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Conception, fabrication et caractérisation d’électrodes flexibles pour l’enregistrement 
de l’activité électrique cérébrale 

 
Olatoundji George GNONHOUE 

 
RÉSUMÉ 

 

L’électroencéphalographie (EEG) est une technique essentielle pour l’analyse de l’activité 
cérébrale, largement utilisée dans le diagnostic médical, les interfaces cerveau-machine et la 
neuroergonomie. Cependant, les électrodes conventionnelles, dites « humides », qu’elles 
soient rigides ou semi-flexibles, présentent des limitations en termes de confort, d’adaptabilité 
morphologique et de stabilité du signal. Cette thèse vise à concevoir, fabriquer et caractériser 
de nouvelles électrodes flexibles haute performance, optimisant à la fois la qualité des 
enregistrements EEG, la flexibilité, le confort et l’ergonomie. 
Dans cette étude, plusieurs composites polymères conducteurs ont été explorés, notamment 
des matériaux à base de SEBS, SEBS-MA et EVA, intégrant des nanotubes de carbone et du 
noir de carbone. Ces matériaux ont été sélectionnés et optimisés afin de combiner conductivité 
électrique, flexibilité et stabilité mécanique. La fabrication des électrodes en configuration 
multibroches a été réalisée par dissolution chimique dans un solvant, suivie d’une compression 
mécanique, garantissant une intégration optimale à l’interface cuir-chevelu. 
La caractérisation des électrodes s’est articulée autour de trois axes principaux : 

 Propriétés mécaniques : Évaluation du module de stockage en fonction de la 
température afin de déterminer la souplesse et la résistance des composites. 

 Propriétés électriques : Analyse de la conductivité et de l’impédance électrochimique 
pour optimiser la qualité du contact avec la peau. 

 Performance EEG : Comparaison des signaux enregistrés avec ceux obtenus à l’aide 
d’électrodes flexibles commerciales afin d’évaluer la fidélité du signal. 
Les résultats démontrent que les électrodes flexibles à base de SEBS-MA/8%wtCNT/2%wtCB 
constituent une alternative prometteuse aux électrodes classiques, offrant un équilibre optimal 
entre flexibilité et conductivité. De plus, l’analyse approfondie des signaux EEG met en 
évidence une meilleure flexibilité et une stabilité accrue du signal, notamment lors 
d’enregistrements prolongés. 
Ces avancées ouvrent de nouvelles perspectives pour l’EEG portable, en particulier dans le 
cadre des applications de santé numérique et du suivi individualisé, en permettant le 
développement d’électrodes flexibles adaptées à l’enregistrement continu et personnalisé de 
l’activité cérébrale. Elles constituent également un levier important pour les interfaces 
cerveau–machine, en répondant aux exigences croissantes des neurosciences appliquées. 
 
Mots-clés : Électroencéphalographie, Électrodes flexibles, Composites polymères 
conducteurs



 

Design, fabrication, and characterization of flexible electrodes for recording brain 
electrical activity 

 
Olatoundji George GNONHOUE 

 
ABSTRACT 

 

Electroencephalography (EEG) is an essential technique for analyzing brain activity, widely 
used in medical diagnostics, brain-computer interfaces, and neuroergonomics. However, 
conventional electrodes, often wet, rigid or semi-flexible, have limitations in terms of comfort, 
morphological adaptability, and signal stability. This thesis aims to design, fabricate, and 
characterize new high-performance flexible electrodes that optimize EEG signal quality, 
flexibility, comfort, and ergonomics 
In this study, several conductive polymer composites were explored, including SEBS, SEBS-
MA, and EVA-based materials incorporating carbon nanotubes and carbon black. These 
materials were selected and optimized to combine electrical conductivity, flexibility, and 
mechanical stability. The fabrication of the multi-branched electrode configuration was carried 
out through chemical dissolution in a solvent, followed by mechanical compression, ensuring 
optimal integration at the scalp interface. 
The characterization of the electrodes was structured around three main aspects: 

 Mechanical properties: Evaluation of the storage modulus as a function of temperature 
to assess the flexibility and resistance of the composites. 

 Electrical properties: Analysis of conductivity and electrochemical impedance to 
optimize the quality of skin contact. 

 EEG performance: Comparison of recorded signals with those obtained using 
commercial flexible electrodes to evaluate signal fidelity. 
The results demonstrate that SEBS-MA/8%wtCNT/2%wtCB-based flexible electrodes offer a 
promising alternative to conventional electrodes, providing an optimal balance between 
flexibility and conductivity. Furthermore, an in-depth analysis of EEG signals highlights 
improved flexibility and enhanced signal stability, particularly during prolonged recordings. 
These advances open new perspectives for portable EEG, particularly in the context of digital 
health applications and individualized monitoring, by enabling the development of flexible 
electrodes suited for the continuous and personalized recording of brain activity. They also 
represent an important driver for brain–computer interfaces, by meeting the growing demands 
of applied neuroscience. 
 
Keywords : Electroencephalography, Flexible electrodes, Conductive polymer composites 
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INTRODUCTION 

Electroencephalography (EEG) is a non-invasive technique for measuring the brain’s electrical 

activity and is widely used in both clinical practice and scientific research. EEG signals provide 

essential information for diagnosing and monitoring neurological and physiological 

conditions, including sleep disorders, anaesthesia depth, coma, encephalopathies, and brain 

death. Beyond clinical diagnostics, EEG has become increasingly important in research fields 

such as brain–computer interfaces, cognitive monitoring, and human–machine interaction, 

where reliable, stable, and repeatable signal acquisition is required. 

Conventional EEG systems primarily rely on wet electrodes that use conductive gels to reduce 

the impedance at the skin–electrode interface. Although these electrodes are well established 

and capable of delivering high-quality signals, their use is associated with several practical 

limitations. Wet electrodes require time-consuming preparation procedures, including skin 

cleaning and impedance optimization, and may cause discomfort, skin irritation, or hair 

damage during prolonged recordings. In addition, the drying of the conductive gel over time 

limits the duration of EEG measurements and can lead to signal degradation, making wet 

electrodes poorly suited for long-term, wearable, or ambulatory monitoring applications. 

In response to these limitations, dry EEG electrodes have been developed as an alternative to 

gel-based systems. By eliminating the need for conductive gels, dry electrodes significantly 

reduce preparation time and improve usability. However, many dry electrodes are fabricated 

from rigid materials, which limits their ability to conform to the curved and deformable surface 

of the human scalp. This lack of conformity often results in increased skin–electrode 

impedance, reduced signal stability, and discomfort, particularly during extended recording 

sessions or measurements performed on hairy regions of the scalp. 

Flexible dry electrodes have therefore emerged as a promising solution to overcome the 

mechanical and comfort-related limitations of rigid electrode designs. Their mechanical 

compliance allows better adaptation to scalp morphology, leading to improved contact stability 

and potentially reduced impedance fluctuations. Flexible electrodes are commonly fabricated 

using polymeric materials, which offer advantages in terms of biocompatibility, processability, 
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and mechanical tunability. To achieve electrical conductivity, these polymers are typically 

combined with conductive fillers or coatings, including metallic layers and carbon-based 

nanomaterials such as carbon nanotubes and carbon black. Despite these advances, flexible dry 

EEG electrodes reported to date often still exhibit higher contact impedance than conventional 

wet electrodes, which remains a critical challenge for reliable and high-quality EEG 

acquisition. 

Styrenic block copolymers, and in particular styrene–ethylene–butylene–styrene (SEBS), 

constitute an attractive class of materials for the development of flexible bioelectrodes due to 

their low elastic modulus, high flexibility, mechanical resilience, and chemical stability. These 

properties make SEBS well-suited for applications requiring intimate and durable contact with 

soft biological tissues. In parallel, ethylene–vinyl acetate (EVA), a thermoplastic elastomer 

widely used in biomedical and wearable applications, has also attracted interest owing to its 

flexibility, ease of processing, and tunable mechanical behavior through its vinyl acetate 

content. When combined with conductive carbon-based fillers, both SEBS- and EVA-based 

nanocomposites have demonstrated promising electrical and mechanical performance in 

flexible sensing and electronic applications. Nevertheless, despite their potential, the use of 

SEBS and EVA nanocomposites for dry EEG electrodes remains insufficiently explored, 

particularly with respect to a systematic and application-oriented characterization of their 

electrical, mechanical, and electromechanical behavior in the context of reliable biosignal 

acquisition. 

The objective of this doctoral research is to design, fabricate, and characterize flexible dry EEG 

electrodes based on SEBS- and EVA-based nanocomposites reinforced with carbon black and 

carbon nanotubes. This work aims to establish structure–property–performance relationships 

linking material formulation, mechanical compliance, electrical conductivity, and electrode–

skin impedance. By developing multipin flexible electrode architectures and evaluating their 

performance under realistic EEG recording conditions, this thesis seeks to contribute to the 

advancement of wearable, user-friendly, and reliable EEG technologies suitable for long-term 

brain activity monitoring. 
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0.1 Context of the research 

Context and Challenges 

This research aims to overcome the limitations of conventional gel-based EEG electrodes by 

developing dry, flexible electrodes suitable for long-term recordings. Unlike traditional wet 

electrodes, which require time-consuming preparation and suffer from gel degradation 

affecting signal quality and comfort, the proposed approach ensures stable skin–electrode 

contact, reliable signal acquisition, and improved usability. This work was conducted within 

the Industrial Research Chair in In-Ear Technologies (CRITIAS) at École de technologie 

supérieure, as part of Work Package 6 (WP6), focusing on innovative sensing solutions for 

intra-auricular applications. Emphasis is placed on flexible and conformable polymer materials 

to enable reliable physiological signal acquisition. Overall, this research contributes to the 

development of next-generation portable EEG systems for applications in health monitoring, 

neurotechnology, and smart in-ear devices. 

 

Scientific Justification 

The increasing demand for portable, wearable, and long-term EEG monitoring systems 

exposes the limitations of conventional electrode technologies and motivates the exploration 

of alternative material solutions. In this context, thermoplastic polymers constitute a 

particularly relevant class of materials for next-generation EEG electrodes, owing to their ease 

of processing, tunable mechanical properties, and compatibility with scalable and reproducible 

manufacturing techniques. Compared to thermoset elastomers, thermoplastics enable precise 

control over mechanical compliance and facilitate the fabrication of complex electrode 

geometries, which are essential for flexible and wearable bioelectronic devices. 

