
Electrical and thermo-mechanical properties of 
styrene-ethylene-butylene-styrene/carbon nanotube and 
styrene-ethylene-butylene-styrene/carbon black multipin electrodes 
for electroencephalography

George Gnonhoue *, Ilyass Tabiai * , Jérémie Voix , Éric David
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A B S T R A C T

Flexible electroencephalography (EEG) electrodes have attracted increasing attention due to their potential 
applications in mobile health monitoring. However, balancing electrical conductivity, flexibility, stretchability, 
and EEG signal recording remains challenging. Here, we fabricated polystyrene-block-poly(ethylene butylene)- 
block-polystyrene (SEBS) composites with carbon nanotubes (CNT) and carbon black (CB) via solvent dissolu
tion. The percolation threshold was approximately 12 wt% for SEBS/CB composites and approximately 2 wt% for 
SEBS/CNT composites. At 20 wt%, SEBS/CB composite conductivity plateaued at 0.01 S/m, whereas SEBS/CNT 
composite conductivity reached 1.26 S/m at 16 wt%. Contact impedance was 4.2 ± 0.45 kΩ for SEBS/16 wt% 
CNT and 5.4 ± 0.9 kΩ for SEBS/20 wt%CB. SEBS/CNT was slightly stiffer than SEBS/CB. The electrodes reliably 
recorded EEG signals, demonstrating their potential for health monitoring and long-term EEG measurements.

1. Introduction

The development of wearable electronics has transformed electro
encephalogram (EEG) electrode technology [1–3]. EEG electrodes are 
sensors that detect brain activity, and traditional EEG systems typically 
employ rigid, wet electrodes with conductive gel to ensure stable contact 
and low impedance at the skin-electrode interface However, wet elec
trodes can be uncomfortable, cause skin irritation or hair damage with 
prolonged use, and necessitate application by skilled personnel, who 
may perform skin abrasion to optimize contact impedance [4]. The 
conductive gel dries out, limiting measurement duration and impacting 
signal quality, making gel-based EEG systems less than ideal for 
non-laboratory settings [5–7].

To address the limitations associated with wet electrodes, semi-dry 
electrodes have recently emerged as a promising alternative. These 
systems deliver a minimal amount of electrolyte to the scalp via porous 
or absorbent media, forming a hydrated interface that effectively sta
bilizes contact impedance. Despite their advantages, electrolyte-based 
interfaces, including semi-dry configurations, still pose a risk of skin 
irritation or infection [8]. Moreover, semi-dry electrode technology 
continues to face technical challenges such as precise control over 

electrolyte release [9], prevention of short circuits between neighboring 
electrodes, and maintaining structural integrity under mechanical 
pressure during use [10]. Recent advances have highlighted the poten
tial of hydrogel-based materials to support controlled electrolyte release 
in semi-dry configurations. In particular, flexible hydrogels such as 
polyvinyl alcohol/polyacrylamide (PVA/PAM) and Fe³ ⁺-doped 
gelatin/poly(acrylate-co-acrylamide) have demonstrated acceptable 
electrochemical properties, with contact impedance values of 18 ± 8.9 
kΩ and 17.8 ± 3.69 kΩ at 10 Hz, respectively [11,12]. These materials 
exhibit strong signal correlation with conventional wet electrodes dur
ing standard EEG paradigms (eyes closed/open) and ensure better 
moisture retention, mechanical resilience, and long-term comfort. 
Studies [13,14] emphasize that semi-dry electrodes combine the me
chanical flexibility of dry systems with the signal stability of wet elec
trodes, making them suitable for continuous, high-fidelity EEG 
monitoring in wearable and brain-computer interface applications. The 
high conductivity of the electrodes enabled reliable acquisition of 
cortical electrical activity, essential for exploring complex cognitive 
processes and higher-order consciousness. In this context, the recent 
work by Sidheekha et al. [15] provides valuable insights into multi
functional conductive polymer-based electrodes. They introduced 
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polyaniline/chitosan (PANI/CS) hybrid hydrogels that act as both en
ergy storage devices and self-sensing elements. These electrodes utilize 
the redox-driven faradaic properties of polyaniline to detect variations 
in current, temperature, and electrolyte concentration through changes 
in potential and energy consumption. This integrated sensing-storage 
approach, requiring no additional connectivity, highlights the poten
tial of conductive polymer composites for next-generation bioelectronic 
interfaces.

Despite their advantages, semi-dry electrodes are not a definitive 
solution. Their reliance on hydrated interfaces introduces limitations 
such as electrolyte evaporation, limited shelf life, and potential material 
degradation. Furthermore, skin irritation risks, manufacturing 
complexity, and maintenance requirements may hinder their wide
spread adoption for daily or long-term EEG monitoring. These draw
backs have sustained interest in the development of fully dry electrodes, 
which aim to simplify use while maintaining high signal fidelity and 
comfort. This work focuses on designing dry and flexible EEG electrodes 
based on Polystyrene-block-poly(ethylene butylene)-block polystyrene 
(SEBS) and carbon-based conductive fillers. These electrodes are a gel- 
free, user-friendly alternative that maintains stable performance over 
hair-covered regions, addressing challenges in wearable 
neurotechnology.

