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ABSTRACT

This study evaluates styrene—ethylene-butylene-styrene (SEBS) composites modified with carbon nanotubes (CNTs) and carbon
black (CB) for flexible electroencephalography (EEG) electrodes. Maleic anhydride-grafted SEBS (SEBS-MA) with 8 wt% CNTs
and 2wt% CB provides an optimal balance of conductivity and flexibility, a storage modulus comparable to SEBS, and yields a
highly flexible conductive material. SEBS and SEBS-MA composites with 8wt% CNT/2wt% CB produced stable, low-noise sig-
nals, suggesting responsiveness to brain activity. The contact impedance of the elastomeric thermoplastic polymer (SEBS)/8 wt%
CNT/2wt% CB electrode is 4.25+ 0.5kQ, and 4.5+ 0.6 kQ for SEBS-MA/8wt% CNT/2wt% CB, comparable to a commercial elec-
trode (4.75+£1.5kQ). SEBS/8wt% CNT/2wt% CB and SEBS-MA/8wt% CNT/2wt% CB produced stable, low-noise EEG signals.
In vivo EEG recordings demonstrated that SEBS-MA with 8wt% CNT/2wt% CB effectively captured transitions between the
eyes-open and eyes-closed states, yielding clear and stable signals. These findings suggest that SEBS-MA/8wt% CNT/2wt% CB
is a promising material for flexible, high-performance EEG electrodes due to its balance of electrical conductivity, mechanical

stability, and signal clarity.

1 | Introduction

Electroencephalography (EEG) is a noninvasive technique that
records brain electrical activity through electrodes placed on the
scalp [1-4]. Conventional EEG systems rely on wet electrodes,
which use a conductive gel to reduce electrode-skin impedance
to values typically in the range of 5-10kQ [5, 6]. This ensures
high-quality signal acquisition; however, gel electrodes present
significant drawbacks. The gel dries out over time, causing im-
pedance to rise and signal degradation, and their application
and removal are inconvenient and uncomfortable for the user
[7]. These limitations restrict their suitability for long-term and
portable EEG applications.

To overcome these challenges, research has focused on the devel-
opment of dry electrodes, which operate without the need for gel
[8]. Three main categories exist: microneedle electrodes, which

penetrate the stratum corneum and can achieve impedances as
low as 10-50kQ [1, 9], but may cause discomfort and biocom-
patibility concerns; capacitive electrodes, which record signals
through an insulating layer and allow noncontact acquisition,
but often suffer from impedances above 200kQ and are highly
sensitive to motion artifacts [10-14]; and surface electrodes,
which contact the skin directly and offer a more user-friendly
solution with relatively simple fabrication steps, though they
typically present impedances above the 20k range [15, 16].

Most modern surface dry electrodes depend on thin conductive
coatings applied to a polymer substrate. These coatings can de-
teriorate or peel off after repeated use, reducing performance
[17-23]. To address this limitation, bulk conductive composites
have been developed, in which electrical conductivity is em-
bedded throughout the electrode rather than only at the sur-
face [24]. Conductivity is generally achieved by incorporating
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carbon-based fillers such as carbon black (CB) or carbon nano-
tubes (CNTs) [25]. CB and CNTs each present distinct advan-
tages and limitations when used individually as conductive
fillers. CB is low-cost and widely available, but requires high
loadings to reach percolation [26], which increases stiffness.
CNTs enable high conductivity at lower loadings and can reduce
contact impedance below, but their addition tends to stiffen the
polymer matrix and reduce flexibility [27].

To overcome these trade-offs, several studies have proposed the
development of hybrid electrodes, in which two or more fillers
are incorporated into the same polymer matrix. The rationale
is that the complementary properties of different fillers can be
exploited. This synergistic effect has been shown to lower the
overall percolation threshold, improve electrical stability, and
reduce the need for excessively high filler loadings [28-33].
Nevertheless, the primary challenge remains optimizing the
fabrication process. Achieving the right balance between filler
fraction, dispersion quality, and electrical performance is criti-
cal to ensuring that electrodes are both conductive and mechan-
ically compliant. Excessive filler loading leads to stiffness and
discomfort, while insufficient loading compromises conductiv-
ity and increases impedance.

The choice of polymer matrix also plays a central role.
Blends of polydimethylsiloxane (PDMS) and thermoplastic
polymer (TPU), reinforced with materials such as CNT and
CB, graphene, and silver nanowires, are commonly used to
fabricate hybrid composites for flexible sensors that detect
human movements [23, 30, 31, 34-41]. PDMS offers softness
and biocompatibility; however, its excessive flexibility leads
to unstable electrode-skin contact, resulting in impedance
fluctuations [42, 43]. TPU, on the other hand, offers mechani-
cal robustness but can sometimes be too rigid for comfortable
long-term wear [18, 44, 45]. Consequently, alternative matri-
ces such as styrene-ethylene-butylene-styrene (SEBS) have
attracted attention. SEBS is a thermoplastic elastomer that
combines soft and hard phases: the soft phase provides skin
conformity and comfort, while the complex domains stabilize
contact under mechanical pressure at the surface of the elec-
trodes [28, 33, 46-48]. Furthermore, maleic anhydride-grafted
SEBS (SEBS-MA) enhances filler dispersion and interfacial
adhesion, potentially reducing the high stiffness of compos-
ites [49, 50].

To develop flexible, comfortable EEG electrodes with stable, low
impedance, we explore SEBS/CNT/CB and SEBS-MA/CNT/CB
hybrid nanocomposites, designed to leverage the complemen-
tary properties of CNT and CB while avoiding the high filler
loadings and mechanical stiffness typically associated with
single-filler systems. In this study, we investigate these hybrid
nanocomposites as bulk conductive materials for dry surface
EEG electrodes. Previous research on SEBS/CB and SEBS/CNT
composites has shown low contact impedance at high filler load-
ings—specifically 20wt% CB (despite a percolation threshold
above ~12wt%) and 16 wt% CNT (despite a percolation threshold
near ~3wt%). However, such high filler levels can reduce flexi-
bility and comfort. By combining CNT and CB, synergistic con-
ductive networks can form, allowing for reduced filler content
while maintaining conductivity and lowering electrode-skin
impedance below clinically relevant levels (< 5kQ). The addition

of SEBS-MA enhances filler dispersion and polymer-nanoparti-
cle interactions, potentially alleviating stiffness. These hybrid
nanocomposites were prepared through solvent dissolution and
systematically evaluated for morphology, dispersion, electrical
conductivity, and EEG performance, to create durable, flexible,
low-impedance electrodes that address the limitations of tradi-
tional wet and coated dry electrodes.