Styrene–ethylene–butylene–styrene (SEBS) and ethylene–vinyl acetate (EVA) were selected 

as polymer matrices because they combine low elastic modulus, high flexibility, and 

mechanical resilience with good biocompatibility and environmental stability. These attributes 

promote intimate and durable contact with the scalp while minimizing discomfort during 

prolonged EEG recordings. Although SEBS and EVA are intrinsically electrically insulating, 

their use as matrix materials is intentional. In composite-based electrodes, the polymer phase 
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primarily governs mechanical compliance, skin conformity, and long-term comfort, which are 

critical to ensuring a stable and reliable electrode–skin interface. 

Electrical conductivity is achieved through the incorporation of conductive carbon-based 

fillers, specifically carbon nanotubes (CNTs) and carbon black (CB). CNTs are particularly 

advantageous due to their high aspect ratio, excellent intrinsic conductivity, and ability to form 

percolated conductive networks at relatively low filler contents. When appropriately dispersed 

within thermoplastic matrices, CNTs enable efficient charge transport while preserving the 

flexibility of the composite. This design strategy effectively decouples mechanical and 

electrical functions, whereby the polymer matrix ensures compliance and durability, and the 

conductive fillers provide the electrical pathways required for EEG signal acquisition. 

The combined use of thermoplastic matrices (SEBS and EVA) and conductive carbon-based 

fillers (CNTs and CB) thus represents a rational and scientifically grounded approach to 

addressing the competing requirements of flexibility, comfort, electrical performance, and 

manufacturability in dry EEG electrodes. A systematic investigation of these composite 

systems—encompassing their electrical, mechanical, and electromechanical behavior—is 

essential to establish structure–property–performance relationships relevant to EEG 

applications and to advance the development of reliable wearable bioelectronic technologies. 

 

 Technological and Applied Interest 

 Improve user comfort by eliminating the need for gel. 

 Facilitate long-term EEG use, making the technology more accessible for clinical and 

ambulatory applications. 

 Contribute to the growth of portable neurotechnologies, promoting EEG use beyond 

laboratories and hospitals, particularly for home monitoring and brain-computer 

interfaces. 

This PhD project presents a unique opportunity to drive innovation in biomedical sensors by 

integrating materials science, biomedical engineering, and EEG signal analysis. It will provide 

expertise at the intersection of fundamental research and clinical applications, opening 

perspectives in neuroengineering, medical devices, and brain-computer interfaces. The 

evolution of EEG technologies toward more comfortable, practical, and accessible solutions is 
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crucial for the future of neuroscience and medical devices. This PhD project addresses a 

growing need by developing innovative, flexible, and dry EEG electrodes, thus opening new 

avenues for research and healthcare. 

 

0.2 Research Objectives 
 

As discussed in Section 0.1, the growing demand for portable, wearable, and long-term EEG 

monitoring systems has revealed significant limitations in conventional wet electrode 

technologies. The need for conductive gels, combined with discomfort, signal degradation over 

time, and limited suitability for prolonged or ambulatory recordings, restricts their applicability 

in real-world settings. Recent advances in materials science and wearable bioelectronics offer 

new opportunities to address these challenges through the development of flexible dry EEG 

electrodes that ensure stable electrode–skin contact, mechanical compliance, and reliable 

signal acquisition without the use of gel. 

 

In this context, the overarching objective of this thesis is to develop, fabricate, and validate 

flexible dry EEG electrodes based on conductive thermoplastic polymers, with a particular 

emphasis on optimizing the balance between electrical performance, mechanical flexibility, 

and long-term stability at the electrode–skin interface. 

This thesis is organized into three studies, each addressing a distinct but complementary aspect 

of this objective. 

 

Study 1 focuses on the development and material-level characterization of conductive polymer 

composites for dry EEG applications. In this study, styrene–ethylene–butylene–styrene 

(SEBS) and ethylene–vinyl acetate (EVA) are combined with carbon-based conductive fillers, 

namely carbon black (CB) and carbon nanotubes (CNT). Through a systematic investigation 

of electrical conductivity, contact impedance, mechanical compliance, and thermal stability, 

this study aims to identify the composite formulations that provide the most suitable balance 

of properties for flexible dry EEG electrodes. By establishing clear structure–property 
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relationships, this work lays the material foundation for subsequent electrode design and 

optimization. 

 

Study 2 addresses the optimization of functional electrode properties through a comparative 

evaluation of SEBS/CB and SEBS/CNT composites implemented in flexible multipin EEG 

electrode architectures. This study examines how the choice of conductive filler influences key 

performance metrics, including electrode–skin contact impedance, scalp conformity, and 

mechanical stability under conditions relevant to prolonged EEG recordings. By linking 

material composition to electrode-level performance, this study provides design guidelines for 

achieving reliable and comfortable dry EEG electrodes suitable for practical use. 

 

Study 3 focuses on the experimental validation of the developed electrodes under EEG 

recording conditions. In this study, the performance of the proposed dry EEG electrodes is 

benchmarked against commercial dry electrodes, with particular attention to signal quality and 

stability across different recording scenarios. Special emphasis is placed on hybrid 

SEBS/CNT/CB and SEBS-MA/CNT/CB nanocomposites, which are designed to exploit the 

complementary properties of CNT and CB while avoiding the high filler loadings and 

increased mechanical stiffness typically associated with single-filler systems. This study 

demonstrates the practical relevance of hybrid conductive networks for achieving low 

impedance, stable EEG signals, and improved user comfort. 

 

Together, these three studies provide a comprehensive framework for the development of next-

generation flexible dry EEG electrodes. By integrating material design, electrode optimization, 

and experimental validation, this thesis contributes to advancing dry EEG technology toward 

more comfortable, reliable, and scalable solutions for clinical, wearable, and long-term brain 

monitoring applications. 

 

0.3 Structure of the Thesis 

This thesis is organized into five chapters, followed by appendices containing supplementary 

material associated with the journal articles, where applicable. 



7 

 

Chapter 1 presents a comprehensive literature review that establishes the scientific and 

technological foundations necessary for this research. The chapter begins with an overview of 

EEG principles and the fundamentals of electrode–skin interfaces, with particular emphasis on 

contact impedance and signal quality. It then reviews existing EEG electrode technologies, 

including wet, semi-dry, and dry electrodes, and discusses their respective advantages and 

limitations. The chapter further examines materials and fabrication strategies used for dry EEG 

electrodes, focusing on conductive polymers, elastomers, and carbon-based fillers. Finally, 

different electrode geometries and design approaches are reviewed, and the key challenges 

associated with comfort, stability, and long-term EEG monitoring are identified. 

 

Chapter 2 presents the material properties that are essential for understanding the articles 

included in this thesis. It provides a comprehensive overview of the electrical, mechanical, and 

thermal characteristics of the materials used, as well as their relevance to the development and 

performance of flexible dry EEG electrodes. 

 

Chapter 3 presents the first journal article, which focuses on the development and 

characterization of flexible dry EEG electrodes based on styrene–ethylene–butylene–styrene 

(SEBS) and ethylene–vinyl acetate (EVA) filled with carbon black (CB). This chapter 

investigates the electrical, mechanical, and thermal properties of the proposed composites, 

evaluates electrode–skin contact impedance, and compares the EEG recording performance of 

the developed electrodes with that of commercial dry EEG electrodes.  

 

Chapter 4 presents the second journal article, which examines the influence of conductive 

filler type and electrode geometry on dry EEG electrode performance. In particular, this 

chapter compares SEBS/CB and SEBS/carbon nanotube (CNT) composites implemented in 

flexible multipin electrode architectures. The electrical conductivity, thermo-mechanical 

behavior, and contact impedance of the electrodes are analyzed to identify key design 

parameters for improving signal quality and stability during prolonged EEG recordings. 
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Chapter 5 presents the third journal article, which investigates hybrid flexible dry EEG 

electrodes based on SEBS and maleic anhydride–modified SEBS (SEBS-MA) incorporating 

both CNT and CB fillers. This chapter explores how hybrid conductive networks influence 

filler dispersion, mechanical compliance, and electrical performance. The developed hybrid 

electrodes are benchmarked against those presented in previous chapters, and their ability to 

record stable EEG signals is experimentally validated.  

 

Chapter 6 presents the exploratory work conducted as part of this thesis. It summarizes the 

main findings of these preliminary studies and highlights their contributions to the 

development and optimization of flexible dry EEG electrodes. This chapter also discusses the 

limitations of the exploratory approaches and outlines perspectives for future research. 
 

0.4 Contributions 

 

The contributions of this doctoral research consist primarily of peer-reviewed journal 

publications addressing the development, optimization, and validation of flexible dry EEG 

electrodes based on conductive thermoplastic polymer composites. This thesis incorporates 

three journal articles, each corresponding to a distinct stage of the research and collectively 

forming a coherent scientific contribution to the field of wearable EEG technologies. 

 

The first article (Chapter 3) focuses on the development and characterization of flexible dry 

EEG electrodes based on SEBS/carbon black and EVA/carbon black composites, with an 

emphasis on their electrical, mechanical, thermal, and morphological properties, as well as 

preliminary EEG signal acquisition. 

 

The second article (Chapter 4) investigates the influence of conductive filler type and electrode 

geometry through a comparative study of SEBS/carbon black and SEBS/carbon nanotube 

multipin electrodes, highlighting structure–property relationships relevant to contact 

impedance, flexibility, and thermo-mechanical stability. 
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The third article (Chapter 5) explores hybrid SEBS/CNT/CB and SEBS-MA/CNT/CB 

nanocomposites, demonstrating how hybrid conductive networks can achieve an improved 

balance between electrical conductivity and mechanical compliance, and providing in vivo 

EEG validation through benchmarking against commercial dry electrodes. 

 

At the time of thesis submission, all three articles have been published in peer-reviewed 

international journals. Together, they constitute an original and integrated contribution to the 

advancement of flexible dry EEG electrodes, offering material-level insights, electrode design 

strategies, and experimental validation relevant to clinical, wearable, and long-term EEG 

applications. In addition to these scientific contributions, this doctoral work also involved the 

supervision of several graduate-level research projects, including master’s theses and 

undergraduate capstone projects, through which students were trained in experimental design, 

materials characterization, and EEG electrode development. 
 