Recent efforts have focused on next-generation EEG systems that 
eliminate the need for any gel or liquid interface. Dry electrodes, espe
cially those based on flexible materials, provide stable contact with the 
skin’s curved surface, unlike rigid electrodes, which do not conform to 
scalp contours and limit EEG signal acquisition [7,16,17]. Consequently, 
recent studies have been exploring flexible, multifunctional composite 
materials to enhance EEG electrode performance and user comfort [7, 
18]. Multifunctional composite materials are being developed to create 
EEG electrodes with optimal flexibility, conductivity, and comfort for 
long-term use [19–23]. Ergonomic, flexible multipin geometries have 
improved EEG signal quality and user comfort, enhancing the potential 
for diagnostics and neuroscience research [24–34]. Thermoplastic 
polyurethane (TPU) and polydimethylsiloxane (PDMS), combined with 
carbon reinforcements, show promise for fabricating flexible electrodes 
[35–37]. Carbon black (CB) and carbon nanotubes (CNTs) are 
commonly incorporated into polyurethane (PU) and PDMS to produce 
multipin EEG electrodes [25,38–42]. These materials achieve electrical 
conductivity through a conductive surface coating or by embedding 
carbon reinforcements to enhance volume conductivity, enabling stable 
signal acquisition in dry conditions. Fiedler et al. [43] developed a 
24-pin dry EEG electrode made of polyurethane and coated with 
Ag/AgCl for ergonomic and flexible multipin EEG electrodes. Integrated 
into a textile cap, the system can accommodate up to 97 multipin 
electrodes. In tests comparing this 97-channel dry EEG cap with a con
ventional 128-channel wet EEG cap, parameters such as resting-state 
EEG, alpha activity, eye blinks, and visual evoked potentials were 
evaluated. The wet electrodes-maintained impedance values below 20 
kΩ, while the dry electrodes exhibited average impedances below 150 
kΩ for 92 of the 97 channels. Despite the higher impedance, the system 
reliably recorded EEG signals. Heijs et al. [31] also validated flexible 
multipin dry electrodes against a commercial wet system. Their dry 
electrode setup consisted of 32 AgCl-coated polyurethane electrodes 
fabricated via electroless plating, whereas the wet system employed 32 
Ag/AgCl gel electrodes. EEG signal acquisition was evaluated using 
auditory stimuli and tasks involving eyes-open and eyes-closed condi
tions. The mean impedance of the wet electrodes was 6.8 ± 5.6 kΩ, 
whereas the dry electrodes exhibited a higher mean impedance of 
602 ± 401 kΩ. Wand et al. [44] designed a dry, claw-shaped EEG 
electrode for detecting signals in both hairy and non-hairy areas. This 
electrode, fabricated entirely from 3D-printed TPU, features a conduc
tive coating created by blending TPU with a silver (Ag) solution. Its 
performance was evaluated against that of a traditional wet electrode 
through contact impedance tests and EEG signal acquisition during tasks 
involving eye-opening and eye-closing conditions. The wet electrode 

exhibited contact impedance values of 5 kΩ at 1 Hz in hairless areas and 
10 kΩ in hairy areas, while the TPU electrode exhibited higher imped
ances of 18.6 kΩ and 122 kΩ in hairless and hairy regions, respectively. 
Xing and Casson [45] also developed flexible, 3D-printed TPU multipin 
electrodes, which exhibited a typical contact impedance in the 100–200 
kΩ range, demonstrating their suitability for flexible electrodes with 
moderate impedance for EEG signal capture.

Recent studies have explored PDMS and innovative designs for 
flexible, long-wear EEG electrodes to enhance user comfort and signal 
reliability in both hairy and non-hairy scalp areas. Das et al. [46]
developed electrodes that combine CNT, PDMS, and graphene, high
lighting the affordability, biocompatibility, and robustness of graphene. 
These electrodes performed comparably to traditional silver/silver 
chloride (Ag/AgCl) electrodes. Oh et al. [47] fabricated multi-walled 
carbon nanotube (MWCNT) and PDMS composites using paste mixing 
and three-roll milling, producing a series of composites with varying 
CNT content (0.5–10 wt%). As CNT concentration increased, the con
ductivity of the composite rose, peaking at 100 S/m beyond 5 wt%. The 
contact impedance of these composites was evaluated, with wrinkled 
electrodes achieving 19 kΩ and unwrinkled electrodes achieving 38 kΩ 
at 1 kHz. These electrodes were validated with eye movement and 
cognitive tasks. Sharma et al. [48], prepared MWCNT-PDMS composites 
using a solution-based method, creating electrodes with an impedance 
comparable to that of silver/silver chloride (Ag/AgCl) across the 20 
Hz–1 kHz spectrum. For example, MWCNT-PDMS dry electrodes 
exhibited an impedance ranging from 626 kΩ at 20 Hz to 124 kΩ at 
1 kHz, closely matching that of silver/silver chloride (Ag/AgCl) elec
trodes. Wang et al. [49] designed flexible PDMS-based multipin dry 
electrodes coated with a gold layer and fabricated using manual and 
ultrasonic methods. These electrodes, having either 13 or 21 pins, 
recorded EEG signals effectively through hair without the use of 
conductive gel. In non-hairy areas, the silicone dry electrodes exhibited 
impedance levels of 8.0 kΩ at 20 Hz and 5.0 kΩ at 10 kHz without skin 
preparation, while in hairy areas, they yielded 18 kΩ at 20 Hz and 10 kΩ 
at 10 kHz. Stability testing over 5.5 h revealed that the dry electrodes 
maintained a consistent impedance of around 3.8 kΩ, while those of the 
wet electrodes increased from an initial 1.8 kΩ to over 8 kΩ within the 
same period. EEG electrode technology has shifted toward dry, flexible, 
and user-friendly alternatives to rigid wet electrodes, which are often 
uncomfortable, complex to apply, and exhibit signal instability during 
prolonged use. Flexible polymers such as PDMS and TPU, combined with 
conductive fillers like carbon nanotubes (CNTs) and carbon black (CB), 
have demonstrated significant potential for the fabrication of multipin 
electrodes capable of maintaining reliable skin contact, including on 
hairy scalp regions. Despite these advantages, challenges remain, 
including high contact impedance, limited scalability of fabrication, and 
mechanical properties that may hinder long-term comfort and dura
bility. Conductive polymer composites such as polystyrene-block-poly 
(ethylene butylene)-block-polystyrene (SEBS)/CB and SEBS/CNT are 
not restricted to EEG applications. Compared with conventional PDMS- 
and TPU-based flexible electrodes, SEBS/CB composites provide clear 
benefits in processing simplicity, cost, and scalability. SEBS is a ther
moplastic elastomer that can be easily processed by melt-mixing, hot 
pressing, or extrusion without the need for curing or vacuum-degassing 
steps, allowing for swift production. [50,51]. Recent studies have 
demonstrated that SEBS-based materials can also be engineered into 
porous, breathable, and recyclable structures suitable for wearable and 
thermal-management applications while maintaining excellent flexi
bility and mechanical robustness [52–54]. Furthermore, both SEBS and 
carbon black are low-cost, recyclable materials that can be reprocessed 
using standard thermoplastic routes, providing a sustainable and envi
ronmentally friendly alternative for large-scale manufacturing of flex
ible EEG electrodes [55]. Their combination of electrical conductivity, 
mechanical softness, and long-term durability makes them promising for 
bioelectronic interfaces, including electrocardiography (ECG), electro
myography (EMG), and other skin-mounted sensors. Nevertheless, EEG 
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electrodes impose more stringent functional requirements. They must 
ensure low contact impedance without conductive gel, maintain skin 
contact through hair-covered scalp regions, and provide stable signal 
acquisition over extended periods, even with micro-movements 
[56–59]. Meeting these challenges requires elastomeric materials that 
are conductive, compliant, biocompatible, and conform closely to the 
scalp’s complex geometry [60]. SEBS-based composites are strong can
didates for next-generation dry EEG electrodes and versatile for broader 
biomedical sensing platforms. SEBS, a thermoplastic elastomer known 
for its flexibility, softness, and skin compatibility, has attracted attention 
in piezoresistive sensors and ECG devices [20,61–67]. However, its 
application in EEG systems, particularly in composite configurations 
incorporating carbon nanotubes (CNTs) or CB, remains insufficiently 
explored. To address this gap, this study comparatively evaluates 
SEBS/CB and SEBS/CNT composites for flexible multipin EEG elec
trodes. This investigation builds on our previous comparative work with 
SEBS/CB and ethylene-vinyl acetate (EVA)/CB composites, which 
identified SEBS/CB as promising due to its superior electrical, me
chanical, and stability properties. We extend that approach by inte
grating CNTs and systematically characterizing the composites' 
electrical performance (via impedance spectroscopy and conductivity), 
mechanical flexibility (via dynamic mechanical analysis), and thermal 
stability. This study does not aim to validate the electrodes in terms of 
EEG signal decoding or clinical performance. Instead, we focus on 
evaluating material properties critical for designing reliable, comfort
able dry EEG electrodes. A dedicated clinical study assessing long-term 
recording quality and usability across multiple users and conditions is 
outside this paper's scope and will be considered in future work. The 
goal is to identify the composite material that best balances electrical 
conductivity, low contact impedance, mechanical compliance, thermal 
stability, and scalp conformity. Ultimately, this research aims to support 
the development of durable, high-performance EEG electrodes suitable 
for extended, real-world use.