2 | Materials and Methods
2.1 | Materials

The materials used in this study were chosen for their suitabil-
ity in flexible EEG electrode applications. SEBS, an elastomeric
thermoplastic polymer with a number-average molecular weight
of 54,000g/mol and a polystyrene (PS) content of 30wt%, was
supplied by Kraton (Paulinia, SP, Brazil). Maleic anhydride-
grafted SEBS (SEBS-MA), also obtained from Kraton, was used
to improve the interaction between the polymer matrix and con-
ductive fillers.

Multiwalled carbon nanotubes (MWCNTSs), NC 7000 grade,
were obtained from Nanocyl S.A. (Sambreville, Belgium).
These nanotubes have an average diameter of 9.5nm, an av-
erage length of 1.5um, a surface area ranging from 250 to
300m?/g, a nominal electrical conductivity of 100S/m, a den-
sity between 1.30 and 2.00g/cm3, and a carbon purity of at
least 90%.

CB, Lampblack type C198-500 (Lot 145509), was obtained from
Fisher Chemical (Fisher Scientific, Ottawa, ON, Canada). It
consists of nanoparticles approximately 50nm in size, with
a nominal electrical conductivity of 400S/m and a density of
1.8g/cm3.

For solution processing, toluene (UN1294, Optima, T291-4, Lot
234238) was purchased from Fisher Chemical (Fisher Scientific
Company, Ottawa, ON, Canada).

2.2 | Composite Preparation

Electrode composites were created using a solution-casting and
compression-molding process (see schematic in Figure 1).

Polymer Dissolution: SEBS or SEBS-MA pellets were dissolved
in toluene at 100°C with magnetic stirring at 600rpm until a
clear, homogeneous solution formed.

Filler Incorporation: CNT and CB were added to the polymer
solution at specified weight fractions (Tables 1 and 2). Dispersion
was maintained through continuous stirring at 100°C for 30 min
to ensure uniform distribution of the filler.

Solvent Evaporation: The suspension was cast and left to dry
under a fume hood at room temperature until all solvent evapo-
rated, resulting in nanocomposite films.

Electrode Molding: The dried films were compression molded
into multipin electrode geometries using a heated press at 215°C.
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FIGURE1 | Schematic overview of the fabrication process for flexible multipin dry electrodes. The method includes (i) dissolving the SEBS or

SEBS-MA polymer in toluene, (ii) dispersing conductive fillers (CNT and 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 | Composition of styrene-ethylene-butylene-styrene
(SEBS) nanocomposites with different weight fractions (wt%) of carbon
nanotubes (CNTs) and carbon black (CB).

Reinforcements

CNT CB Matrix
— — 100
3 2 95
8 2 90
10 — 90
— 10 90
10 5 85
16 — 84
15 5 80
— 20 80

TABLE 2 | Composition of maleic anhydride-grafted styrene-
ethylene-butylene-styrene (SEBS-MA) nanocomposites with different
weight fractions of carbon nanotubes (CNTs) and carbon black (CB).

Reinforcements

CNT CB Matrix
— — 100
3 2 95
8 2 90
10 — 90
— 10 90
10 5 85
16 — 84
15 5 80
— 20 80

The process involved an initial pressure of 0.8 MPa for 5min, fol-
lowed by a pressure of 5MPa for 15min.

2.3 | Electrode Geometry

Each electrode consisted of 19 cylindrical pins arranged in a cir-
cular pattern. The pins had an average height of 4.94+0.09 mm
and a diameter of 1.41 +0.01 mm. The center-to-center distance
between neighboring pins was about 2.5mm, which corre-
sponds to an edge-to-edge spacing of approximately 1.1 mm at
the electrode-skin interface.

2.4 | Composite Formulations

The compositions of the prepared composites are summarized
in Tables 1 and 2. For each formulation, three independent
samples were fabricated and characterized to ensure repro-
ducibility. Comparative analyses were conducted between
SEBS/CNT/CB and SEBS-MA/CNT/CB composites at equiva-
lent filler loadings to determine the most suitable material for
EEG applications.

3 | Characterization
3.1 | Electrical Characterization

Electrical conductivities of the composites were measured using
a frequency-domain broadband dielectric spectrometer (Alpha-A
Dielectric Analyzer, Novocontrol, Montabaur, Germany). Disks
with a 20mm diameter and a thickness of 1.2mm were placed be-
tween two solid brass electrodes, creating a plane-plane electrode/
composite material/electrode sandwich. The measurements were
performed over a frequency range from 102Hz to 10°Hz at 30°C.

3.2 | Structural Characterization

The composite morphology was examined with a high-resolution
scanning electron microscope (SEM, Hitachi SU-8230 field-
emission SEM) operated at 5kV to evaluate the dispersion of
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FIGURE2 | Schematic of electrode placement on the scalp using the
Ultracortex “Mark IV” EEG headset. Multipin flexible electrodes devel-
oped in this work were positioned at sites 1 (left) and 3 (right), while a
commercial dry flexible electrode (OpenBCI, USA) was placed at site
2 for comparison. Electrodes 4 and 5, located near the ears, served as

ground and reference.
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FIGURE 3 | Photos of the electrodes used in this study. (Left)
Commercial dry flexible electrode from OpenBCI (New York, NY, USA),
used as a reference. (Right) Multipin flexible electrode developed in this
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1
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work, side view. The built-in ruler shows the scale for electrode sizes.

conductive fillers within the matrix. Cross-sections were pre-
pared using a microtome and sputter-coated with approximately
2nm of platinum using a turbo-pumped sputter/carbon coater
(Quorum Technologies Q150T).

3.3 | Thermo-Mechanical Characterization

Thermogravimetric analysis (TGA) was performed using
a Diamond TG/differential thermal analysis (DTA) system
(PerkinElmer) to determine the filler weight fractions and de-
composition temperatures of the composites. Approximately
10-13mg of material was heated from 20°C to 500°C at a rate
of 3°C/min under a nitrogen flow of 100 mL/min, followed by a
2-min isothermal hold at 500°C.