 

 

 





 

 

CHAPITRE 1 

 

TECHNOLOGIES AND MATERIALS USED FOR THE MANUFACTURE OF DRY 

ELECTRODES 

Chapter outline: This chapter provides a comprehensive overview of the technologies and 

materials used in the fabrication of dry EEG electrodes. It begins by outlining the fundamental 

principles of dry electrode technology and its significance in EEG applications. The chapter 

then explores various fabrication techniques employed in the development of dry electrodes, 

including both traditional and emerging manufacturing methods. Following this, the discussion 

shifts to the materials commonly used in dry electrode fabrication. Special emphasis is placed 

on conductive polymers, elastomers, and carbon-based materials such as carbon nanotubes 

(CNTs), graphene, and carbon black (CB). The electrical and mechanical properties of these 

materials are examined in relation to their suitability for EEG applications. Additionally, the 

chapter explores the role of material processing techniques in optimizing the performance of 

dry electrodes. The advantages and limitations of different electrode materials are discussed, 

particularly in terms of contact impedance, flexibility, and durability. The chapter concludes 

by outlining the approach adopted in this study to evaluate and enhance the properties of 

flexible dry EEG electrodes, with a focus on material selection, structural design, and 

performance optimization strategies. 

 

1.1 Introduction 

Bioelectrical signals generated by cells or tissues during daily physiological activities are 

closely linked to the functional states of the body and its organs (Arai et al., 2015; Fu et al., 

2020a). EEG is an essential technique for recording brain electrical activity.  EEG plays a 

crucial role in research and diagnostics related to human brain function and is primarily used 

to diagnose neurological diseases (Zeydabadinezhad et al., 2024), such as epilepsy, 

Alzheimer’s disease, Parkinson’s disease, and sleep disorders. EEG detects abnormalities in 
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neuronal activity by measuring potential fluctuations on the scalp surface (H.-L. Peng, Jing-

Quan Liu, et al., 2016).  Thanks to technological advancements, EEG applications have 

expanded to include brain-computer interfaces (BCI), rehabilitation, mobile monitoring, and 

sports-related contexts (Das et al., 2020a; Fiedler et al., 2015; Palumbo et al., 2024). The 

conventional method for recording EEG signals typically involves using a conductive 

silver/silver chloride (Ag/AgCl) gel to ensure low-impedance contact with the skin (Y.-H. 

Chen et al., 2014).  Additionally, these low-impedance values between the skin and the 

electrode contribute to the stability and reproducibility of EEG signals (Leach et al., 2020). 

The gel is necessary to maintain electrode stability on the skin and reduce contact resistance 

(Arai et al., 2015; de Camp et al., 2018; Fu et al., 2020a). However, this method presents 

several drawbacks, including the need for prior skin preparation (abrasion and shaving), the 

limited duration of recordings due to gel drying, risks of skin irritation and allergic reactions 

(Y. Li et al., 2021; H.-L. Peng, Liu, et al., 2016), and discomfort during electrode application 

and removal (S. M. Lee et al., 2014).  

Gel drying causes an increase in skin-electrode impedance, which reduces EEG signal quality 

(Srivastava et al., 2015). Additionally, short circuits between adjacent electrodes, induced by 

gel spreading, can occur due to the skin’s irregular surface (Wehrmann et al., 2013). These 

limitations restrict their use for long-term recordings and in ambulatory settings, rendering 

them unsuitable for extended applications (Arai et al., 2015; Baek et al., 2012; Chlaihawi et 

al., 2018; Cunha et al., 2009; Das et al., 2020a; de Camp et al., 2018; Fiedler et al., 2018a; Z. 

Wang et al., 2018). Moreover, gel residues may remain on the scalp, potentially causing 

irritation or skin rashes. These issues render wet electrodes impractical for portable or long-

duration applications (Arai et al., 2015; Chlaihawi et al., 2018; Das et al., 2020a; de Camp et 

al., 2018; Fiedler et al., 2018a).  

Given the limitations of wet electrodes, significant efforts have been made to develop dry 

electrodes that provide a more practical and comfortable alternative without compromising 

EEG signal quality (Al-Haidari et al., 2024). In recent years, researchers have developed dry 

electrodes using various conductive materials (Shad et al., 2020), and advancements in material 

science and electrode design have resulted in the creation of flexible dry EEG electrodes. These 
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electrodes offer greater comfort and adaptability to scalp contours while eliminating issues 

associated with conductive gels (Lopez-Gordo et al., 2014).  

Dry electrodes utilize innovative materials, including conductive polymers, carbon-based 

composites, metal alloys, electrically conductive solutions, and hybrid materials, to improve 

signal quality and reduce skin-electrode impedance. However, challenges remain concerning 

the higher impedance of dry electrodes, their dependence on the pressure applied to the skin, 

and interference caused by hair (Habibzadeh Tonekabony Shad et al., 2020; Lopez-Gordo et 

al., 2014). The absence of gel in dry electrode configurations results in elevated contact 

impedance (Das et al., 2020a). Furthermore, dry electrodes composed of metallic materials that 

come into direct contact with the skin may lead to skin infections (G.-L. Li et al., 2020a).  This 

section aims to present various manufacturing technologies for dry electrodes. We will explore 

different conductive polymers, composites, and nanomaterials combined with conductive 

fillers. 

1.2 Dry electrode technologies for EEG 

Dry electrodes can be categorized into three main types: microneedle electrodes, surface 

electrodes, and capacitive electrodes. This section aims to present the different manufacturing 

technologies for dry electrodes. 

1.2.1 Microneedle electrodes 

Microneedle electrodes consist of an array of miniaturized needles on the micrometer scale 

(Chang et al., 2017). These electrodes can penetrate the outer insulating layer of the skin 

without requiring any skin preparation or conductive gel (K. Zheng et al., 2024). The absence 

of prior skin preparation, such as abrasive cleaning or the application of conductive gel, 

simplifies the installation process. Since no conductive gel is required, these electrodes 

facilitate long-term EEG recording (Arai et al., 2015). These electrodes exhibit low skin-

contact impedance (Z. Chen et al., 2018; Griss et al., 2001; L. Ren et al., 2016; Ruffini et al., 

2006) and reduce the presence of motion artifacts during EEG signal recording. Their design 

enables minimal penetration (Chang et al., 2017; Dabbagh et al., 2021; G. Lee et al., 2018; L. 

Ren et al., 2017).   
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Despite their numerous advantages, microneedle electrodes also have some drawbacks. 

Compared to wet electrodes, microneedle electrodes remain invasive due to their mode of 

operation (Krieger et al., 2019). The insertion of needles can cause discomfort or even mild 

pain, especially during prolonged use. Microneedles can be fragile and prone to breaking, 

which may compromise the safety and effectiveness of the electrodes (Z. Wang et al., 2024a). 

This complexity hinders their commercialization and large-scale production (Madden et al., 

2020). Skin perforation increases the risk of infections, necessitating strict hygiene measures 

and biocompatible materials. 

For the fabrication of this type of electrode, the height and thickness of the needle tips must be 

considered during the design and manufacturing process. Proper geometric design helps 

minimize user discomfort and ensures optimal EEG acquisition. Thicker tips allow for EEG 

recordings with less discomfort for the user (Krieger et al., 2019; Mansor et al., 2019). The 

needle height-to-width ratio influences the ease of insertion and mechanical integrity (Krieger 

et al., 2019). While higher height-to-width ratios facilitate insertion, lower ratios yield 

mechanically stronger needles. The tip radius is also a key parameter for ensuring proper skin 

penetration. Controlling these dimensional parameters is crucial to adapting microneedles to 

their intended functionality. The precision required for microneedle fabrication makes their 

production more expensive and technically demanding (L.-F. Wang et al., 2012a). Microneedle 

electrodes are currently not commercially available (Madden et al., 2020).  

The manufacturing process for microneedle electrodes is complex and labor-intensive, 

involving techniques such as lithography, which is used to carve microscopic patterns on 

substrates (Arai et al., 2015; Z. Chen et al., 2018; G. Lee et al., 2018; L. Ren et al., 2017; 

Srivastava et al., 2015; R. Wang et al., 2017a), the KOH-dicing-KOH method (R. Wang et al., 

2017b), self-assembly by magnetization, which is used to organize and assemble 

microstructures (K. Chen et al., 2016; Pan et al., 2016), thermal assembly (L. Ren et al., 2016), 

micromolding (M. Kim et al., 2015), injection molding for large-scale production (N. Yang et 

al., 2024), laser cutting for precise microstructure shaping, which is ideal for adjusting needle 

length and shape, laser patterning (W. Zhou et al., 2013, 2015, 2016), and 3D printing for 

customized electrodes (Dabbagh et al., 2021; Krieger et al., 2019; Mansor et al., 2019). These 
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processes enable the production of microneedle electrodes that integrate performance, 

compliance, and safety for advanced EEG applications. 

   

1.2.2 Surface electrodes 

Surface electrodes are designed to ensure direct contact with the skin without penetration, 

offering a compromise between comfort and signal quality. Less invasive than microneedle 

electrodes, they allow EEG signal acquisition while minimizing user discomfort. They only 

make direct contact with the outermost layer of the skin (Z. Wang et al., 2018). Their design 

makes them suitable for ambulatory applications and mobile environments, such as home 

health monitoring, wearable devices for sleep tracking or cognitive performance assessment, 

and sports-related EEG measurements for long-term monitoring (Iqbal et al., 2021).  

Despite their advantages over microneedle electrodes, surface electrodes are sensitive to 

movement, leading to motion artifacts in EEG signals and affecting data quality. Strategies 

such as using adhesive structures or ergonomic designs aim to improve electrode stability and 

reduce motion-related artifacts. However, finding a balance between flexibility, conductivity, 

and user comfort remains a constant challenge in developing these electrodes. 

Electrode stability on the skin is an important property to consider when designing and 

manufacturing surface electrodes. Poor stability can cause arbitrary displacement of the 

electrode during body movements, resulting in motion artifacts and poor-quality EEG 

acquisition (Cui et al., 2021; G. Li, Deng, et al., 2021).  Sufficient adherence to the skin is 

crucial for long-term EEG recording and to prevent inflammation, irritation, and pain when 

removing the electrode from the skin (L. Cheng et al., 2023; W. Liu et al., 2022). 

To improve comfort and efficiency, surface electrodes must be manufactured using flexible 

materials  (L.-F. Wang et al., 2012a). The fabrication process for surface electrodes involves 

lithography and screen printing (Niu et al., 2021), plasma treatment (Pedrosa et al., 2016), laser 

prototyping (Leleux et al., 2014), dispersion of conductive reinforcements in a matrix (Jin et 

al., 2016; J. H. Lee et al., 2018, Stauffer et al., 2018), temporary tattoo-based application on 

the skin (Shustak et al., 2019), injection molding (Kaitainen et al., 2014), and spray coating 

(Fiedler et al., 2011a; Pedrosa et al., 2013). Additionally, electrode design must consider 
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breathability. Sweat accumulation can cause skin irritation (R. Xie et al., 2022; Y. Yang et al., 

2022). A surface electrode should be designed to ensure reliable and stable skin-electrode 

contact and provide sufficient comfort for users (Symeonidou et al., 2018). 