2. Materials and methods

This section investigates the use of polystyrene-block-poly(ethylene 
butylene)-block polystyrene (SEBS)-based materials to enhance EEG 
measurements. It compares SEBS/carbon black and SEBS/CNT com
posites with a commercial dry flexible electrode to identify the formu
lation with superior electrical conductivity and lower contact 
impedance. This study does not evaluate clinical efficacy or brain-signal 
decoding performance. The focus is on assessing critical material prop
erties—electrical behavior, mechanical compliance, and electrode-skin 
contact stability—that determine the suitability of these composites 
for flexible dry EEG electrodes. A follow-up clinical study involving 
long-term and multi-subject EEG recordings will be considered in future 
work.

2.1. Materials

Polystyrene-block-poly(ethylene butylene)-block polystyrene 
(SEBS), with a number average molecular weight of 54,000 g/mol and a 
polystyrene content of 30 wt%, was supplied by Kraton (Kraton, Paulínia 
– SP, Brazil). SEBS was selected as the base material for fabricating 
flexible EEG electrodes. Multiwalled Carbon Nanotubes (MWCNTs), 
specifically NC 7000™ from Nanocyl S.A. (Sambreville, Belgium), were 
used as conductive fillers. These nanotubes have an average diameter of 
9.5 nm, an average length of 1.5 μm, a surface area of 250–300 m²/g, a 
nominal electrical conductivity of 100 S/m, a density of 1.30–2.00 g/ 
cm³ , and a carbon purity of 90 %. Carbon Lampblack nanoparticles 
(C198–500, Lot 145509), purchased from Fisher Chemical (Fisher Sci
entific Company, Ottawa (ON), Canada), were also used. These particles 
have a diameter of 50 nm, a nominal conductivity of 400 S/m, and a 
density of 1.8 g/cm³ . For the dissolution, UN1294 toluene Optima 
(T291–4, Lot 234238), also from Fisher Chemical, was used.

2.2. Electrode preparation

The composites were prepared by dissolving pure SEBS in toluene at 
a fixed solvent-to-polymer ratio of 10 mL g⁻¹ (i.e., 100 mL of toluene for 
10 g of total composite). Solvent blending was selected to achieve nano- 
scale dispersion of conductive fillers while preserving the anisotropic 
structure of carbon nanotubes, which is essential for efficient electrical 
percolation. When properly recovered, the solvent does not introduce 
environmental concerns and enables more uniform filler distribution 
and stable conductivity compared with dry mechanical mixing [68,69]. 
The dissolution was carried out at 100 ◦C under magnetic stirring at 
600 rpm until a homogeneous polymer solution was obtained. Subse
quently, carbon nanotubes (CNT, 0–16 wt%) and carbon black (CB, 
0–25 wt%), as summarized in Table 1, were gradually added to the so
lution. The mixture was maintained under the same stirring conditions 
(600 rpm, 100 ◦C) for an additional 30 min to promote uniform filler 
dispersion and minimize agglomeration.

After casting, the mixture was placed under a fume hood and dried at 
room temperature for at least 24 h to ensure complete solvent evapo
ration. This extended drying period was chosen to facilitate the full 
removal of toluene before moulding. The resulting composite was 
molded by compression to manufacture multipin-shaped EEG electrodes 
at a temperature of 215 ◦C, with an initial pressure of 0.8 MPa for 5 min, 
followed by an increase to 5 MPa for an additional 15 min while 
maintaining the temperature. During the subsequent hot-pressing pro
cess used to form the multipin electrode geometry, the material was 
processed at 215◦C, well above the boiling point of toluene (110◦C), 
adding an extra thermal step for solvent removal. These combined 
ventilated drying and high-temperature moulding steps help reduce the 
chances of residual toluene in the final electrodes. Each electrode con
sisted of 19 pins, with each pin measuring 4.9 ± 0.09 mm in height and 
1.41 ± 0.01 mm in diameter. The pins were arranged in a circular 
configuration with a center-to-center spacing of approximately 2.5 mm, 
resulting in an inter-electrode edge-to-edge spacing of approximately 
1.1 mm on the contact surface. This multipin layout is designed to 
improve contact performance on hairy scalp regions by allowing the pins 
to gently part the hair and establish multiple low-impedance contact 
points on the skin. This configuration enhances signal quality and re
duces motion artifacts during EEG acquisition.

The nanocomposites fabricated using this procedure are listed in 
Table 1. Three samples of each nanocomposite were used for 
characterization.