Differential scanning calorimetry (DSC) was used to examine
the thermal properties of the pure polymer matrices (SEBS and
SEBS-MA). Tests were carried out in a nitrogen atmosphere to
prevent oxidation. Approximately 10 mg samples were sealed in
aluminum pans and heated at a rate of 10°C/min. To prevent
thermal degradation, the measurement ranges were adjusted
based on the thermal stability of each material: —100°C to 220°C
for SEBS and —100°C to 320°C for SEBS-MA. These conditions
allowed for the detection of key transitions, including the glass

transitions of both the soft and hard phases, without interfer-
ence from decomposition.

Dynamic mechanical thermal analysis (DMTA) of SEBS-MA/
CNT/CB and SEBS/CNT/CB composites was performed using
a Q800 instrument (TA Instruments Inc.) with a double canti-
lever clamp (22mm frame, 2mm center clamp). Rectangular
specimens (8 mm wide, 2mm thick) were tested at a strain of
0.4%, a frequency of 1Hz, and a heating rate of 2°C/min across
25°C-35°C. Measurements were conducted under laboratory
conditions (~23°C, 45%-55% relative humidity). The storage
modulus was solely evaluated to assess stiffness and elastic be-
havior within this temperature range.

3.4 | Preliminary In Vivo Validation

Multipin flexible EEG electrodes were tested for contact imped-
ance and EEG recording on hairy scalp areas to mimic real-world
application conditions. This method was selected to evaluate both
the electrode’s performance and that of commercial alternatives.

Recordings were wirelessly collected using an OpenBCI
16-channel Cyton Biosensing Board embedded in the Ultracortex
“Mark IV” EEG headset (OpenBCI, New York, NY, USA). This
headset allows for comfortable electrode placement with mini-
mal pressure, ensuring consistent positioning according to the
international 10-20 system.

Contact impedance and EEG signal amplitude from the newly
developed multipin electrodes at positions 1 and 3 (Figure 2)
were compared to those from a commercial dry flexible
electrode (OpenBCI, New York, NY, USA) placed at site 2.
Measurements were taken on a healthy volunteer using a
setup that included the developed electrode, a reference, and
a ground, with impedance recorded between the test and ref-
erence electrodes.

To evaluate EEG signal quality, participants sat in a quiet room
while recordings were taken for 10s. Following standard pro-
tocols and the recommendations of the American Clinical
Neurophysiology Society [51], participants were instructed to
minimize head and facial muscle activity and remain still to
reduce movement artifacts. This method enabled reliable detec-
tion of eye-blink reflex artifacts and neural oscillations.

The Ultracortex “Mark IV” headset is designed to ensure con-
sistent and precise electrode placement on the scalp, thereby
improving the reliability of EEG measurements and reducing
variability in data collection. The headset features adjustable
arms and labeled slots that align electrodes according to the
international 10-20 system. Figure 3 shows the electrodes
developed in this work alongside the commercial flexible
electrode from OpenBCI, which was used as a performance
benchmark.

3.4.1 | Participants

Participant testing was conducted to evaluate the performance
of the developed EEG electrodes under physiological conditions,
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FIGURE 4 | Electrical conductivities of SEBS/10wt% CNT versus
SEBS/10wt% CB (¢’ vs. frequency). [Color figure can be viewed at wi-
leyonlinelibrary.com]
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FIGURE 5 | Electrical conductivity of SEBS/16wt% CNT,
SEBS/20wt% CB, SEBS-MA/16wt% CNT, and SEBS-MA/20wt% CB (¢’
vs. frequency). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE6 | Hybrid SEBS composites with 5wt% total reinforcement
(¢’ vs. frequency). [Color figure can be viewed at wileyonlinelibrary.
com]

with a focus on signal quality and motion artifacts. Healthy
adult volunteers (n =4; 1 male, 3 females; age range 21-35years)
participated in EEG measurements.
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FIGURE 7 | Hybrid SEBS composites with 10wt% total rein-
forcement showing CNT content-controlled transition to frequency-
independent behavior (¢’ vs. frequency). [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 8 | Hybrid SEBS composites with 15wt% total reinforce-
ment (¢’ vs. frequency). [Color figure can be viewed at wileyonlineli-
brary.com]

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 principles outlined in the
Declaration of Helsinki. Written informed consent was obtained
from all participants before the experiments.

4 | Results
4.1 | Electrical Properties
Figures 4-10 summarize the real part of the complex conductiv-

ity, o’(f), for SEBS and SEBS-MA composites filled with CNT,
CB, and CNT/CB hybrids.

41.1 | Frequency Response
and Filler-Morphology Effects

Figure 4 shows that SEBS/10wt% CNT is already a conductive
composite (¢’ ~1072-1073S-m~!, with a frequency-independent
plateau), whereas SEBS/10wt% CB remains insulating
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FIGURE 10 | Modifying with maleic anhydride reduces conductiv-
ity compared to SEBS at the same CNT/CB loadings (¢’ vs. frequency),
with no advantageous shift in percolation for these systems. [Color fig-
ure can be viewed at wileyonlinelibrary.com]

(¢’~10712S-m~! at 1Hz with strong dispersion). The higher
aspect ratio of CNT encourages the formation of a connected
network at much lower loadings than quasi-spherical CB. The
differences highlight how filler shape influences charge trans-
port pathways. CNTs, due to their high aspect ratio and intrinsic
conductivity, tend to form more efficient percolation networks at
lower loadings compared to CB, which comprises nearly spher-
ical particles with a lower surface area-to-volume ratio. In this
context, ¢’ refers to the real part of the complex electrical con-
ductivity (o), which measures the material's ability to conduct
electricity through ion movement. It excludes the imaginary part
(¢”), which accounts for capacitive or inductive responses related
to energy storage. Therefore, ¢’ provides a direct measure of the
composite's effective electrical performance, which is crucial for
applications like dry EEG electrodes, where both high conductiv-
ity and long-term stability are essential.

Figure 5 compares high-loading systems: SEBS/16wt% CNT
reaches about 1S-m~! with a flat plateau, SEBS/20wt% CB
reaches roughly 1072S-m~!, and the SEBS-MA counterparts are
consistently lower at the same filler levels (see below). The elec-
trical conductivity data in Figure 5 demonstrate how reinforce-
ment loading affects the conductivity of both SEBS and SEBS-MA
matrices, offering insights into the percolation threshold and
electron transport mechanisms within the composites. The elec-
trical conductivity of SEBS and SEBS-MA composites with re-
inforcement weight fractions of 10%, 16%, and 20% is shown in
Figures 4 and 5, illustrating distinct conductivity behaviors based
on filler type and concentration.