 

1.2.3 Capacitive electrodes 

Capacitive electrodes function as a capacitor coupled to the skin surface, without direct contact 

(J. H. Kim et al., 2014; S. M. Lee et al., 2016b). EEG recording with capacitive electrodes 

relies on the capacitance formed between the electrode and the scalp, even in the presence of 

barriers such as air layers, hair, or fabrics (Babusiak et al., 2018; Wehrmann et al., 2013). These 

electrodes were developed to avoid the issue of lost physical contact with the scalp caused by 

the presence of hair (Bednar et al., 2021; H. Yuan et al., 2021). The absence of direct skin 

contact offers several significant advantages. It reduces the risks of infection and skin irritation 

and improves user comfort for prolonged use. Additionally, capacitive electrodes are ideal for 

portable applications, particularly in devices integrated into smart clothing, facilitating 

continuous brain activity monitoring without physical constraints. This principle enables EEG 

signal acquisition while maintaining a physical separation between the scalp and the electrode. 

Capacitive electrodes are less invasive than surface and microneedle electrodes. Eliminating 

skin contact removes the need for conductive gel for EEG acquisition, as required with wet 

electrodes (Hajare & Kadam, 2021). While this method is promising, some challenges remain. 

The high impedance between the electrode and the scalp results from the insulating layer, air 

gaps, and hair (S. M. Lee et al., 2016a; Shad et al., 2020; L. Yang et al., 2021). Signal 

amplitudes are low, making them unsuitable for high-quality EEG recordings. Although this 

technology avoids the risk of skin infections, further efforts are needed to develop amplifiers 

capable of acquiring higher-quality EEG signals. 

The fabrication process for capacitive electrodes is simpler than that of microneedle or surface 

electrodes. They can be produced by applying a conductive solution onto polymers, then 

covering them with an insulating material (Baek et al., 2012, 2013; S. M. Lee et al., 2010; Lim 

et al., 2007; C.-T. Lin et al., 2011; Wartzek et al., 2011) or by using a metal plate covered with 

insulating materials (Fayyaz Shahandashti et al., 2019; S. M. Lee et al., 2013; Lim et al., 2014; 
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Portelli & Nasuto, 2017; Sullivan et al., 2007). Coating techniques such as spraying, dipping, 

and spin-coating are applied to ensure uniform material deposition. 

 Microneedle electrodes generally exhibit lower impedances due to their direct contact with 

subcutaneous tissues. In contrast, surface and capacitive electrodes tend to have higher 

impedances. The electrode-skin interface impedance (EII) is a key parameter for evaluating 

electrode performance, where lower values indicate better conduction efficiency and improved 

EEG signal quality (Xue et al., 2025). 

 

1.3 Materials used for the manufacture of flexible dry electrodes 

Conductive polymers and composites are the most commonly used materials for the fabrication 

of flexible EEG electrodes. Conductive polymers and their composites have emerged as 

promising solutions due to their ability to meet combined electrical, mechanical, and 

biocompatibility requirements. Flexible EEG electrodes are designed to ensure stable contact 

with the shape of the scalp. The stability of the scalp-electrode contact ensures a comfortable 

and reliable electrical connection for measuring brain activity. The choice of materials depends 

on specific design requirements, intended use, and manufacturer preferences. 

To prevent signal loss during EEG measurements and ensure stable contact at the electrode-

skin interface, it is recommended to develop electrodes using flexible materials (L. Cheng et 

al., 2023; E. K. Lee et al., 2021; B. Yao et al., 2022). Connectors are generally made from 

materials such as stainless steel or other metals that provide good conductivity and durability. 

Insulating materials are used to cover certain parts of the electrode to prevent unintended 

electrical contact. In some cases, electrodes need to be attached to the scalp, requiring an 

adhesive layer. The adhesive must securely maintain the connection to the skin without causing 

discomfort. 

For the fabrication of flexible EEG electrodes, polydimethylsiloxane (PDMS), polyurethane 

(PU), polyimide (PI), polymethyl methacrylate (PMMA), polyethylene terephthalate (PET), 

polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS), thermoplastic 

polyurethane (TPU), and poly(3,4-ethylenedioxythiophene): polystyrene sulfonate 

(PEDOT:PSS) are among the most suitable materials due to their flexibility and 
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biocompatibility (Hassan et al., 2022; Heng et al., 2022; B.-C. Kang et al., 2019; S.-J. Park et 

al., 2023; Sayyad et al., 2025a; T. Zeng et al., 2024; Zhuo et al., 2025). PDMS is the most 

commonly used material due to its flexibility, biocompatibility, and durability (Y. Li et al., 

2022; Raspopovic et al., 2021).  The combination of polymers with carbon reinforcements such 

as carbon nanotubes (CNTs), carbon black, carbon fibers, and graphene enables the fabrication 

of flexible electrodes for EEG measurements (Ai et al., 2024; Del Bosque et al., 2023; Hossain 

et al., 2022; Ruffini et al., 2006; Yun et al., 2023).  Flexible polymer resins such as SU-8 are 

also used for manufacturing flexible electrodes (Srivastava et al., 2015). The choice of 

substrate depends on specific objectives and requirements (Sayyad et al., 2024). Advances in 

thin-film technologies allow for the deposition of metals such as silver/silver chloride 

(Ag/AgCl) and gold in ultra-thin layers on flexible polymers to improve electrical conductivity 

and reduce skin-electrode contact impedance. 

A major challenge related to incorporating conductive additives into polymer matrices is the 

development of conductive blends with the lowest possible additive proportion to preserve the 

mechanical properties of the matrix while minimizing implementation and manufacturing costs 

(Kuester et al., 2016). The critical quantity of conductive additive in the mixture, at which the 

system’s conductivity abruptly changes, is known as the electrical percolation threshold. This 

threshold depends on several factors, such as the volume fraction of the conductive filler, 

morphology, intrinsic properties of components, compatibility between the insulating polymer 

matrix and the conductive filler, particle shape, aspect ratio and orientation of the filler, 

interfacial tension between the conductive and insulating phases, and the dispersion and 

distribution of conductive fillers in the polymer matrix (Méndez et al., 2017; Mohd Radzuan 

et al., 2017). Several techniques exist to reduce the electrical percolation threshold, including 

the appropriate selection of system phases and the use of optimal manufacturing conditions 

(Azizi et al., 2018; Kuester et al., 2016). However, the fabrication method often has a dominant 

influence on achieving a low percolation threshold (J.-K. Yuan et al., 2011). Parameters such 

as temperature, mixer rotation speed, and mixing time (in molten or solvent state) tend to affect 

the electrical conductivity values of composites. Optimizing these parameters enables the most 

suitable combination for manufacturing conductive composites with low electrical percolation 

thresholds (Mondal et al., 2017; Yousefzade et al., 2016).   
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Electrodes made from a combination of different materials, called hybrid electrodes, optimize 

the electrical and mechanical properties of flexible EEG electrodes. Carbon-based 

reinforcements or metallic nanoparticles embedded in polymers are often used to fabricate 

hybrid electrodes (L. Yang, Liu, et al., 2022). The combination of metals and polymers allows 

the creation of hybrid electrodes that combine the flexibility of polymers with the electrical 

conductivity of metals. These hybrid electrodes improve conductivity and mechanical 

durability while reducing motion artifacts. Low-melting-point alloys, such as bismuth-indium-

tin (Bi/In/Sn), gold (Au), silver (Ag), copper (Cu), and platinum (Pt), are widely used due to 

their excellent electrical conductivity and chemical stability. Carbon nanotubes, carbon black, 

and graphene are combined with metals to improve the electrical conductivity of flexible 

electrodes while maintaining acceptable mechanical flexibility. The use of each material 

presents promising prospects for improving EEG electrode performance, while requiring 

careful attention to sustainability and safety concerns for human health. 

Extensive research has explored different geometries of dry polymer-based electrodes to 

reduce contact impedance and enhance user comfort. Harati & Jahanshahi (Harati & 

Jahanshahi, 2021) designed a 3D-shaped EEG electrode made of silicone with four legs to 

improve adaptation to the skin. To ensure optimal conductivity, copper (Cu) was chosen as the 

primary conductive layer. Each leg had dimensions of 4 mm × 4 mm, while the entire electrode 

measured 14 mm in width, 14 mm in length, and 13 mm in height. Flexible dry electrodes were 

mechanically and electrically characterized separately. Mechanical characterization included 

tensile strength measurements and a specific endurance test simulating running. Electrical 

characterization involved measuring contact impedance and recording EEG signals under 

open- and closed-eye conditions. The results indicate that the electrode can withstand over 

50,000 impacts for approximately 11 hours without electrical failure. The maximum elongation 

at break was approximately 80%. The contact impedance at 10 Hz was 20 kΩ at FP1 and 70 

kΩ at O1. Y. Zhao et al. (Y. Zhao et al., 2025)  developed a flexible dry EEG electrode in the 

shape of a disc using polypyrrole (PPy). The results show that this electrode maintains a stable 

impedance of approximately 15 kΩ over an extended monitoring period while offering 

excellent breathability, optimal comfort, and good portability. At 10 Hz, the impedance of the 

PPy leather electrodes was comparable to that of commercial gel electrodes, both around 15 
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kΩ. To evaluate the relationship between skin interface impedance and applied pressure, tests 

were conducted under loads ranging from 0 N to 80 N. The results indicate that a pressure of 

10 N results in an 8 kΩ decrease in interface impedance. Finally, the measured impedances at 

FP1 and FP2 were 12 kΩ and 13 kΩ, respectively. Fiedler et al. (Fiedler et al., 2018a) 

developed multi-pin EEG electrodes made of polyurethane (PU) coated with silver using a 

multi-step chemical coating process. Each electrode systematically contained 30 pins, each 

with spherical tips measuring 1 mm in diameter, a height of 6 mm, and a center-to-center 

spacing of 2.4 mm. Applying a normal force of at least 2 N resulted in reproducibly low skin-

electrode impedance. Specifically, for a force of 2 N, all impedance measurements for 

electrodes with Shore hardness values of A98 and A90 remained below 250 kΩ. A normal 

force of 2 N, corresponding to a contact pressure of 0.9 kg/cm², combined with a Shore A90 

substrate, ensured low and stable impedances while providing good wearing comfort for the 

multi-pin electrodes. Kappel et al. (Kappel et al., 2019) developed an auricular EEG electrode 

composed of a titanium (Ti) substrate coated with iridium oxide (IrO₂) and electrically 

protected by a silver (Ag) casing. To evaluate the quality of the EEG electrode, participants 

were instructed to keep their eyes open while watching a silent film and then relax with their 

eyes closed. A sound signal indicated the transition between conditions every 60 seconds. The 

impedance measured at approximately 50 Hz for electrodes placed in the ear canal was 435 

kΩ for the IrO₂ electrode. D. Y. Kim et al. (D. Y. Kim et al., 2018) developed a nanoporous 

platinum electrode deposited in the L2 phase (L2-ePt). The L2-ePt electrodes were compared 

to commonly used clinical electrodes, including gold cup electrodes and flat platinum 

electrodes (FlatPt). Skin-electrode impedance was measured at 30 Hz using an impedance 

analyzer, as this frequency falls within the EEG spectrum and serves as a standard reference 

for monitoring the impedance of skin electrodes during EEG recordings. Signals were acquired 

using the L2-ePt electrode, alternating between open-eye and closed-eye cycles every 20 

seconds for a total duration of two minutes. The impedance measurements obtained at 30 Hz 

were as follows: 10.0 ± 6.03 kΩ for the L2-ePt electrode, 26.10 ± 11.83 kΩ for the FlatPt 

electrode, and 12.23 ± 2.78 kΩ for the gold cup electrode.    