2.3. Methods

2.3.1. Electrical characterization
Electrical characterization assesses the electrical performance and 

conductivity of composite electrodes, crucial for EEG signal acquisition 
with minimal distortion. The electrical conductivities of the composites 
were measured using a frequency-domain broadband dielectric spec
trometer (BDS) (Alpha-A Dielectric Analyzer, Novocontrol, Germany). 

Table 1 
SEBS/CNT and SEBS/CB nanocomposites at different carbon nanoparticle 
weight fractions.

SEBS/CNT SEBS/CB

Reinforcements 
(wt%)

Matrix 
(wt%)

Reinforcements 
(wt%)

Matrix 
(wt%)

0 100 0 100
4 96 5 95
6 94 10 90
8 92 12 88
10 90 15 85
12 88 20 80
14 86 25 75

16 84 -
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Circular samples with a diameter of 20 mm and a thickness of 1.2 mm 
were mounted between two solid brass electrodes, forming a typical 
plane-plane electrode/composite/electrode sandwich configuration. 
Measurements were performed from 10⁻² Hz to 10⁵ Hz at 30◦C. This 
setup accurately determines complex impedance, providing insights into 
the material’s conductive behavior, frequency-dependent response, and 
electrochemical stability—critical parameters for high-performance 
EEG electrodes.

2.3.2. Structural characterization
Structural characterization examines the composite’s internal 

morphology and evaluates the dispersion of conductive particles within 
the polymer matrix, factors influencing electrical performance and 
mechanical integrity. We used a high-resolution scanning electron mi
croscope (SEM) (Hitachi SU-8230 field emission) at an accelerating 
voltage of 5 kV. To prepare the samples, composite cross-sections were 
obtained via cryogenic sectioning to preserve the internal structure. 
These cross-sections were coated with a ~2 nm layer of platinum under 
vacuum using a turbo-pumped sputter/carbon coater (Q150T) to 
enhance surface conductivity and image resolution. This technique en
ables high-contrast imaging of the conductive filler network and assesses 
dispersion homogeneity, impacting the composite’s functional 
properties.

2.3.3. Thermo-mechanical characterization
Thermo-mechanical characterization confirms conductive particle 

weight fractions, assesses thermal stability via decomposition temper
atures, and evaluates mechanical behavior as a function of temperature. 
These properties are essential for material integrity during processing 
and use in biomedical applications such as EEG acquisition. To assess the 
thermal stability and validate the filler content, thermogravimetric 
analysis (TGA) was performed using a Diamond TG/differential thermal 
analysis (DTA) instrument (Perkin Elmer). Samples weighing approxi
mately 10–13 mg were heated from 20◦C to 500◦C at a rate of 3 ◦C/min 
under a nitrogen atmosphere flowing at 100 mL/min. The temperature 
was held at 500◦C for 2 min to ensure complete decomposition. This 
technique determines the decomposition onset, residual mass (used to 
verify the filler content), and the composites' thermal degradation pro
files. To investigate the viscoelastic behavior of the composites, dynamic 
mechanical thermal analysis (DMTA) was conducted using a DMTA 
Q800 (TA Instruments Inc.). Tests were performed on polystyrene-block- 
poly(ethylene butylene)-block polystyrene (SEBS) and nanocomposites 
containing 16 wt% CNT and 20 wt% CB. A double cantilever clamp with 
a 22 mm frame size and a 2 mm center clamp was used. Rectangular 
specimens (8 mm width × 2 mm thickness) were tested at a constant 
strain of 0.4 %, a frequency of 1 Hz, and a heating rate of 2 ◦C/min over 
the 25 ◦C to 35 ◦C temperature range. All measurements were carried 
out under ambient laboratory conditions, with a temperature of 
approximately 23 ◦C and relative humidity of 45–55 %. Only the storage 
modulus was measured, providing insights into the stiffness and elastic 
behavior of the composites across the tested temperature range.

2.3.4. Preliminary in vivo validation
Preliminary in vivo validation was performed to assess the real- 

world performance of the developed flexible multipin EEG electrodes 
in terms of contact impedance and EEG signal acquisition quality. To 
reflect realistic application conditions, measurements were performed 
on hairy regions of the scalp. This step is crucial for determining their 
effectiveness and comfort compared to commercial solutions. Flexible 
multipin EEG electrodes were selected to evaluate contact impedance 
and EEG artifacts associated with eye blink reflex. These artifacts were 
wirelessly recorded using the OpenBCI™ 16-channel Cyton Biosensing 
Board (OpenBCI, New York (NY), USA) coupled with the Ultracortex 
'Mark IV' electroencephalogram headset (OpenBCI, New York (NY), 
USA). Contact impedance was measured at 31 Hz using the same 
acquisition system, as illustrated in Fig. 1. To simulate conditions for 

wearable EEG applications, the skin was neither cleaned nor abraded 
before measurements. The electrodes were securely inserted into the 
headset, which was comfortably positioned on the subject’s head 
without applying pressure to the electrode surfaces, ensuring a user- 
friendly testing environment. Commercial dry flexible electrodes from 
OpenBCI were used as references at positions 1, 2, and 5 on the headset, 
and the flexible multipin electrodes developed in this work were inser
ted at positions 3 and 4. Fig. 2 displays both the developed electrode and 
the commercial reference for visual comparison. Performance was 
evaluated by measuring contact impedance and EEG signal amplitude 
for both the developed electrodes and reference electrodes. For statis
tical reliability, three measurements were performed for each configu
ration, and the mean and standard deviation were calculated to quantify 
variability and repeatability. This in vivo validation provides insights 
into electrode-skin interface quality, signal integrity, and usability, and 
compares the developed and commercial EEG electrodes under real- 
world conditions.

2.3.5. Participants
Participant testing validated the effectiveness of the developed EEG 

electrodes under physiological conditions by assessing EEG signal 
quality and motion artifacts. Healthy adult participants (n = 4; 1 male 
and 3 females, aged between 21 and 35 years) were recruited for EEG 
measurements. All procedures were approved by the ÉTS Internal Re
view Board (Approval No. H20230504) and conducted according to the 
Declaration of Helsinki. Informed consent was obtained from all par
ticipants prior to the experiments. To ensure a controlled environment, 
participants were comfortably seated in a quiet room during signal 
acquisition. EEG signals were recorded for 10 s. Following standard EEG 
protocols and the American Clinical Neurophysiology Society guidelines 
[70], participants minimized head and facial muscle contractions and 
remained still to minimize motion artifacts. At a designated moment, 
participants were asked to blink in response to a sound cue in order to 
assess the ability of the electrodes to capture characteristic blink-related 
EEG activity.