Table 3 summarizes the electrical conductivity of SEBS and
SEBS-MA composites at different reinforcement loadings, com-
plementing Figures 4 and 5 by highlighting the role of CNT and
CB in determining conductive network formation.

Hybrid series (Figures 6-9) confirm that CNT-rich blends con-
trol network formation and flatten the frequency response; in

TABLE 3 | Electrical conductivity of SEBS and SEBS-MA composites with different CNT and CB loadings (see Figures 4 and 5).

Conductivity

Composite formulation at1Hz (S/m)

Frequency dependence

Interpretation

Neat SEBS (unfilled) ~10712
SEBS/10wt% CB ~10712
SEBS/10wt% CNT 1073-1072
SEBS/16 wt% CNT ~1
SEBS/20wt% CB ~1072
SEBS-MA/16wt% CNT 1071-~1
SEBS-MA/20wt% CB ~1073

Strong increase with frequency

Increases significantly
with frequency
Frequency-independent
Frequency-independent

Frequency-independent

Frequency-independent

Frequency-independent

Typical insulating behavior

CB is insufficient to form a
conductive network at 10 wt%

Stable conductive
network from CNTs

A strong CNT network
guarantees reliable conduction

Continuous CB network
established at 20wt%

Slightly lower conductivity than
SEBS/16% CNT; CNT network
is somewhat less efficient

Lower than SEBS/20% CB;
MA modification does not
improve conduction
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TABLE 4 | Electrical conductivity of SEBS composites (10wt% reinforcement) with different CNT/CB ratios.

Conductivity

Composite formulation at1Hz (S/m)

Frequency dependence

Interpretation

2% CNT/3% CB ~10-12
3% CNT/2% CB ~10-5
3% CNT/7% CB ~10-5
5% CNT/5% CB ~10-4
7% CNT/3% CB ~10-2
8% CNT/2% CB >10-2

Strong increase with frequency

Slight increase after 10°Hz

Slight increase

Slight increase

Stable (frequency-independent)

Stable (frequency-independent)

Weak network, CB-dominated;
poor continuous paths

CNT-dominated robust network;
significantly higher conductivity
than 2% CNT/3% CB

Moderate network, improved
vs. 2% CNT/3% CB

Higher conductivity than
3% CNT/7% CB

Strong CNT-dominated
network; robust conduction

Highly efficient CNT network;
minimal CB contribution

contrast, CB alone or CB-rich blends require significantly higher
total loadings and still exhibit lower plateaus. For dry electrodes,
¢’>1072S'‘m~! with minimal frequency dependence around
31Hz is desirable. CNT-rich SEBS (>7-8wt% CNT with a small
CB fraction) meets this target, while CB-rich systems do not.
Figure 6 compares the conductivity of SEBS composites with re-
inforcement weight fractions of 5%. It illustrates the conductiv-
ity of SEBS composites with 5% reinforcement weight fractions
as a function of frequency.

The data show the baseline conductivity achieved at this low
reinforcement loading, serving as a reference to compare with
higher reinforcement concentrations. Figure 7 compares the
conductivity of SEBS composites with 10% reinforcement weight
fractions. It presents the conductivity of SEBS composites with
10% reinforcement as a function of frequency.

Figure 7 shows the electrical conductivity of SEBS composites
containing 10% by weight of reinforcement. This concentration
shows a significant increase in conductivity compared to lower
concentrations, indicating the formation of conductive path-
ways within the composite material.

Table 4 summarizes the electrical conductivity values and
frequency-dependent behavior of SEBS composites containing
a total of 10wt% reinforcement with different CNT/CB ratios,
complementing the results shown in Figure 7.

Figure 8 displays SEBS composites with a 15% weight fraction,
comparing their conductivity as a function of frequency across
different amounts of carbon nanotubes (CNTs) and carbon
black (CB).

The electrical conductivity of SEBS composites with a 15% weight
fraction of reinforcement at this level indicates a well-connected
conductive network within the SEBS matrix. Figure 9 shows
SEBS composites with 20% weight reinforcement, comparing
the conductivity of SEBS composites with different amounts of
carbon nanotubes (CNTs) and CB as a function of frequency.

The electrical conductivity of SEBS composites with 20% weight
of reinforcement exhibits a high level of conductivity, confirm-
ing the formation of a continuous and effective conductive net-
work throughout the material. Table 5 summarizes the electrical
conductivity and frequency-dependent behavior of SEBS com-
posites with 20wt% total reinforcement, highlighting the influ-
ence of CNT/CB ratios as shown in Figure 9.

The greater effectiveness of CNT in forming a conductive
network, compared to CB, results in higher conductivity
and less frequency dependence. Combining CNT and CB
can be fine-tuned to achieve specific electrical properties. A
higher CB content, without sufficient CNTs to form syner-
gistic networks, results in lower overall conductivity in SEBS
composites. This maintains consistent conductivity across
frequencies, highlighting the efficiency of CNTs in creating
a conductive network compared to CB. Although CB contrib-
utes to conductivity, its effect is less significant than that of
CNTs, especially at higher concentrations. Excess CB with-
out sufficient CNT can cause lower overall conductivity. The
conductivity of SEBS composites is heavily influenced by the
ratio of CNTs to CB; CNTs are crucial for establishing effec-
tive conductive networks, while CB plays a secondary role.
Figure 10 compares the electrical conductivities (in S/m) of
SEBS-MA composites with those of highly conductive SEBS
composites across different frequencies. The data highlight
the impact of varying CNT and CB concentrations in SEBS
and SEBS-MA composites. Each line in the graph represents a
specific combination of SEBS/SEBS-MA, CNT concentration,
and CB concentration.

The electrical conductivity data in Figure 10 illustrates how
both matrix type and reinforcement loading influence over-
all conductivity, providing insights for designing composites
with better electrical properties. Table 6 compares the electri-
cal conductivity of SEBS and SEBS-MA composites, showing
that maleic anhydride modification generally reduces conduc-
tivity across various CNT/CB loadings, as demonstrated in
Figure 10.
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TABLE 5 | Electrical conductivity and frequency-dependent behavior of SEBS composites with 20wt% CNT/CB reinforcement (see Figure 9).