K. Gao et al. (K. Gao et al., 2024a) developed a pin-shaped EEG electrode made of 

polyurethane (PU) that is capable of penetrating hair to establish good contact with the scalp. 
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The electrode's surface was covered with silver-plated conductive fabric to enhance its 

conductivity. The results showed that the electrode had an average contact impedance of 10.9 ± 

2.7 kΩ and an EEG signal quality comparable to that of wet electrodes. The PU electrode 

structure was mounted on a circular base with a diameter of 17 mm and a thickness of 3 mm. 

Six columns were distributed on this base, each with a diameter of 2.5 mm at their base and 2 

mm at their top. Zheng et al. (Y. Zheng et al., 2024) designed a two-channel EEG headband 

incorporating dry electrodes made of multilayer graphene doped with gold. For EEG signal 

recording, volunteers performed a sequence alternating between 5 seconds with their eyes 

closed and 5 seconds with their eyes open. Measurements revealed that the dry electrode had 

a contact resistance of approximately 20.7 kΩ with the scalp. De Camp et al. (de Camp et al., 

2018) developed a dry, self-adhesive, non-metallic EEG electrode based on poly(3,4-

ethylenedioxythiophene) (PEDOT). These PEDOT polymer electrodes had a round shape with 

a diameter of 3 mm and a thickness of 2 mm. Impedance was measured before and after 

polymerization at various frequencies. Before polymerization, the impedance values were 59 

kΩ at 10 Hz, 20 kΩ at 100 Hz, and 11 kΩ at 500 Hz (standard deviation: 0.2 kΩ). After 

polymerization, the impedance values significantly decreased to 1.4 kΩ at 10 Hz, 1.4 kΩ at 

100 Hz, and 1.4 kΩ at 500 Hz (standard deviation: 0.2 kΩ). These results demonstrated a 

significant reduction in impedance after polymerization, suggesting improved conductive 

properties of the electrode. K.-P. Gao et al. (K.-P. Gao et al., 2018) developed a pin-shaped 

dry EEG electrode, in which micro-bristles located at the top of the flexible pins were made 

from a composite of carbon fiber and polyurethane (PU) doped with carbon nanotubes (CNT).  

To reduce the contact impedance between the electrode and the scalp, the surfaces of the carbon 

fibers were coated with gold.  The evaluation of the average skin-electrode contact impedance 

among five subjects revealed a value of 133 kΩ. In comparison, the wet electrode, secured 

with an adhesive gel, underwent an impedance check, ensuring a value below 5 kΩ before and 

after EEG measurements. During the recording, subjects alternated between open-eye and 

closed-eye periods according to specific instructions to assess the quality of the EEG signal 

captured by the dry electrode. J. H. Kim et al. (J. H. Kim et al., 2018) developed a carbon 

nanotube (CNT) and polydimethylsiloxane (PDMS) nanocomposite for wearable electronics 

applications.  Increasing the CNT content improved electrical conductivity; however, electrical 
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resistance stabilized beyond 4 wt% CNT. EEG recordings were performed using alternating 

60-second cycles of open and closed eyes. No noise artifacts resulting from body movements 

or external interference were detected. The contact impedance was not assessed in this study. 

To assess the electrical stability of the material, mechanical tensile cycling tests were 

performed on PDMS/CNT samples. The CNT/PDMS composites exhibited a surface 

resistance below 20 Ω/sq, a tensile strength of 3.65 MPa, an elastic strain of more than 45%, 

and a gauge factor reaching 10,000 cycles. 

 

1.4 Applications of Flexible Dry Electrodes 

Flexible dry electrodes have promising applications in the clinical field, particularly for long-

term monitoring of patients with neurological disorders (S. Liu et al., 2024; Song et al., 2025; 

D. Yang et al., 2025). These electrodes are especially beneficial for sensitive populations, such 

as children and the elderly, due to their minimally invasive nature and reduced risk of skin 

irritation (Cioffi et al., 2024). The ease of use of flexible dry electrodes makes them ideal for 

telemedicine and remote monitoring. They enable continuous patient tracking in their daily 

environment, contributing to more accurate diagnoses and personalized care. The increasing 

adoption of flexible dry electrodes in these applications is supported by technological 

advancements, particularly in the development of flexible conductive materials, which offer 

an optimal balance between conductivity, flexibility, and comfort. 

Dry electrodes play a crucial role in the development of wearable technologies and brain-

computer interfaces (BCI), thanks to their ease of integration and ability to function without 

skin preparation (Ajel et al., 2024; Y. Cheng et al., 2025; Zhang et al., 2024). They are 

integrated into lightweight EEG headsets and smart headbands to monitor brain activity during 

daily activities, meditation sessions, or sports training (H. Zeng et al., 2024). Their portability 

enables real-time monitoring, which is useful for stress management or enhancing cognitive 

performance. Dry electrodes are increasingly being used in smart textiles for non-clinical 

applications, such as concentration tracking, mental fatigue detection, or even controlling 

electronic devices through thought (Sayyad et al., 2025b; Zare et al., 2025). This opens up 
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innovative prospects in the fields of gaming, virtual reality, and connected work environments 

(Ha et al., 2025; B.-H. Lee & Yin, 2024; S. Xu et al., 2024).  

These applications highlight the potential of dry electrodes to transform not only the medical 

sector but also users' everyday lives by making EEG devices more accessible and adaptable to 

a wide range of contexts. 

 

1.5 Current challenges and future perspectives of flexible dry electrodes 

Flexible dry electrodes offer a promising alternative to traditional wet electrodes, particularly 

in terms of ease of use and comfort. Research into new composites with conductive fillers 

could help achieve an optimal balance between flexibility, conductivity, and biocompatibility 

(J. Zhao et al., 2024).  Advances in technology using simple manufacturing processes could 

enable the development of electrodes better adapted to individual user morphology, thus 

improving both comfort and signal quality (X. Gao et al., 2024). The fabrication of electrodes 

using composite materials that offer an acceptable compromise between flexibility and 

electrical conductivity could pave the way for applications in dynamic environments, such as 

EEG measurements during movement, continuous home monitoring, and even brain-machine 

interfaces for sports activities (T. W. Kang et al., 2024; Y. Wang et al., 2025a).  

The future of flexible EEG electrodes relies on material and technological innovations. The 

use of recyclable or biodegradable materials could represent a significant breakthrough in 

minimizing the environmental impact of disposable devices. Additionally, integrating 

advanced nanomaterials, such as hybrid nanocomposites, could enhance conductivity while 

maintaining the required flexibility and biocompatibility. The absence of standardized 

protocols and reference benchmarks in studies makes it difficult to compare and validate results 

across different research teams, thereby hindering the development of reliable and reproducible 

flexible dry electrodes (Beyrouthy et al., 2024; Ma, 2024; K. Yang et al., 2024). Corrosion is 

another major challenge for dry electrodes made of metallic materials intended for prolonged 

use in wearable healthcare devices. Despite numerous studies on these electrodes, the impact 

of corrosive environments, such as sweat, on their performance remains poorly documented. 
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Given that these electrodes are in direct contact with the skin and exposed to sweat, it is crucial 

to assess their corrosion resistance and surface stability over time (Camarinha et al., 2025).  

One of the major challenges in the design of dry electrodes is finding a balance between 

ensuring sufficient electrical contact for high-quality signals and maintaining a mechanical 

force that does not cause excessive discomfort on the scalp (Sun et al., 2025). A painless 

flexible dry electrode would provide better softness and adaptability but would require a 

hairless scalp or specific skin preparation to ensure adequate contact. Hair-equipped electrodes 

with micro-spikes have been found to be an effective solution for establishing sufficient skin 

contact while ensuring comfortable wear for adults. This balance between mechanical force 

and comfort is particularly crucial in neonatal applications, where ensuring optimal contact 

without compromising skin integrity is a major challenge. Given that the skin of newborns is 

much more sensitive than that of adults, the development of flexible and mechanically less 

rigid electrodes could be a promising approach to facilitate their adoption in neonatal 

environments (Asayesh et al., 2025). 

To ensure optimal functionality, materials used in EEG electrode fabrication must exhibit high 

biocompatibility to prevent immune reactions or inflammation, high conductivity for efficient 

signal transmission, and sufficient flexibility to adapt to movements and maintain stable skin 

contact (Z. Wang, 2025). Enhancing the manufacturing techniques for flexible EEG electrodes 

by combining precision with simplified processes, as well as optimizing characterization 

methods, is essential for their further development. Exploring new materials and integrating 

innovative manufacturing processes could open new perspectives in the design of these 

electrodes. Such advancements would promote better flexibility, increased comfort, and 

optimized performance, thus strengthening their adoption in various portable applications 

(Azeem et al., 2025). The impedance of dry electrodes in contact with the scalp can reach 

several hundred kΩ, which remains significantly higher than that of wet electrodes, typically 

around a few kΩ (Erickson et al., 2024; Luiz G. Ferreira & Pimenta, 2024). Optimizing EEG 

electrode geometry, combined with the integration of alternative materials, could represent a 

significant advancement in reducing contact impedance. These challenges and innovations will 

define the next steps toward more efficient, durable EEG electrodes that are suitable for daily 
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use in various environments. Despite its limitations, EEG remains a valuable and widely used 

tool for studying brain function across diverse applications. 