3. Results

3.1. Electrical properties

Fig. 3 depicts the real part of the complex conductivity of 
polystyrene-block-poly(ethylene butylene)-block-polystyrene (SEBS)/ 
carbon nanotube (CNT) and SEBS/carbon black (CB) composites as a 

Fig. 1. Ultracortex “Mark IV” electroencephalography (EEG) headset for elec
trode placement. The headset ensures consistent and accurate positioning of 
EEG electrodes on the scalp to facilitate reliable EEG data acquisition.
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Fig. 2. Electroencephalography (EEG) electrode placement and signal acquisition using the 10–20 system. EEG measures electrical activity reflecting neuronal 
activity related to cognitive processes.

Fig. 3. Real part of the complex conductivity as a function of frequency of (a) SEBS/CNT and (b) SEBS/CB.
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function of frequency. Above the percolation threshold, this value ap
proximates the true direct current (DC) conductivity, and below this 
threshold, it overestimates conductivity because of a frequency- 
dependent term. As shown in Fig. 3, once the mass fraction of the 
composites exceeds 2 wt% of CNT and 12 wt% of CB, which are the 
respective percolation thresholds of SEBS/CNT and SEBS/CB compos
ites, the electrical conductivity of the composites becomes independent 
of frequency. The variation in the real part of the complex conductivity 
of a composite material as a function of the concentration of the 
conductive filler can be divided into three regions. In the insulating 
region, at low conductive particle contents, the complex or AC con
ductivity is a function of frequency. This behavior is visible in Fig. 3 for 
concentrations below 12 wt%CB for the SEBS/CB composite and below 
3 wt%CNT for the SEBS/CNT composite. With further increases in CB 
and CNT loading, the electrical conductivity becomes almost indepen
dent of frequency, and at this point, the composite material can be 
considered electrically conductive [71]. Fig. 3 also shows the 
non-conductive domain (0–12 wt% for SEBS/CB and 0–2 wt% for 
SEBS/CNT) that the value of the electrical conductivity at a given fre
quency is not monotonically correlated with the CB and CNT concen
trations due to the contribution of the relaxation mechanisms. 
SEBS/20 wt%CB and SEBS/16 wt%CNT were chosen for the fabrication 
of the multipin electrodes to be used to perform the EEG measurements 
since they exhibit the highest electrical conductivities. The dotted 
curves in Fig. 3 represent the non-conductive composites, while the solid 
lines represent the conductive ones.

For SEBS/CNT composites: 

❖ Conductivity increases with the CNT content.
❖ The percolation threshold occurs around 3–4 wt% of CNT.

Composites containing ≥ 6 wt% CNT as reinforcement exhibited 
stable electrical conductivity across a wide frequency range.

For SEBS/CB composites: 

❖ Conductivity increases with the CB content.
❖ The percolation threshold occurs around 12–15 wt%of CB.

❖ Only composites containing ≥ 20 wt% CB exhibited high and stable 
electrical conductivity.

Fig. 4 shows the real part of the complex electrical conductivity of 
SEBS/CB and SEBS/CNT composites as a function of mass fraction at 
1 Hz. The percolation thresholds for SEBS/CB and SEBS/CNT compos
ites were approximately 12 wt% and 2 wt%, respectively. In Fig. 4, it 
can be observed that beyond the percolation threshold, the electrical 
conductivity of SEBS/CB composites reached a plateau at 0.01 S/m at 
20 wt%, while that of the SEBS/CNT composite is 1.26 S/m at 16 wt%. 
Fig. 4 shows that the percolation threshold of SEBS/CNT composites is 
lower than that of SEBS/CB. At a mass fraction of 2 wt% of CNT within 
the matrix, SEBS/CNT composites begin to exhibit electrical conduc
tivity, while the SEBS/CB counterparts start to be electrically conductive 
at a mass fraction of 12 wt% of CB.

Increasing the mass fraction of conductive reinforcements signifi
cantly enhances the electrical conductivity of the composites. A distinct 
percolation threshold was observed at approximately 12 wt% for SEBS/ 
CB and 2 wt% for SEBS/CNT, indicating the formation of continuous 
conductive networks at lower filler contents in the CNT-based compos
ites. Beyond the percolation threshold, SEBS/CB composites exhibit 
conductivity stabilization near 20 wt% CB due to network saturation 
and particle aggregation, while SEBS/CNT composites maintain a steady 
conductivity increase owing to the superior dispersion and high aspect 
ratio of CNTs. This contrast highlights the greater efficiency of CNTs in 
forming continuous conductive networks and mitigating the percola
tion–saturation effect observed in CB-filled systems. This difference 
highlights the superior efficiency of CNTs in establishing conductive 
pathways as compared to carbon black.

3.2. Structural properties

Fig. 5 presents the SEM micrograph of polystyrene-block-poly 
(ethylene butylene)-block polystyrene (SEBS)/CNT composites con
taining 16 wt% and SEBS/CB composites containing 20 wt%CB. The 
results show that CNT particles appear to be well distributed in the 
polystyrene-block-poly(ethylene butylene)-block polystyrene (SEBS)/ 
16 wt%CNT composites. Fig. 5(b) shows that some aggregates were 

Fig. 4. Electrical conductivity of styrene-ethylene-butylene-styrene (SEBS) composites as a function of carbon nanotube (CNT) and carbon black (CB) filler loading 
(wt%).
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observed in the SEBS/20 wt%CB composite due to the high concentra
tion of CB (20 wt%). Fig. 5 illustrates the interaction of the reinforcing 
agents, CB and CNT, within the different matrices. The morphology of 
SEBS/16 wt%CNT composites revealed that, compared to SEBS/20 wt% 
CB, carbon black (CB) exhibited a greater aggregation in the matrix, 
whereas carbon nanotubes (CNTs) were more evenly distributed. A 
uniform dispersion of CB in SEBS may still pose challenges, especially at 
high concentrations. From an electrical properties standpoint, the 
presence of aggregates does not negatively impact the composite con
ductivity, as it facilitates the formation of conductive paths via CB-CB 
contacts [72–74]. Due to their geometric structure and large specific 
surface area, CNTs also promote CNT-CNT contacts within the 
SEBS/16 wt%CNT composite, enabling conductive pathways 
throughout the matrix.