Conductivity
Composite formulation at 1Hz (S/m) Frequency dependence Interpretation
10% CNT/5% CB >107! Stable (frequency-independent) High CNT forms a robust network;
CB adds extra contribution
5% CNT/10% CB ~1073 Slight increase at Less efficient network due
high frequencies to lower CNT content
7% CNT/8% CB ~1071 Stable across the range Balanced CNT-CB contribution;
effective network
8% CNT/7% CB ~1072 Stable (frequency-independent) CNT stabilizes the network; CB
contribution is secondary
10% CNT/10% CB ~3%1071 Stable across the range Well-formed conductive network;
minimal frequency dependence
15% CNT/5% CB ~2 Stable (frequency-independent) Very robust CNT-dominated
network; highest conductivity
5% CNT/15% CB ~1073 Stable across the range High CB but insufficient CNT;

limited network efficiency

TABLE 6 | Comparison of electrical conductivity between SEBS and SEBS-MA composites across different CNT/CB loadings (corresponding to

Figure 10).

Comparison (SEBS-MA

Composite formulation Conductivity (S/m) vs. SEBS) Interpretation
SEBS-MA/3% CNT/2% CB Lower than SEBS/3% SEBS-MA <SEBS Maleic anhydride reduces
CNT/2% CB conductivity at low loading
SEBS-MA/8% CNT/2% CB <1072 SEBS-MA <SEBS (>1072) SEBS shows higher network efficiency
SEBS-MA/10% CNT/5% CB ~1x107! SEBS-MA <SEBS (~2x1071) CNT-rich SEBS is more conductive
SEBS-MA/15% CNT/5% CB ~1 SEBS-MA < SEBS (~2) SEBS forms a more robust

network at high loading

SEBS-MA composites show lower conductivity than elastomeric
thermoplastic polymer (SEBS) composites, indicating that ma-
leic anhydride modification does not improve the interaction
between CNTs and the polymer matrix. Increasing CNT and CB
concentrations, along with modifying elastomeric thermoplastic
polymer (SEBS) to SEBS-MA, positively affects electrical con-
ductivity, especially at higher frequencies. The balance between
CNTs and CB can be optimized to achieve the desired conduc-
tivity and frequency response characteristics.

As the CNT content increases, the overall conductivity of the
composites rises, and the frequency dependence decreases, in-
dicating a shift toward a more stable, efficient conductive net-
work dominated by CNTs. Conversely, higher CB content tends
to lower the overall conductivity, reflecting less efficient net-
work formation compared to CNTs. Increasing the proportion of
CNTs significantly enhances overall conductivity and reduces
frequency dependence, highlighting the role of CNTs in forming
stable, efficient conductive networks within SEBS composites.
The combination of CNTs and CB greatly influences the con-
ductivity behavior of both SEBS and elastomeric thermoplas-
tic polymer (SEBS) composites. Higher CNT content enhances
conductivity and decreases frequency dependence, highlighting

the importance of CNTs in establishing effective conductive
networks. By adjusting the proportions of CNT and CB, the
electrical properties of the composite can be tailored to specific
requirements.

The electrical conductivity of filled SEBS and SEBS-MA compos-
ites follows the percolation scaling law for filler fractions above the
critical threshold (¢,). For CNT composites, loadings above approx-
imately 3wt% show a sharp increase in conductivity. SEBS/10wt%
CNT exhibits a stable plateau around 1072 to 1073S-m~%, while
16wt% CNT reaches about 1S-m~L. For CB, the percolation thresh-
old is much higher: composites with 10wt% CB remain insulating,
and only at 20wt% does conductivity approach about 1072S-m™.
These results confirm that the percolation threshold of CNT
(>3wt%) is significantly lower than that of CB (>12wt%), high-
lighting the greater efficiency of CNT networks for electron trans-
port. Figures 4-10 consistently support these threshold estimates.

Hybrid CNT/CB systems primarily function as CNT-controlled
composites when the CNT content exceeds approximately
3wt% of the total load. For instance, 7/3 and 8/2wt% CNT/CB
formulations already reach >1072S-m~' with only 8-10wt%
total filler. CB alone does not reduce the percolation threshold
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FIGURE 11 | Scanning electron micrograph of a multipin SEBS electrode reinforced with 10wt% CNT and 5wt% CB. Distinct regions are la-
beled: (i) particle-free SEBS matrix, (ii) CB+SEBS (agglomerated carbon black clusters), (iii) CNT +SEBS (fibrous nanotube networks), and (iv)
CB+ CNT + SEBS (mixed regions). The microstructure exhibits heterogeneous filler dispersion, with CNT networks forming conductive pathways

and CB particles facilitating interfacial contacts, although some aggregation is observed.

independently. Matrix chemistry also affects conductivity.
SEBS-MA consistently shows lower ¢’ than SEBS at the same
loadings (e.g., 8/2, 10/5, and 15/5wt% CNT/CB), implying either
a slightly higher effective ¢_ or lower network efficiency due to
less favorable filler-matrix interactions. Therefore, maleic anhy-
dride grafting does not positively shift the percolation threshold,
though it may still enhance mechanical or interfacial properties.
From a design standpoint, to achieve EEG-grade conductivity
(0'>1072S-m! with minimal dispersion), CNT loadings should
be kept at >7-8wt%, with 2-3wt% CB as a secondary filler.
Formulations with high CB alone are not advised because their
percolation threshold is well above 12wt%, and conductivity
gains are limited.

4.2 | Structural Properties

SEM was used to examine the morphology of the electrodes
and the distribution of conductive fillers within the SEBS ma-
trix. Figure 11 shows a micrograph of a multipin SEBS-based
electrode reinforced with 10wt% CNT and 5wt% CB. Distinct
regions are labeled to highlight filler dispersion: particle-free
SEBS, CB+SEBS, CNT+SEBS, and CB+ CNT + SEBS.

The particle-free SEBS areas represent the pure polymer ma-
trix, characterized by smooth surfaces without filler inclu-
sions. In contrast, the CB+ SEBS regions display clusters of
small, spherical, or irregularly shaped particles, indicating
partial agglomeration of CB and suggesting limited unifor-
mity in its dispersion. The CNT + SEBS regions show fibrous,
entangled networks typical of CNTs, confirming the pres-
ence of extended conductive pathways that significantly
contribute to percolation and charge transport. Finally, the
CB+CNT + SEBS regions exhibit a combination of CB parti-
cles embedded within CNT entanglements, implying synergis-
tic interactions where CB may bridge CNT bundles or improve
filler-matrix interfacial contact. Overall, the micrograph
shows a varied distribution of fillers within the SEBS matrix.
While CB tends to form clusters, CNTs create interconnected
fibrous networks, and their co-localization indicates some
synergy between the two fillers. These structural observa-
tions directly relate to the electrical behavior discussed in

Section 4.1, where CNT-dominated systems showed better
conductivity and consistent performance across frequencies,
while CB contributed less.