 

1.6 Conclusion 

Dry electrodes eliminate the limitations associated with conductive gels, particularly gel 

drying, which compromises signal stability during long-term recordings. In contrast, 

conventional wet electrodes require extensive preparation steps, including skin abrasion, gel 

application, impedance optimization, and post-measurement cleaning. These procedures are 

time-consuming, operator-dependent, and prone to variability. Moreover, gel drying can 

induce signal degradation, skin irritation, and artefacts such as gel bridging between electrodes, 

thereby limiting their suitability for prolonged and real-world monitoring conditions. These 

constraints highlight the need for alternative electrode technologies capable of ensuring stable 

electrical coupling without compromising usability. 

Within this context, the development of dry electrodes relies on a set of quantitatively defined 

performance criteria established at the outset of this work. From an electrical standpoint, the 

electrode/skin contact impedance should remain below 5 kΩ, while the bulk electrical 

conductivity of the material should be on the order of 10⁻² S/m or higher to ensure efficient 

signal transmission. From a mechanical perspective, the electrode must be as flexible as 

possible to ensure optimal conformability to the scalp. This requirement is assessed through 

the storage modulus (E′), which should remain as close as possible to that of the neat soft 

polymer matrix, thereby preserving the intrinsic flexibility of the material and ensuring 

effective electrode-scalp contact over time. 

From a user perspective, comfort represents a key performance criterion that must be explicitly 

considered. The electrode should not induce any skin irritation, discomfort, or pain during use, 

even over prolonged recording periods. This requirement is directly linked to the mechanical 

compliance of the material and its ability to maintain gentle and stable contact with the scalp 

without generating localized stress concentrations. 
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Finally, cost considerations are explicitly integrated into the design strategy by aiming to 

minimize the use of high-cost conductive fillers while maintaining the targeted electrical and 

mechanical performance. 

Existing electrode technologies only partially satisfy these requirements. Microneedle 

electrodes achieve low impedance but are limited by fabrication complexity, mechanical 

fragility, and potential risks associated with skin penetration. Capacitive electrodes enable non-

contact measurements but remain highly sensitive to motion artefacts. Surface dry electrodes 

represent a promising alternative, although challenges related to motion sensitivity and long-

term stability persist. 

Overall, this work highlights the central role of material design in advancing EEG electrode 

technologies. The results demonstrate that flexible conductive polymer composites, 

particularly based on hybrid conductive networks, provide a robust solution to simultaneously 

meet the targeted performance criteria. This approach enables the development of dry, flexible, 

and cost-effective multipin electrodes compatible with scalable manufacturing processes, 

while ensuring a high level of user comfort. Ultimately, these advances facilitate the transition 

of EEG systems from controlled laboratory environments toward wearable, portable, and large-

scale applications, thereby expanding their accessibility and impact. 
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CHAPITRE 2 

 

PROPERTIES OF POLYMER MATERIALS FOR 

ELECTROENCEPHALOGRAPHY 

The materials used to manufacture EEG electrodes can be classified according to their 

electrical, mechanical, and thermal properties. This chapter focuses primarily on dielectric 

materials used in the fabrication of conductive polymer composites. The concepts presented 

provide the theoretical foundation necessary for understanding and interpreting the physical 

and electrical properties of the composites studied, as observed during experimental 

measurements and analyzed using the models discussed in this thesis. Although these concepts 

are addressed in several reference works, this chapter aims to gather and organize them in a 

coherent, easily accessible manner. 

To ensure reliable, stable operation of EEG electrodes, the materials used in their manufacture 

must have appropriate physical properties. Among these, the electrical properties of the 

conductive reinforcements and the dielectric properties of the polymer matrix play a crucial 

role, as they directly influence the composite's electrical conductivity, the skin/electrode 

contact impedance, and the quality of the measured EEG signal. However, the materials used 

in these electrodes are also subjected to thermal, mechanical, and environmental stresses 

during use. Consequently, the analysis of their performance generally relies on the study of 

their thermal, electrical, and mechanical properties. 

This classification provides an important basis for analyzing the behavior of the conductive 

polymer composites studied in this thesis, particularly their dielectric properties, electrical 

percolation phenomena, and their influence on skin/electrode contact impedance and on the 

quality of EEG signals. 
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2.1 Thermal properties 

The content of this section is based primarily on the concepts and models described in the 

scientific literature, particularly in (McCrum et al., 1997; Oswald & Mendes, 2012a). 

2.1.1 Glass transition temperature 

The glass transition temperature (Tg) is a fundamental thermal property of amorphous 

polymers as well as of amorphous regions present in semi-crystalline polymers. This parameter 

is particularly important for polymeric materials such as thermoplastic elastomers (TPU, 

SEBS, EVA) or certain thermosetting polymers, such as PDMS, since it corresponds to the 

transition of the material from a rigid glassy state to a rubbery state characterized by increased 

molecular mobility. 

The glass transition temperature depends primarily on the polymer's chemical structure, 

particularly the flexibility of the macromolecular chain and the intermolecular interactions 

present in the material. It can also be influenced by the presence of additives, solvents, or 

plasticizers. Indeed, the introduction of these compounds generally tends to increase the 

segmental mobility of the polymer chains, which most often leads to a decrease in the glass 

transition temperature. This variation can be estimated using a thermodynamic mixing rule, 

expressed by the following equation: 

௚ܶ௠ =  
௧௣ߙ௣ߔ ௚ܶ௣ − (1 − (௣ߔ ௚ܶ௦

௣ߔ௧௣ߙ + (1 − ௧௦ߙ(௣ߔ
 

(2-1) 

 

where ௚ܶ௠, ௚ܶ௣et ௚ܶ௦ are respectively the glass transition temperatures of the mixture, the 

polymer and the solvent or plasticizer; ߔ௣ the volume fraction of the polymer in the mixture; 

 ௧௦  are respectively the linear coefficients of thermal expansion of the polymer andߙ ௧௣ andߙ

the solvent. 

In immiscible polymer blends, it is common to observe two distinct glass transition 

temperatures, each associated with the amorphous phase of a specific polymer. The presence 
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of these two transitions generally reflects phase separation within the material, indicating that 

the constituent polymers do not form a homogeneous system at the molecular level. 

The glass transition temperature can be determined experimentally using Differential Scanning 

Calorimetry (DSC), a technique widely used to characterize the thermal transitions of polymer 

materials. 

In the case of flexible polymer-based EEG electrodes, the glass transition temperature directly 

influences the material's mechanical properties. When the operating temperature exceeds the 

glass transition temperature (Tg), the polymer enters a rubbery state, characterized by greater 

mobility of the macromolecular chains. This state gives the material improved deformability 

and an increased ability to conform to the irregularities of the scalp surface, thus enhancing 

skin-electrode contact. 

In the case of EEG electrodes applied to the scalp, human skin temperature is generally 

between 32 and 35°C, while the operating temperature is usually ambient temperature. 

Therefore, polymers with a glass transition temperature lower than the scalp temperature or 

the operating temperature remain in a rubbery state. This state gives the material better 

mechanical conformity, facilitating its adaptation to the irregular surface of the scalp and 

contributing to the stability of the electrode/skin contact, which is essential for reliable EEG 

signal acquisition. The operating condition can be expressed as: 

௢ܶ௣௘௥௔௧௜௢௡ >  ௚ܶ (2-2) 

where ௢ܶ௣௘௥௔௧௜௢௡  is the material's service temperature and ௚ܶ, the glass transition temperature 

of the polymer or mixture. 

2.1.2 Degradation temperature 

One property of the polymers used in EEG electrodes is their thermal stability, which prevents 

thermal degradation of the material, particularly when these polymers are used as copolymers 

or in polymer/solvent or polymer/conductive reinforcement mixtures. Thermal degradation of 

polymers refers to all the chemical and physical transformations that occur when the material 

is subjected to high temperatures. These transformations can lead to irreversible alterations of 
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the macromolecular structure, thus affecting the mechanical, thermal, and electrical properties 

of the polymer. 

To assess the thermal stability of polymers and polymer composites, one of the most commonly 

used techniques is thermogravimetric analysis (TGA). This method involves measuring the 

mass change of a sample as a function of temperature or time in a controlled atmosphere. TGA 

allows for the determination of several important parameters, such as the degradation onset 

temperature, the different stages of thermal decomposition, and the residual fraction of the 

material after degradation. This information is particularly useful for evaluating the thermal 

stability of polymer composites containing solvents, plasticizers, or conductive 

reinforcements. In the case of materials used to manufacture EEG electrodes, TGA analysis 

verifies that the polymers and composites exhibit sufficient thermal stability for the 

manufacturing and operating conditions. 

2.1.3 block copolymers 

The concept of block copolymers is presented in this section based on references available in 

the literature (Demazy, s. d.-a; Lahittete, s. d.-a; Oswald & Mendes, 2012b). Copolymers are 

polymers composed of at least two different types of monomers incorporated within the same 

macromolecular chain. When the monomer units are grouped into distinct segments called 

blocks, they are referred to as block copolymers. In these materials, each block generally 

corresponds to a sequence of identical repeating units, and the different blocks are linked 

together by covalent bonds. Depending on the organization of the monomer units along the 

polymer chain, several architectures can be distinguished, including random, alternating, 

grafted, and block copolymers. Among these architectures, block copolymers occupy a special 

place due to their structural and functional properties. In these systems, the different blocks 

generally possess distinct chemical properties, which can lead to micro-phase separation and 

the formation of organized domains at the nanoscale. 

Block copolymers can exhibit different molecular architectures depending on the number and 

arrangement of the blocks. The most common structures include diblock (AB), triblock (ABA 

or ABC) copolymers, as well as more complex architectures such as star, branched, or 
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multiblock copolymers. Schematic examples of these architectures are illustrated in figure 2.1. 

In the context of flexible EEG electrodes, certain block copolymers are of particular interest 

due to the chemical structure of their different domains. For example, SEBS (styrene-ethylene-

butylene-styrene) is a triblock copolymer in which rigid polystyrene domains are dispersed in 

an ethylene-butylene elastomer matrix, giving the material good flexibility and mechanical 

stability, properties important for ensuring stable electrode-skin contact during EEG signal 

acquisition. 

 

Figure 2.1 : Schematic representations of different block copolymer architectures: (a) linear 
diblock copolymer AB, (b) linear triblock copolymer ABA, ( c) linear triblock copolymer 

ABC, (d) star diblock copolymer AB , (e) branched diblock copolymer AB and (f) star 
triblock copolymer ABC. 