3.3. Thermo-mechanical properties

A TGA was performed on the composites for which micrographic 
views were taken, as shown in Fig. 6. The TGA results compare the 
thermal stability and filler contents of SEBS/16 wt%CNT (red curve) and 
SEBS/20 wt% CB (blue curve). Both composites remain thermally stable 

with no significant weight loss in this range, indicating a good thermal 
resistance of the polymer-filler systems up to ~370◦C. A sharp weight 
loss begins at around 370–400◦C, corresponding to the thermal degra
dation of the SEBS matrix. The temperature at which decomposition 
starts is similar for both composites, suggesting a comparable thermal 
stability. After the complete degradation of the SEBS matrix (~500◦C), 
the SEBS/20 wt%CB composite leaves about a 20 % residue, matching 
its carbon black content. The SEBS/16 wt%CNT composite leaves about 
a 16 % residue, consistent with its CNT content.

Fig. 7 presents a dynamic mechanical thermal analysis of neat 
polystyrene-block-poly(ethylene butylene)-block-polystyrene (SEBS), 
and SEBS/16 wt%CNT, and SEBS/20 wt%CB composites. It can be 
observed that the storage modulus of the SEBS/16 wt%CNT composite is 
higher than that of the SEBS/20 wt%CB composite, and that the storage 
modulus of pure SEBS is lower than those of the SEBS/16 wt%CNT and 
SEBS/2 wt%CB composites. It can be concluded that the presence of 
reinforcements within the matrices adds to the mechanical stiffness of 
the latter.

The addition of carbon nanotubes (CNTs) increases the storage 
modulus (E′) because CNTs reinforce the polymer matrix, increasing 
stiffness as compared to the pure polymer. The addition of CB to 

Fig. 5. Scanning electron microscopy (SEM) micrograph of a: (a) SEBS/16 wt%CNT composite and (b) SEBS/20 wt%CB composite.

Fig. 6. TGA thermograms of SEBS/16 wt%CNT and SEBS/20 wt%CB.
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polystyrene-block-poly(ethylene butylene)-block polystyrene (SEBS) 
also increases E′, but less so than CNTs, even at a loading of 20 %, which 
is in good agreement with the conductivity measurements.

3.4. In vivo validation

This section discusses the comparative analysis of the quality of 
multipin electrodes obtained from polystyrene- block- poly(ethylene 
butylene)- block- polystyrene (SEBS)/ 16 wt%CNT and SEBS/20 wt%CB 
composites versus commercial flexible electrodes at positions 1, 2, and 
5, as presented in Fig. 1. The results provide insights into the perfor
mance of the various composites used in this work for EEG signal cap
ture. Contact impedance is a key factor in EEG signal quality, varying 
with the electrode material. The higher electrical conductivity of the 
SEBS/16 wt%CNT composite as compared to the SEBS/20 wt%CB 
composite improved the quality of EEG signals by reducing the contact 
impedance between the electrode and the skin. The contact impedance

reduction resulted in more stable signals, as shown in Fig. 8, under 
conditions of open and blinking eyes, where detecting subtle variations 
in the amplitude of EEG signals is important. The contact impedance of 
polystyrene-block-poly(ethylene butylene)-block polystyrene (SEBS)/ 
16 wt% CNT electrodes with pins at position 3 is 4.2 ± 0.45 kΩ, as 
compared to commercial electrodes without pins at positions 1 and 2, 
whose impedances are 3.6 ± 0.6 kΩ and 3.8 ± 0.45 kΩ, respectively. 
The contact impedance of the flexible commercial electrode with pins at 
position 5 is 4.2 ± 0.45 kΩ. The optimal electrical conductivity and low 
contact impedance of the SEBS/16 wt% CNT electrode allowed to cap
ture electrical activity from the brain.

As discussed in the previous sections, CB also improves the electrical 
conductivity of SEBS, but to a lesser extent than CNTs. This may result in 
a lower EEG signal-to-noise ratio compared to SEBS/16 wt%CNT elec
trode, as shown in Figs. 8 and 9. The contact impedance of polystyrene 
block poly(ethylene butylene) block polystyrene (SEBS)/20 wt%CB 
electrodes with pins at position 4 is 5.4 ± 0.9 kΩ, compared to com
mercial electrodes without pins at positions 1 and 2, whose impedances 
are 3.6 ± 0.6 kΩ and 3.8 ± 0.45 kΩ, respectively. The contact imped
ance of the flexible commercial electrode with pins at position 5 is 4.2 
± 0.45 kΩ.

Fig. 8 presents EEG time-domain recordings of the commercial flat 
dry flexible electrode at positions 1 and 2, compared to polystyrene- 

block-poly(ethylene butylene)-block-polystyrene (SEBS)/16 wt%CNT 
and SEBS/20 wt%CB at positions 3 and 4, when the subject’s eyes were 
open and blinking. Fig. 9 presents EEG time-domain recordings of the 
commercial multipin dry flexible electrode at position 5, compared to 
SEBS/16 wt%CNT and SEBS/20 wt%CB at positions 3 and 4, when the 
subject’s eyes were open and blinking.

The SEBS/16 wt%CNT and SEBS/20 wt%CB electrode pins help 
maintain stable contact with the scalp, which is essential for minimizing 
motion-related artifacts and ensuring a contact impedance comparable 
to that of flexible commercial electrodes. The SEBS/CNT electrodes, 
although slightly stiffer than the SEBS/CB counterparts, provide an 
impedance similar to that of commercial electrodes due to their low 
contact impedance. These electrodes may be suitable for long-term EEG 
recordings.

4. Discussion

This study evaluated the electrical and mechanical performance of 
flexible dry SEBS/CB and SEBS/CNT electrodes for EEG signal acquisi
tion, comparing them with commercial flexible dry electrodes. The re
sults highlight key findings regarding electrical conductivity, 
mechanical properties, contact impedance, and EEG signal quality.

The multipin architecture of the electrodes developed in this work 
improved electrode–skin contact and mechanical stability, thereby 
enabling reliable time-domain EEG signal acquisition. The contact 
impedance measured for SEBS/16 wt% CNT electrodes was 4.2 ± 0.45 
kΩ, whereas SEBS/20 wt% CB electrodes with pins exhibited a slightly 
higher impedance of 5.4 ± 0.9 kΩ. Although SEBS/CNT multipin EEG 
electrodes were marginally stiffer than their SEBS/CB counterparts, both 
systems provided stable and reproducible electrode–skin coupling suit
able for EEG measurements.