The SEM image in Figure 11 shows distinct phases within the
SEBS/CB/CNT composite. CNTs appear as tangled, fibrous net-
works that create conductive pathways, which are vital for their
electrical performance. In contrast, CB appears as clumped,
spherical, or irregular particles, indicating limited dispersion
within the matrix. While the CNT network supports efficient
percolation, excessive entanglement can raise viscosity during
processing. The hybrid CNT-CB regions suggest some syner-
gistic interactions, where CB particles may enhance contact
between CNT bundles. However, CB aggregation could reduce
both electrical conductivity and mechanical strength. Overall,
the SEM analysis shows an uneven distribution of fillers, with
CNTs mainly contributing to conductivity and CB playing a
smaller yet supportive role.

4.3 | Thermo-Mechanical Properties

TGA and DSC were performed to assess the thermal stability of
SEBS and SEBS-MA composites reinforced with CNT and CB.
The TGA verified the filler content and examined the decom-
position behavior, while the DSC detected thermal transitions
relevant to EEG operating conditions.

As shown in Figure 12 (TGA curves), all composites under-
went a sharp weight loss starting around 350°C-400°C, which
is typical of organic polymer degradation. After 400°C, the
rate of mass loss increased sharply, indicating the beginning
of the main decomposition phase of the polymer matrix. Both
SEBS/16wt% CNT and SEBS-MA/16wt% CNT exhibited very
similar degradation patterns, with weight loss starting within
the same temperature range. After complete degradation, the
remaining weights closely matched the expected CNT and CB
loadings, confirming the proper addition of fillers.

Complementary DSC analyses (Figures 13 and 14) revealed a
glass transition temperature (Tg) of approximately —60°C for both
SEBS and SEBS-MA, indicating their elastomeric properties. No

Journal of Applied Polymer Science, 2025

9o0f 16

85UB0 1] SUOWILIOD BRI 8|G0 dde aU) Aq pueNob a2 So1e WO ‘3N 0 3| 10} AReiq 1 8UNIUO AB]UM UO (SUOTIPOD-PUE-SULS 00" A8 1M AJq]1[pUIIUO//ST1Y) SUONIPUOD) PUB SWLS | 8U) 95 *[920Z/T0/0T] U0 AIgiT8uliuo A8]im “rneusdn a16ojouyoe 1 94 21003 A 66002 dde/Z00T 0T/10p/uC" 81 ARG PUIUO// Sy WO Papeojumoq ‘0 ‘8Z9v.60T



125
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FIGURE12 | Thermogravimetric analysis (TGA)curves of SEBS and
SEBS-MA composites reinforced with CNT and CB. All samples exhibit
a single significant decomposition step, starting around 350°C-400°C,
which is typical of polymer matrix breakdown. The residual weights
verify the intended CNT and CB loadings, with SEBS-MA/16wt% CNT
displaying a slightly higher residual percentage consistent with its rein-
forcement content. [Color figure can be viewed at wileyonlinelibrary.
com]
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FIGURE 13 | The differential scanning calorimetry (DSC) curve of
pure SEBS exhibits a glass transition temperature (Tg) of approximate-
ly —60°C, indicating its elastomeric properties. No melting or crystalli-
zation transitions occur within the physiological range of 24°C-36°C.
[Color figure can be viewed at wileyonlinelibrary.com]

melting or crystallization transitions occur within the physio-
logical temperature range (24°C-36°C). The PS phase exhibits
a slightly higher transition range in SEBS (~90°C-100°C). The
consistent T, and degradation onset confirm that grafting ma-
leic anhydride does not alter the core thermal behavior of the
SEBS matrix.

Overall, the TGA and DSC results show that composites based
on SEBS and SEBS-MA undergo a single main decomposition
process, demonstrating high thermal stability with degrada-
tion starting only above 350°C. This temperature is well above
the physiological range, ensuring that electrode performance
remains unaffected during every day EEG use or extended
skin contact. Importantly, confirming the filler content with
TGA enhances the reliability of the electrical and mechanical
properties reported in this study. While this work focused on
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FIGURE 14 | Differential scanning calorimetry (DSC) curve of
SEBS-MA. The glass transition temperature (Tg) occurs at about —60°C,
the same as in neat SEBS, confirming that maleic anhydride grafting
does not alter the primary thermal transition of the matrix. No melting
or crystallization transitions are observed within the physiological tem-
perature range (24°C-36°C). [Color figure can be viewed at wileyon-
linelibrary.com]

the temperature range relevant to EEG, future studies could
extend thermal analysis to assess behavior in other challeng-
ing environments. These results confirm that grafting does
not alter the core elastomeric transition of the material; how-
ever, it can improve resistance at high temperatures while
maintaining flexibility within the range relevant to EEG
applications.

4.4 | DMTA

DMTA was conducted to assess the storage modulus (E") of SEBS
and SEBS-MA composites within the physiological temperature
range (24°C-36°C) at 1 Hz. This range was selected because the
electrodes are designed for use at room and scalp temperatures.
The storage modulus indicates the elastic response of the ma-
terials under dynamic loading, with higher values reflecting
greater stiffness.

The results (Figure 15) show that neat SEBS has a higher stor-
age modulus than SEBS-MA, confirming that grafting maleic
anhydride improves the material's flexibility. Reinforcing
with CNT and CB significantly increases the modulus in both
matrices, and the storage modulus generally rises with more
reinforcement content. Notably, all curves remain nearly flat
across the tested range, indicating stable, solid-like behavior
under EEG-relevant conditions. A detailed comparison of the
relative storage modulus across formulations is summarized
in Table 7.

Overall, maleic anhydride modification improves flexibility,
while CNT and CB reinforcements increase stiffness. Among all
formulations, SEBS-MA/8wt% CNT/2wt% CB emerges as the
most promising for EEG electrodes, offering high conductivity
combined with a low storage modulus similar to that of neat
SEBS. This balance of softness and electrical performance is
ideal for ensuring both comfort and reliable scalp contact during
long-term EEG applications. Importantly, when considering the
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FIGURE15 | Dynamic mechanical thermal analysis (DMTA) curves
of SEBS and SEBS-MA composites (24°C-36°C, 1 Hz). The storage mod-
ulus (E’) increases with CNT and CB reinforcement, while SEBS-MA-
based composites show a lower modulus than SEBS, confirming in-
creased flexibility. [Color figure can be viewed at wileyonlinelibrary.

com]

TABLE 7 | Comparison of storage modulus (E’) for SEBS and SEBS-
MA composites (24°C-36°C, 1 Hz).