(Taken from (Demazy, s. d.-a)) 

2.1.4 Morphology of block copolymers and localization of conductive fillers 

As introduced in the previous section, block copolymers (BCP) are macromolecules composed 

of two or more chemically distinct polymer chains covalently bonded together. Their structural 

organization and resulting morphologies are discussed in this section based on literature reports 

(Allahverdieva et al., 2023; Cabrini, s. d.; Chervanyov, 2023, 2025; Demazy, s. d.-b; Forcina, 

s. d.; Kakhramanov & Allahverdiyeva, 2023; Lahittete, s. d.-b; Sumita et al., 1991a; Wilkinson 

et al., 2022). Due to the thermodynamic incompatibility between these blocks, BCP systems 

exhibit microphase separation, leading to the formation of well-defined nanostructures or more 

complex morphologies. Unlike conventional polymer blends, the covalent linkage between 

blocks prevents macroscopic phase separation, confining the segregation to the nanoscale. 
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To better understand this behavior, it is useful to consider linear diblock copolymers of the AB 

type. Phase separation directly depends on the chemical affinity between the block species. 

Repulsive interactions between chemically distinct segments tend to minimize their contact, 

while the covalent bond between the blocks constrains this separation to the nanoscale. As a 

result, the system adopts a conformation that minimizes its free energy at thermodynamic 

equilibrium. The thermodynamics of this process can be described using the Flory–Huggins 

theory. The free energy of mixing (ܩெ) for a binary system is given by: 

ெܩ∆
஻ܶܭ

=  ஺݂

஺ܰ
ln( ஺݂) + ஻݂

஻ܰ
ln( ஻݂) + ߯஺஻ ஺݂ ஻݂ 

(2-3) 

 

where ஺݂ and ஻݂ are the volume fractions of blocks A and B (with ஺݂ + ஻݂ = 1), ஺ܰ and ஻ܰ are 

their respective degrees of polymerization, and ߯஺஻ is the Flory–Huggins interaction 

parameter. This parameter, which represents the enthalpic contribution of the system and 

quantifies the incompatibility between A and B monomers, is defined as: 

߯஺஻ = (
ݖ

஻ܶܭ
஺஻ߝ)( −

1
2

஺஺ߝ) +  ஻஻)) (2-4)ߝ

where ݖ is the coordination number, ܭ஻ is the Boltzmann constant, and T is the absolute 

temperature. The terms ߝ஺஻, ߝ஺஺, and ߝ஻஻ correspond to the interaction energies between A–B, 

A–A, and B–B monomer pairs, respectively. 

The degree of microphase separation is governed by the product ߯ே, where N = ஺ܰ+ ஻ܰ  is the 

total degree of polymerization. When ߯ே <10, entropic contributions dominate and the system 

remains disordered. As ߯ே, approaches a critical value of approximately 10, the system 

undergoes an order–disorder transition (ODT), corresponding to the weak segregation limit 

(WSL). For ߯ே >10, the system enters the strong segregation regime, characterized by well-

defined and periodically ordered nanostructures. The equilibrium morphology depends 

strongly on the volume fraction of the blocks. 

In addition to thermodynamic parameters, processing conditions such as thermal annealing, 

solvent vapor annealing, or external fields play a critical role in promoting self-assembly and 

driving the system toward equilibrium. These conditions influence domain orientation, 

periodicity, and long-range order, where interfacial effects become significant. Within this 

microphase-separated structure, the incorporation of conductive fillers such as carbon black 
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(CB) or carbon nanotubes (CNT) introduces an additional level of structural complexity. The 

spatial distribution of these fillers is not random but is governed by thermodynamic interactions 

and interfacial energies between the fillers and the polymer phases. Experimental observations, 

including transmission electron microscopy (TEM), reveal two main localization behaviors. 

First, fillers may preferentially disperse within a specific phase when their affinity for that 

phase is dominant, resulting in a relatively homogeneous distribution. Second, fillers may 

localize at the interface between the two phases when their interactions with both phases are 

comparable, often forming a continuous interfacial network. This localization behavior can be 

predicted using an interfacial energy approach based on the wetting coefficient, defined as: 

߱஺ =
௙ି஻ߛ − ௙ି஺ߛ

஺ି஻ߛ
 (2-5) 

where ߛ௙ି஺, ߛ௙ି஻, and ߛ஺ି஻ are the interfacial tensions between the filler and phases A and B, 

and between the two polymer phases, respectively. Depending on the value of the wetting 

coefficient, three localization regimes can be identified: 

 ߱஺  > 1: fillers preferentially localize within phase A  

 -1 < ߱஺ < 1: fillers localize at the A/B interface  

 ߱஺ < 1: fillers preferentially localize within phase B 

These conditions demonstrate that filler distribution is governed by thermodynamic 

compatibility and interfacial energy minimization. In particular, interfacial localization is 

highly advantageous, as it promotes the formation of continuous conductive networks at lower 

filler loadings, thereby reducing the percolation threshold and enhancing electrical 

conductivity. Consequently, the spatial distribution of conductive fillers within block 

copolymer systems plays a crucial role in determining the final electrical properties of the 

composite. A controlled localization of fillers, especially at interfaces, enables the optimization 

of conductivity while preserving the mechanical integrity and flexibility of the material. 

In the context of this thesis, these concepts are particularly relevant for SEBS-based 

composites filled with CB and CNT. The microphase-separated structure of SEBS, composed 

of rigid polystyrene domains dispersed within a soft elastomeric matrix, provides a favorable 

environment for selective filler localization, either within the elastomeric phase or at the 

interfaces between domains. Controlling this distribution represents a key strategy to achieve 
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an optimal balance between electrical conductivity, mechanical flexibility, and stable 

electrode/skin contact, which are essential requirements for the development of high-

performance dry EEG electrodes. 

 

2.2 Mechanical properties 

This section is primarily based on the concepts reported in (McCrum et al., 1997). 

The flexibility of the polymers used to manufacture EEG electrodes is a crucial parameter for 

ensuring proper electrode adaptation to the scalp surface and improving user comfort during 

signal acquisition. Using stress-strain curve analysis, several parameters describing the 

mechanical behavior of polymer materials can be experimentally determined. 

Among these parameters, the modulus of elasticity E represents a fundamental quantity. It 

corresponds to the slope of the initial linear region of the stress-strain curve. In this region, the 

material exhibits elastic behavior, characterized by a proportional relationship between the 

applied stress and the resulting strain, in accordance with Hooke's law. 

ߪ =  (2-6) ߝܧ

 

Or 

 is the applied stress (Pa) : ߪ

 ,is the modulus of elasticity (Pa) : ܧ

 is the relative deformation : ߝ

Stress is the force applied per unit area to a material. Strain, on the other hand, is defined as 

the ratio of the material's elongation to its initial length. This parameter quantifies a material's 

ability to deform when subjected to mechanical stress. 

The modulus of elasticity can be determined from various mechanical tests, such as tensile or 

compression tests. It can also be evaluated using dynamic mechanical analysis methods, 

notably Dynamic Mechanical Thermal Analysis (DMTA). This technique allows the 
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characterization of the viscoelastic behavior of materials by measuring the storage modulus E′, 

associated with the elastic component of the material's response, as well as the loss modulus 

E′′, which reflects the viscous component. These parameters can be studied as a function of 

temperature or frequency. 

Dynamic mechanical analyses are of particular interest because they allow the mechanical 

behavior of materials to be characterized over time and frequency scales that are more 

representative of real-world operating conditions. These measurements are based on the 

principle that, during a dynamic mechanical stress applied to a viscoelastic material, the energy 

supplied to the system is distributed between two contributions: one part is stored elastically 

within the material, while another part is dissipated as heat due to internal viscous phenomena. 

The calculation of mechanical parameters under dynamic conditions relies on the relationship 

between stress σ and strain ε. The stress generated in a polymer sample when subjected to a 

small-amplitude sinusoidal longitudinal strain ε, characterized by a frequency ω, also varies 

sinusoidally, but with a phase shift δ relative to the strain. The strain and stress at a given time 

t can be expressed as follows: 

ߝ =  (7-2) (ݐ߱) ௢sinߝ

ߪ = ݐ߱) ௢sinߪ +  (2-8) (ߜ

Where ߝ௢ is the amplitude of the strain and ߪ௢ is the amplitude of the stress. The stress equation 

can be transformed into the form: 

ߪ = ߜݏ݋ܿݐ௢sin߱ߪ +  (2-9) ߜ݊݅ݏݐ௢cos߱ߪ

In the expression of constraint, the term ߪ௢ܿߜݏ݋ is in phase with the deformation and 

corresponds to the stored elastic energy, and the term ߪ௢ߜ݊݅ݏ   is phase-shifted by 90° with 

respect to the deformation and corresponds to the dissipated viscous energy. From the 

preceding equations, it is possible to define the storage modulus and the loss modulus. The 

storage modulus ܧᇱrepresents the elastic part of the mechanical response, associated with the 

energy stored in the material, and is given by the following equation: 



36 

 

ᇱܧ =
௢ߪ
௢ߝ
 (2-10) ߜݏ݋ܿ

The loss modulus ܧ′ᇱ represents the viscous part of the response, associated with the energy 

dissipated as heat, and is given by the following equation: 

ᇱ′ܧ =
௢ߪ
௢ߝ
 (2-11) ߜ݊݅ݏ

The ratio between the loss modulus and the storage modulus is defined as the loss factor, 

usually denoted by ߜ݊ܽݐ. This parameter indicates the relative importance of viscous and 

elastic contributions to the viscoelastic behavior of the material. It thus allows us to assess a 

polymer's ability to dissipate energy as heat compared to the energy stored elastically during 

dynamic mechanical stress. 

E′ storage module is a particularly relevant parameter, as it provides a direct indication of the 

material's elastic stiffness. This parameter is closely linked to the polymer electrode's ability 

to adapt to the scalp surface while maintaining stable mechanical contact, an essential 

condition for ensuring the quality of EEG signal acquisition. 

