG signal acquisition. In this study, measurements
were taken over a 10-s recording period, which aligns with
durations reported in previous research using the same time-
frame [69-72]. During this period, both SEBS/CB and EVA/
CB electrodes showed consistent impedance and signal am-
plitude, confirming their short-term stability. Although the
in vivo evaluation provided useful insights into the real-world
performance of the electrodes, certain limitations must be
recognized. The study involved four participants, and the
EEG recordings lasted only 10s, which limits the statistical
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significance of the findings. Future research will involve
larger participant groups, longer recording sessions, and addi-
tional analyses in both time and frequency domains to verify
the robustness of the observed performance. These efforts will
also assist in validating the long-term stability and clinical
potential of SEBS-based electrodes for wearable and medical-
grade EEG monitoring.

SEBS/CB electrodes exhibited significantly lower contact im-
pedance than EVA/CB electrodes, as well as those made of
TPU and PDMS discussed in this paper. The EEG signal analy-
sis further supports the superiority of SEBS/CB electrodes over
EVA/CB. SEBS/20 wt% CB electrodes are preferred for flexible
EEG applications due to their lower contact impedance and
more stable signal performance as compared to EVA/20 wt%
CB. The signal waveforms highlight the significant role of
contact impedance in ensuring stable and high-quality signal
acquisition. Contact impedance, a key parameter influencing
EEG signal quality, is critical for evaluating electrode perfor-
mance. Compared to the SEBS/CB and EVA/CB electrodes
developed in this study, the active claw-shaped dry electrodes
proposed by Wang et al. [28] exhibit significantly higher and
less stable contact impedance, particularly over hairy scalp
areas. Similarly, other flexible, low-cost dry electrodes reported
in the literature [73-75] also present higher contact impedance
relative to the SEBS/CB electrodes developed in this work, fur-
ther demonstrating the superior electrical performance of the
latter. This superior performance is attributed to the improved
skin-electrode interface stability and the lower impedance
achieved with the SEBS/CB formulation, which is particularly
beneficial for reliable and high-quality EEG signal acquisition.
Furthermore, both SEBS/CB and EVA/CB electrodes outper-
form the silicone-based dry electrodes fabricated by Han et al.
[43] and Stauffer et al. [18] in terms of contact impedance, un-
derscoring their enhanced electrical properties and more stable
skin-electrode coupling. These findings underscore that contact
impedance, alongside bulk electrical conductivity, is a critical
parameter in the design and fabrication of effective EEG elec-
trodes. The results clearly demonstrate that contact impedance,
rather than electrical conductivity alone, plays a dominant role
in determining EEG signal quality. This study highlights the
strong potential of SEBS/CB electrodes as a superior alternative
to conventional materials such as EVA for flexible EEG appli-
cations. SEBS/CB electrodes exhibit low contact impedance,
excellent flexibility, and deliver a stable EEG signal acquisition.
Nevertheless, there remains room for further improvements,
particularly in optimizing the electrode-skin interface, enhanc-
ing long-term stability, and refining manufacturing processes
to scale production while maintaining performance. Further
improvements can be explored:

« Optimizing SEBS/CNT composites: Carbon nanotube
(CNT) reinforcements could enhance conductivity without
significantly increasing stiffness.

« Evaluating long-term stability: Investigating the durability
of SEBS/CB electrodes under prolonged use and repeated
compression cycles.

« Improving skin adhesion: Future designs could incorporate
self-adhesive materials or integrate the electrodes into EEG
headsets for better stability and reduced motion artifacts.

« Exploring hybrid composites: Combining SEBS with addi-
tional conductive fillers (e.g., CB, graphene, CNT) could fur-
ther reduce the impedance and enhance the signal quality.

5 | Conclusions

This study provided a comprehensive comparison between flex-
ible dry EEG electrodes fabricated from SEBS/CB and EVA/CB
conductive polymer composites, emphasizing their electrical, me-
chanical, and functional performance. Both composites achieved
a bulk electrical conductivity of approximately 0.01S/m with a
percolation threshold near 12wt% carbon black. However, SEBS/
CB electrodes exhibited significantly lower contact impedance
(5.4£0.9kQ) compared to EVA/CB (26.7+4.4kQ), approaching
the performance of a commercial flexible electrode (4.2+0.5kQ).

From a mechanical perspective, SEBS/CB demonstrated greater
softness, elasticity, and energy efficiency, leading to improved
scalp conformity and reduced hysteresis loss during cyclic defor-
mation. In contrast, EVA/CB exhibited higher rigidity and energy
dissipation, consistent with its thermoplastic character. EEG re-
cordings further confirmed that SEBS/CB electrodes produced
more stable and higher-quality signals, whereas EVA/CB perfor-
mance was limited by higher impedance and lower flexibility.

Overall, the results indicate that SEBS/CB composites provide
the most balanced combination of electrical performance, me-
chanical compliance, and user comfort, making them promising
materials for durable, high-performance, and comfortable dry
EEG electrodes.

Nevertheless, some limitations should be acknowledged: the
number of in vivo tests was limited, the measurements were re-
stricted to short-term recordings, and long-term stability or large-
scale reproducibility was not yet evaluated. These aspects will be
addressed in future work through extended testing across mul-
tiple participants and under dynamic, real-world conditions to
confirm the robustness and reliability of the developed electrodes.

Future studies will include extended EEG sessions and SNR-
and frequency-domain analyses to quantitatively evaluate
signal fidelity, amplitude stability, and overall performance
of SEBS- and EVA-based electrodes under different operating
conditions.
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