Relative storage

Material modulus (E’)

SEBS Higher than SEBS-MA;
stiffer base polymer

SEBS-MA Lower than SEBS; more

SEBS/20wt% CB

SEBS/16 wt% CNT

SEBS/8wt% CNT/2wt% CB

SEBS-MA/8wt% CNT/2wt%
CB

SEBS/10wt% CNT/5wt% CB

SEBS-MA/10wt%
CNT/5wt% CB

SEBS/15wt% CNT/5wt% CB

flexible, softer base polymer

Slightly lower than
SEBS-MA/20wt% CB;
MA-modified version

slightly stiffer

Slightly higher than
SEBS-MA/16wt% CNT

Higher than
SEBS-MA/8wt%
CNT/2wt% CB

Similar to SEBS; most
flexible conductive
composite; optimal

balance of properties

Higher than
SEBS-MA/10wt%
CNT/5wt% CB

Similar to SEBS/8wt%
CNT/2wt% CB

Higher than
SEBS-MA/15wt%
CNT/5wt% CB

DSC and TGA results, these findings confirm that the compos-
ites not only stay mechanically stable across the physiological
range but also have excellent thermal stability well above typical
operating conditions, reaffirming their suitability for safe and
reliable EEG use.

4.5 | Preliminary In Vivo Validation

The contact impedance of the SEBS/8wt% CNT/2wt% CB elec-
trode is 4.25 +0.5kQ, slightly lower than that of commercial flex-
ible electrodes (4.75+1.5kQ). The SEBS-MA/8wt% CNT/2wt%
CB electrode shows a contact impedance of 4.5+ 0.6kQ, placing
it between the SEBS-based electrode and the commercial op-
tion. Based on these results, we can conclude that both SEBS-
based electrodes are suitable for EEG applications, as they have
contact impedance values comparable to those of commercial
flexible electrodes (4.75+1.5kQ), indicating their potential for
similar electrical performance. The SEBS/8wt% CNT/2wt% CB
electrode exhibits the lowest impedance (4.25+0.5kQ), likely
due to its higher electrical conductivity, which improves the
electrode-skin interface and may reduce signal loss, thereby en-
hancing quality. The SEBS-MA/8wt% CNT/2wt% CB electrode
has a slightly higher impedance (4.5+0.6k(), possibly because
maleic anhydride modification affects composite dispersion or
interfacial properties. Since EEG electrodes need low and stable
contact impedance to prevent signal degradation, both SEBS-
based electrodes show promise as alternatives to commercial
flexible electrodes. Figure 16 displays EEG time-domain re-
cordings of a commercial dry flexible electrode at position 2,
compared to SEBS-MA/8wt% CNT/2wt% CB and SEBS/8wt%
CNT/2wt% CB at positions 1 and 3, respectively, when the sub-
ject's eyes were open.

Figure 17 shows a typical EEG time-domain recording captured
while the subject’s eyes were open and blinking. The data high-
light characteristic artifacts caused by eye blinks, which are
essential to identify and manage during EEG data processing.
The signal from the SEBS/8wt% CNT/2wt% CB electrode ex-
hibits moderate amplitude fluctuations but remains relatively
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FIGURE 16 | Time-domain electroencephalography (EEG) record-
ing during eyes-open condition. [Color figure can be viewed at wileyon-
linelibrary.com]
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FIGURE 17 | Time-domain electroencephalography (EEG) record-
ing during eyes-open with blinking. [Color figure can be viewed at wi-
leyonlinelibrary.com]

stable, indicating that it records EEG data of acceptable qual-
ity. The signal from the commercial electrode is also stable,
showing similar performance. Additionally, the signal from the
SEBS-MA/8wt% CNT/2wt% CB electrode remains stable with
minimal noise and fluctuations.

The transitions between different states (eyes-open and closed)
are clearly visible, indicating the electrode’s sensitivity to changes
in mental state. The signal from the commercial electrode re-
mains stable during these transitions, showing consistent per-
formance. Meanwhile, the signal from the SEBS-MA/8wt%
CNT/2wt% CB electrode is clear and effectively handles the
transitions between open and closed states. This performance
further confirms that SEBS-MA/8wt% CNT/2wt% CB is a
promising choice for flexible, high-performance EEG electrodes,
offering an ideal balance of conductivity and flexibility.

5 | Discussion

This study demonstrates that composites based on SEBS and
SEBS-MA are promising options for flexible dry EEG electrodes,
offering a new alternative to PDMS- and TPU-based matrices.
SEBS and SEBS-MA maintain a favorable balance of conductiv-
ity, flexibility, and stability, illustrating the innovative applica-
tion of these materials in EEG devices.

The role of CNTs in increasing conductivity was clearly ob-
served. Their high aspect ratio enables the efficient formation
of a percolated network, significantly reducing impedance once
the percolation threshold is reached. However, adding more
CNTs has disadvantages: excessive amounts can lead to ag-
glomeration, poor dispersion, and higher processing viscosity,
which can make the composite stiffer and decrease electrode
comfort. Additionally, improvements in conductivity often pla-
teau at higher CNT levels, indicating that network density, not
just the amount of CNTs, is the critical factor. The addition of
CB further boosts network connectivity by bridging gaps be-
tween nanotubes, creating a synergistic effect at optimal CNT/
CB ratios. Recent literature has reported significant progress in
conductive polymer composites, with a focus on multifunctional
performance and interfacial optimization. For example, C. Liu

et al. [52] and Y. Liu et al. [53] demonstrated self-healing CNT-
based elastomers and PDMS-CNT composites with ultralow
percolation thresholds, respectively. Gui et al. [54] and Lee et al.
[55] reported hierarchical CNT/MXene and mt-conjugated poly-
mer/CNT systems with improved conductivity and EMI shield-
ing. Likewise, Ye et al. [56] revealed how amorphous/crystalline
heterophase structures enhance fatigue resistance. Together,
these findings support the current results by demonstrating
that continuous hybrid networks and optimized filler-matrix
interactions are crucial for achieving simultaneous electrical
conductivity, flexibility, and mechanical resilience. The hybrid
SEBS-MA/CNT/CB composites in this study align with this de-
sign philosophy, demonstrating stable conductivity and flexibil-
ity suitable for wearable EEG applications.