From an electrical perspective, the percolation threshold of SEBS/CB 
composites was approximately 12 wt%, whereas SEBS/CNT composites 
reached percolation at around 2 wt%. Beyond percolation, the electrical 
conductivity of SEBS/CB composites plateaued at ~0.01 S m⁻¹ at 20 wt 
%, while SEBS/16 wt% CNT composites achieved a substantially higher 
conductivity of 1.26 S m⁻¹ . These values are consistent with the work of 
Yang et al. [75], who reported percolation thresholds of 2.07 wt% for 
SEBS/CNT and 5.22 wt% for SEBS/CB nanocomposites using ultrasonic 
dispersion followed by magnetic stirring, with conductivity plateaus of 

Fig. 7. DMTA thermograms of polystyrene-block-poly(ethylene butylene)-block polystyrene (SEBS) polymer, SEBS/carbon nanotube (CNT), and SEBS/carbon black 
(CB) composites.
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approximately 1 S m⁻¹ and 0.1 S m⁻¹ , respectively. The relatively high 
conductivity achieved in the present electrodes is critical for efficient 
charge transport and reduced interfacial impedance, thereby enabling 
reliable detection of cortical electrical activity.

More broadly, previous studies have demonstrated that the perfor
mance of sensing and functional electrodes is strongly governed by 
nanocomposite architecture and interfacial charge-transfer phenomena. 
NiO/MWCNT-based electrodes reported in [76] exhibited reduced 
oxidation overpotentials, improved selectivity, and lower detection 
limits, highlighting the key role of CNT/oxide interfaces in facilitating 
charge transfer and minimizing interfacial resistance. Similarly, 
Mo-doped VS₂/CNT nanocomposites investigated in [77], showed 
increased electroactive surface area and reduced charge-transfer resis
tance due to synergistic interactions between CNT conductive networks 
and chemically doped chalcogenide phases, as confirmed by electro
chemical impedance spectroscopy. Beyond electrochemical systems, 
CNT-based polymer nanocomposites reported in [78] exhibited 

unconventional electrical responses governed by filler dispersion, 
interfacial polarization, and percolative network formation, further 
underscoring the dominant influence of interfacial phenomena on 
macroscopic electrical behavior. In this context, the present SEBS-based 
CNT and CB composites follow analogous structure–property relation
ships, where electrode performance is primarily dictated by conductive 
network morphology and interfacial impedance.

The high electrical conductivity achieved in the electrodes devel
oped in this work enabled reliable recording of brain electrical activity. 
Owing to their excellent intrinsic conductivity, CNT-based networks 
provided SEBS/CNT electrodes with low interfacial impedance, result
ing in EEG waveforms comparable to those obtained using commercial 
flexible conductive polymer electrodes and ensuring efficient signal 
transmission from the scalp to the acquisition system. In contrast, carbon 
black, while an effective conductive filler, exhibits lower electrical 
conductivity than CNTs, leading to slightly higher interfacial impedance 
in SEBS/CB electrodes compared with both SEBS/CNT and commercial 

Fig. 8. Time-domain electroencephalography (EEG) recordings during eyes-open and blinking states, acquired using styrene-ethylene-butylene-styrene (SEBS)/20 wt 
% carbon black (CB) and styrene-ethylene-butylene-styrene (SEBS)/16 wt% carbon nanotube (CNT) composite electrodes, compared to a commercial flat dry 
flexible electrode.
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electrodes.
SEM micrographs revealed that, compared to SEBS/20 wt%CB, car

bon black (CB) exhibited a greater aggregation in the matrix, whereas 
carbon nanotubes (CNTs) were more evenly distributed. A uniform 
dispersion of CB in SEBS still poses challenges, especially at high con
centrations. The remaining weights obtained through TGA tests 
confirmed the nominal concentrations used when compounding com
posites. The more homogeneous dispersion of CNTs in SEBS/16 wt% 
CNT composites compared with the CB aggregation observed in SEBS/ 
20 wt% CB composites is attributed to differences in filler geometry, 
interfacial interactions, and processing viscosity. The high aspect ratio 
and conjugated structure of CNTs favor uniform network formation at 
lower concentrations, while π–π interactions between CNTs and the 
styrene domains of SEBS enhance compatibility and dispersion stability. 
Similar π–π interfacial effects have been reported in CNT-based nano
composites and conjugated organic frameworks, where they facilitate 
charge transport and structural uniformity [79–82]. In contrast, the 
quasi-spherical morphology and higher required loading of CB increase 
compound viscosity, limit shear dispersion, and promote micro-scale 

agglomeration [83,84]. These interfacial effects primarily explain the 
observed differences in dispersion and macroscopic electrical behavior, 
which are critical for achieving stable performance in wearable, dry EEG 
electrodes. Future work could explore controlled interfacial engineering 
or advanced characterization techniques to further elucidate the role of 
polymer–filler interactions on charge transport and long-term signal 
stability.

DMTA tests showed that the SEBS/CNT electrode is stiffer than the 
SEBS/CB electrode. CB and CNT offer distinct solutions for EEG appli
cations, each having its advantages and disadvantages. CB is an 
economical choice with acceptable electrical conductivity at high mass 
concentrations, while CNTs provide acceptable electrical conductivity at 
low mass concentrations and high mechanical stiffness, but at a higher 
cost. Besides improving conductivity, CNTs increase material stiffness 
more than CB, potentially affecting user comfort. However, a good 
compromise between stiffness and flexibility would allow for stable 
electrodes with optimal performance. Hybrid electrodes containing 
SEBS, CNT, and CB could provide EEG electrodes with optimal flexi
bility, electrical conductivity, and contact impedance.