SEBS-MA composites showed lower conductivity than their
SEBS counterparts, likely due to changes in filler-matrix in-
teractions caused by maleic anhydride grafting. However, the
SEBS-MA/8wt% CNT/2wt% CB formulation exhibited stable
conductivity and mechanical flexibility, as confirmed by DMTA
results, which revealed a consistent storage modulus across the
physiological temperature range. These properties are crucial
for EEG electrodes that must remain flexible and reliable during
long-term recordings. Notably, the transition temperatures
found in this study closely match those reported in the literature
for SEBS and SEBS-MA systems [57-59].

Additionally, the compression properties of SEBS-based com-
posites have been thoroughly characterized in our previous
work, providing complementary insights into their mechanical
response under load. Cyclic compression tests conducted accord-
ing to ASTM D575-91 on SEBS/20wt% CB and EVA (ethylene-
vinyl acetate)/20wt% CB composites showed distinct behaviors:
while EVA, a thermoplastic copolymer of ethylene and vinyl
acetate, exhibited higher stiffness (elastic modulus~ 63.8 MPa;
stress at 50% strain~16.2MPa), the SEBS/20wt% CB com-
posite displayed lower stiffness (elastic modulusx47.2MPa;
stress~9.35MPa) and greater deformability. These results con-
firm the inherent softness and elasticity of the SEBS matrix,
key advantages for wearable and skin-contact sensors. Based
on these findings and the DMTA results for pristine SEBS and
SEBS-MA presented in Section 4.4, SEBS-MA is unlikely to dif-
fer substantially in compressive behavior from SEBS, as maleic
anhydride grafting mainly improves polymer-filler interfacial
adhesion and slightly enhances flexibility without significantly
altering the bulk modulus. Consequently, the compressive me-
chanical performance of SEBS-MA composites can be reliably
inferred from the SEBS data obtained in our previous study.

Regarding storage modulus, most past studies have analyzed
these materials at temperatures well above those relevant to
EEG operation. In contrast, this study specifically examined the
physiological range (24°C-36°C), the same range used in many
other studies [60-62], providing more realistic insights into elec-
trode behavior under actual use conditions.

Together, the DSC and TGA results confirm that SEBS and
SEBS-MA composites stay thermally stable under EEG-relevant
conditions (room and scalp temperatures). The degradation be-
gins at around 400°C, providing a large safety margin, which en-
sures that electrode performance is not affected by physiological
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heating or prolonged skin contact. The TGA profiles also con-
firmed filler incorporation and showed consistent thermal sta-
bility across all formulations. The minor differences in storage
modulus between SEBS and SEBS-MA suggest that maleic an-
hydride functionalization may slightly improve flexibility with-
out sacrificing thermal stability. Although this study focused on
the physiological temperature range relevant to EEG, additional
thermal analyses could further clarify how the materials behave
during sterilization, storage, and processing, which will be ex-
plored in future work.

Preliminary in vivo EEG validation showed that SEBS/8wt%
CNT/2wt% CB and SEBS-MA/8wt% CNT/2wt% CB electrodes
provided clearer transitions and more stable signals compared
to a commercial dry electrode, with the latter demonstrating the
most consistent performance. Although promising, these results
should be regarded as initial, given the small number of partic-
ipants, and further validation with larger groups is necessary
before making broader claims.

The contact impedance achieved in this study is significantly
lower than that of most PDMS- and TPU-based dry electrodes
reported in the literature. Commercial and experimental elec-
trodes using these soft matrices typically show impedance val-
ues between 10kQ and 600kQ, depending on fabrication and
testing conditions [20, 27, 44, 63, 64]. In contrast, the SEBS/
CNT/CB and SEBS-MA/CNT/CB hybrid electrodes developed
here achieved impedance values below 5k(Q, demonstrating a
significant improvement in electrical performance. This result
highlights the efficiency of the hybrid conductive network and
the SEBS-based matrix in ensuring intimate skin contact, ef-
fective charge transfer, and stable EEG signal acquisition while
preserving flexibility and comfort.

Despite promising results, this study has some limitations. The
in vivo validation was preliminary, involving a small sample size
of participants and only time-domain analysis. Future research
should include larger groups, frequency-domain assessments,
and long-term testing for comfort, durability, and electrode-skin
interactions. Additionally, improving CNT dispersion methods
could reduce agglomeration at higher loadings, enabling better
conductivity without sacrificing flexibility. Addressing these is-
sues will be crucial for establishing SEBS- and SEBS-MA-based
composites as reliable next-generation materials for dry EEG
electrodes.

6 | Conclusion

This study shows that composites based on SEBS and SEBS-MA,
reinforced with CNT and CB, are promising options for flexible
dry EEG electrodes. Notably, SEBS-MA/8wt% CNT/2wt% CB
achieved alow contact impedance of 4.5+ 0.6 kQ, similar to com-
mercial flexible electrodes and close to SEBS/8wt% CNT/2wt%
CB, which measured 4.25 £ 0.5kQ. The composite maintained a
storage modulus comparable to that of pure SEBS, confirming
high flexibility while providing enough stiffness for stable scalp
contact. Initial in vivo EEG tests further demonstrated that both
SEBS and SEBS-MA composites generated stable signals with
accurate detection of brain state changes, outperforming EVA/
CB electrodes in terms of noise reduction and stability.

Although these results are encouraging, some limitations need
to be acknowledged. The in vivo validation was preliminary,
involving a small sample size and limited to time-domain anal-
ysis. Larger studies and frequency-domain assessments are
necessary to establish broader clinical relevance. SEBS-MA
composites also showed a slight decrease in conductivity com-
pared to SEBS, indicating a compromise between electrical
performance and increased stiffness. Furthermore, large-scale
reproducibility might be influenced by the dispersion and ag-
glomeration of CNTs, which require careful optimization of pro-
cessing conditions.

In summary, SEBS- and SEBS-MA-based nanocomposites
demonstrate strong potential as next-generation EEG elec-
trodes, offering a better balance of conductivity, flexibility, and
stability compared to PDMS- or TPU-based options. However,
further validation and process improvements are necessary to
turn these materials into reliable, scalable devices for practi-
cal EEG applications.

A comprehensive quantitative percolation modeling study
will be conducted in future research for each hybrid system to
quantify the percolation thresholds better and understand the
relationship between filler content, network formation, and
electrical conductivity.
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