Fig. 9. Representative time-domain electroencephalography (EEG) signals during eyes-open and blinking states, demonstrating the performance of styrene-ethylene- 
butylene-styrene/20 wt% carbon black (SEBS/CB) composite, styrene-ethylene-butylene-styrene/16 wt% carbon nanotube (SEBS/CNT) composite, and commercial 
multipin electrodes. The signals illustrate the sensitivity and artifact rejection capabilities of each electrode type.
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Recent advancements have highlighted the growing interest in 
hybrid nanocomposites incorporating graphene, carbon nanotubes 
(CNTs), and polymer matrices for the development of high-performance 
electrochemical sensors. For example, Bakytkarim et al. [85] reported a 
sensitive electrochemical sensor for chlorogenic acid detection based on 
a ternary composite consisting of multi-walled carbon nanotubes 
(MWCNTs), reduced graphene oxide (r-GO), and platinum nanoparticles 
(Pt nanoparticles (NPs)), deposited on a glassy carbon electrode 
(Pt/r-GO/MWCNTs/glassy carbon electrode (GCE)). The system 
demonstrated excellent reproducibility and sensitivity, attributed to the 
synergistic interaction between the high electrical conductivity of r-GO, 
the large surface area of MWCNTs, and the catalytic activity of Pt NPs.

Similarly, Parthasarathy [86] developed a biosensor for Escherichia 
coli detection using a PVA/r-GO/polyethylenimine (PEI) nano
composite. In this case, the combination of functionalized polymers with 
carbon-based nanomaterials improved both electrical performance and 
biocompatibility, enabling a stable and selective electrochemical 
response suitable for biological sensing. Moreover, Biswas et al. [87]
reviewed the potential of graphene-based hybrid nanomaterials in en
ergy storage, particularly in supercapacitor applications. Their findings 
emphasize the importance of synergistic interactions between conduc
tive fillers and polymeric hosts to achieve high surface area, efficient 
charge transport, and mechanical robustness. Although electrical con
ductivity measurements were not always reported, the observed im
provements in electrochemical performance clearly demonstrate the 
functional benefits of hybrid material architectures. These insights 
support our approach in employing SEBS-based composites filled with 
CNTs and CB for the development of flexible dry EEG electrodes. By 
leveraging the mechanical flexibility and skin compatibility of SEBS, 
along with the high conductivity of CNTs and the low percolation 
threshold of CB, our hybrid electrodes achieve a balanced combination 
of electrical performance, mechanical stability, and low contact 
impedance essential features for next-generation bioelectronic 
interfaces.

The functioning of the developed electrodes is based on a piezor
esistive sensing mechanism, in which the electrical resistance varies in 
response to mechanical deformation or displacement at the electro
de–skin interface. This behavior resembles that of strain or displacement 
sensors, where signal fluctuations correspond to subtle mechanical 
movements. For instance, Wan et al. [88] demonstrated this concept in 
structural health monitoring by using a functionalized conductive 
elastomer that exhibited high sensitivity and long-term stability in 
detecting strain through resistance variations. In our case, the resistance 
changes recorded during muscle activity—such as eye blinks—can be 
attributed to micro-displacements and variations in contact pressure 
between the elastomeric pins and the scalp. These effects are closely 
linked to the mechanical compliance of the material and the quality of 
the skin–electrode contact. As such, our electrodes effectively operate as 
soft displacement sensors, whose performance depends on the integrity 
of the conductive network and the material’s capacity to conform to 
scalp morphology under minimal applied force. In addition, Wang et al. 
[89] explored how thermo-mechanical properties influence the perfor
mance of piezo-electrets made from cyclic olefin copolymers with 
varying stiffness and thermal resistance. Based on the inverse relation
ship between the piezoelectric coefficient and the elastic modulus, their 
study showed that careful material selection and structural design can 
offset the limitations of high stiffness. These observations highlight the 
importance of optimizing the reinforcement ratio in elastomeric com
posites to ensure sufficient flexibility. Adequate flexibility is essential for 
maintaining stable electrode–skin contact, enabling reliable EEG signal 
acquisition, accommodating scalp curvature and subject motion, and 
improving long-term user comfort. Accordingly, this balance was a key 
design criterion in the development of the SEBS-based EEG electrodes.

While the current results demonstrate the potential of SEBS-based 
composites—particularly those reinforced with CNTs or CB—for use in 
flexible dry EEG electrodes, it is important to highlight that this study 

was deliberately limited to the characterization of material properties. 
Our objective was not to assess the electrodes' capacity to decode 
complex brain signals or validate clinical performance across different 
use scenarios. A more comprehensive evaluation of signal quality, sta
bility over long-term recordings, and inter-subject reproducibility will 
require a dedicated clinical study involving repeated EEG acquisitions 
under realistic conditions. Such a study will be considered in a subse
quent phase of this research. Future investigations should include 
comprehensive impedance characterization, including both impedance 
magnitude and phase angle (tan δ), performed before and after scalp 
cleaning to quantitatively assess the influence of scalp conditions and 
further validate the robustness of SEBS-based electrodes under varying 
conditions relevant to wearable and clinical EEG applications.

5. Conclusion

This study demonstrated the potential of SEBS-based nano
composites as flexible dry electrodes for EEG signal acquisition. Among 
the tested formulations, SEBS/16 wt%CNT composite exhibited superior 
electrical conductivity (1.26 S/m) and the lowest contact impedance 
(4.2 ± 0.45 kΩ), enabling EEG signal acquisition comparable to com
mercial multipin electrodes. In contrast, SEBS/20 wt% CB electrodes 
reached a conductivity plateau of 0.01 S/m and a contact impedance of 
5.4 ± 0.9 kΩ. SEM analysis confirmed a more uniform dispersion of 
CNTs compared to CB, which tended to agglomerate at higher concen
trations. Thermogravimetric analysis validated the filler content, while 
DMTA results indicated that SEBS/CNT composites were stiffer than 
SEBS/CB ones, which may influence long-term comfort. EEG recordings 
from both materials revealed reliable signal detection, including blink 
artifacts, though SEBS/CB electrodes exhibited slightly more signal 
noise.

These findings suggest that SEBS/CNT composites are better suited 
for applications requiring high signal fidelity, whereas SEBS/CB may be 
favored when comfort and softness are prioritized. The ergonomic 
multipin design contributed to improved contact stability across the 
scalp, particularly in hairy areas, supporting robust EEG acquisition 
without conductive gel.

Future work will focus on the development of hybrid SEBS/CNT/CB 
electrodes to optimize the trade-off between electrical performance and 
mechanical compliance. Additional investigations will involve long- 
term user testing, analysis of motion artifacts, and performance assess
ment under varying physiological and environmental conditions (e.g., 
sweat, temperature, hair density). These efforts aim to advance the 
design of next-generation dry, flexible EEG systems that are biocom
patible, reliable, and suitable for extended wear in real-world settings.
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