Dynamic modules can also be expressed as a complex module: 

∗ܧ = ᇱܧ  +  ᇱ (2-12)′ܧ݅

The complex modulus describes the dynamic mechanical behavior of polymers under small 

deformations. The absolute value of the complex modulus is given by: 

ܧ = ඥܧᇱଶ +  ᇱᇱଶ (2-13)ܧ

In the case of flexible EEG electrodes, the mechanical properties of the polymers play a crucial 

role in device performance. The materials used must exhibit a relatively low modulus of 

elasticity or storage modulus to ensure good flexibility and mechanical conformity to the 

curved surface of the scalp. This mechanical conformity promotes better skin/electrode 

coupling, which helps reduce contact impedance and improve EEG signal stability. Therefore, 

evaluating the mechanical properties of the materials used in the manufacture of EEG 

electrodes is essential for optimizing the design of flexible dry EEG electrodes. 
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2.3 Electrical property 

This section presents a synthesis of knowledge from the scientific literature and is based mainly 

on the work reported in (Gnonhoue, 2021; M. Guo, 2017; Heid, 2015; Helgeson, 2000; Kremer 

& Schönhals, 2003; Oswald & Mendes, 2012a). 

2.3.1 Dielectric behavior 

2.3.1.1 Dielectric coefficient 

Dielectric materials are distinguished by the absence of free charges capable of moving over 

long distances within their structure. However, under the influence of an external electric field, 

local charge shifts can occur within the molecular chains of polymers. 

To describe the dielectric behavior of materials, one of the most commonly used electrical 

properties is relative permittivity, denoted by ߝ௥. This dimensionless quantity characterizes a 

material's ability to become polarized when subjected to an electric field. Its value depends on 

several factors, including the nature of the material, the temperature, and the frequency of the 

applied electric field. 

To introduce the concept of dielectricity, we can consider the case of a parallel plate capacitor 

consisting of two circular electrodes, connected to an electrical circuit as shown in figure 2.2. 

In this system, the accumulated electric charge Q on the electrodes is proportional to the 

voltage applied across its terminals U. 

ܳ =  (14-2) ܷܥ

Or : 

Q : stored electrical charge (C) 

C : electrical capacitance of the capacitor (F) 

U : applied voltage differential (V) 
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Figure 2.2 : Circuit for measuring the capacitance of a capacitor

The constant of proportionality C is called capacitance. The capacitance of an infinite capacitor 

with parallel plates under no-load conditions is defined by:

௢ܥ = ௢ߝ
ܣ
݀

(2-15)

Or :

௢ܥ : capacitance of the capacitor in a vacuum (F)

௢ߝ : vacuum permittivity (8.85×10 −12 ܨ⋅݉ −1)

A : area of the capacitor plates (m²)

d : distance between the plates (m)

Thus, the electrical charge stored in the vacuum capacitor is given by:

ܳ௢ = ௢ܷܥ (2-16)

When a dielectric material is placed between the plates of a capacitor, the amount of charge 

stored in the capacitor changes. This change results from the action of the applied electric field, 

which causes the appearance of polarization charges within the dielectric material (figure 2.3). 

These charges arise from the local displacement of bound charges or the orientation of the 

dipoles present in the material. This polarization phenomenon is illustrated in figure 2.4.
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a)                                                                             b)

Figure 2.3: Illustration of the polarization charges in a capacitor: a) 
configuration without dielectric, b) configuration with a dielectric 

material between the plates 

The new charges appearing between the metal plates of the capacitor are called ܳ௉. Thus, the 

total charge becomes:

ܳ = ܳ௢ + ܳ௉ (2-17)

Or:

Q: total charge stored in the capacitor (C)

ܳ௢: charge in a vacuum (C)

ܳ௉ : polarization charge induced in the dielectric (C)

In general, the load can be expressed per unit area:

ܳ
ܣ

=
݋ܳ
ܣ

+
ܳܲ
ܣ

= ܦ
(2-18)

Or:

A: area of the capacitor plates (m²)

D: electrical displacement density or electric flux (C·m⁻²)

By introducing the intensity of the electric field E, the previous equation can be rewritten as:
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ܧ =
ܷ
݀

=
1
௢ߝ
ܳ௢
ܣ

=  
1

௥ߝ௢ߝ
 
ܳ
ܣ

 (2-19) 

Or : 

E: intensity of the electric field (V·m⁻¹) 

U: applied voltage differential (V) 

d : distance between the capacitor plates (m) 

 ௢ : vacuum permittivity (F·m⁻¹)ߝ

௥ߝ  : relative permittivity of the material 

The final result is: 

݋ܳ
஺

=  under a vacuum (2-20)          ܧ݋ߝ

 
ொ
஺

=  with a dielectric (2-21)           ܧ݋ߝݎߝ

 

These relationships show that the electric charge density is proportional to the applied electric 

field. 

2.3.1.2 Polarization Mechanisms 

 When an electric field is applied to a dielectric material, the dipoles present in the material 

tend to align themselves with the field. However, this alignment does not occur instantaneously 

and is generally accompanied by a time delay related to the mobility of the bound charges 

within the material. This rearrangement of the dipoles results in the appearance of electric 

polarization. 

Polarization thus corresponds to a change in the distribution of electric charges within the 

material under the influence of an external electric field. This phenomenon is associated with 

the orientation or displacement of bound charges within the molecular structure of the material. 
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An electric dipole consists of two charges of opposite signs, +Q and -Q, separated by a certain 

distance. The electric dipole moment associated with this system is defined by the following 

relation:

pሬ⃗ = ql⃗ (2-22)

Figure 2.4 illustrates the structure of an electric dipole.

Figure 2.4 : Electric dipole

The polarization due to these dipoles corresponds to the vector sum of all the dipoles per unit 

volume. Therefore, the polarization P can be defined as:

Pሬሬ⃗ =
1
Ω
෍Pనሬሬ⃗
୧∊Ω

(2-23)

Polarization is expressed in coulombs per square meter C/m² . This physical quantity therefore 

represents the density of electric dipoles present in a given volume of material.

To illustrate this phenomenon, we can consider the case of a parallel-plate capacitor. Consider 

a capacitor initially charged and then disconnected from the voltage source before a dielectric 

material is introduced between its plates. The voltage measured across the capacitor decreases 

after the dielectric is inserted. This behavior is explained by the polarization of the material, 

which generates an internal electric field opposing the applied field. Consequently, the 

introduction of the dielectric results in an increase in the capacitor's capacitance.

In this context, it is possible to define the polarization charge density at the surface of the 

dielectric material by the following relationship:
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P =  
Q୔

A
 (2-24) 

This results in the total load per unit area becoming: 

D = ε୭E + P (2-25) 

This relationship can be rewritten as: 

P = D − ε୭E (2-26) 

Using the previous relationships for the dielectric charge density per unit area, we obtain: 

D = ε୭ε୰E (2-27) 

Substituting this relationship into the previous equation, we obtain: 

P = ε୭ε୰E −  ε୭E (2-28) 

P = ε୭(ε୰ − 1)E = ε୭χE  

In the case of a linear, homogeneous, and isotropic dielectric material, the induced polarization 

in the material is proportional to the applied electric field. In other words, when the material is 

subjected to an external electric field, the relationship between the polarization Pሬሬ⃗ and the 

applied field Eሬሬ⃗ is linear. Therefore, we can write: 

 Pሬሬ⃗ = ɛ୭χEሬሬ⃗  (2-29) 

The quantity χ, called dielectric susceptibility, characterizes a material's ability to become 

polarized when subjected to an electric field. It represents a measure of a material's capacity to 

become polarized under the influence of an electric field. 

At the microscopic level, several mechanisms can contribute to the polarization of a material 

subjected to an electric field. Among these, two molecular mechanisms play a particularly 

important role: displacement polarization, associated with the relative movement of positive 

and negative charges within atoms or molecules, and orientation polarization, which results 

from the alignment of permanent dipoles present in the material under the action of the electric 

field. 
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Under the influence of an applied electric field, the charges present in a material can undergo 

a relative displacement. This displacement can correspond either to a deformation of the 

electron cloud around the atomic nucleus, called electronic polarization, or to a relative 

displacement of positive and negative ions in ionic materials, known as ionic polarization.

These mechanisms result from the displacement of charges under the influence of the electric 

field and are generally grouped under the term displacement polarization. This phenomenon is 

illustrated in figure 2.5.

Electronic polarization Ionic polarization

Orientation polarization Polarization

Figure 2.5 Polarization process

Due to their molecular structure, some molecules possess a permanent dipole moment even in 

the absence of an external electric field. When an electric field is applied, these permanent 

dipoles tend to gradually align themselves in the direction of the field. The degree of alignment 
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depends, in particular, on the intensity of the applied electric field. This mechanism is called 

orientational polarization and is also illustrated schematically in Figure 2.4. 

The alignment or reorientation of molecular dipoles under the influence of an electric field is 

not instantaneous and requires a certain amount of time. Consequently, orientational 

polarization generally occurs more slowly than displacement polarization. The time required 

for this reorientation also increases when the viscosity of the surrounding medium is higher, 

because the mobility of the molecular dipoles is then more limited. 

In the case of an alternating electric field applied at high frequency, the dipoles present in the 

material do not always manage to instantaneously follow the variations in the electric field. 

Beyond a certain characteristic frequency, the orientation of the dipoles exhibits a phase shift 

relative to the applied field. This phenomenon is known as dielectric relaxation. 

Dielectric relaxation is generally associated with dielectric losses, which correspond to a 

dissipation of energy in the form of heat due to the internal movements of polar molecules. 

When the electric field varies over time, it is often useful to describe this phase shift between 

the polarization and the electric field using complex algebra. In this context, the electric 

susceptibility is represented by a complex, dimensionless quantity. The expression for the 

complex susceptibility can then be written as follows: 

 χ ∗ (ω) = χ′(ω) − jχ′′(ω) (2-30) 

When the polarization of a material is associated with a dipolar relaxation mechanism 

characterized by a time constant τ, the frequency dependence of the complex susceptibility can 

be described using the Debye model. This model provides a simplified approach to 

representing the dielectric relaxation phenomenon, although it does not always perfectly match 

experimental observations in real materials. 

In this context, the variation of the complex susceptibility as a function of angular frequency 

can be expressed using Debye's equations, which allow us to describe the frequency behavior 

of materials exhibiting dipolar relaxation. 
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χ′(ω) = χஶ +

(χୱ − χஶ)
1 + ωଶτଶ

 
(2-31) 

 
χ′′(ω) =

(χୱ − χஶ)ωτ
1 + ωଶτଶ

 
(2-32) 

The Debye equations for complex permittivity as a function of frequency are: 

 
ɛᇱ(ω) = ɛஶ +

(ɛୱ − ɛஶ)
1 + ωଶτଶ

 
(2-33) 

 
ɛᇱᇱ(ω) =

(ɛୱ − ɛஶ)ωτ
1 + ωଶτଶ

 
(2-34) 

With ɛୱ, la permittivité électrique statique (pour f = 0);  ɛஶ, laelectrical permittivity at 

infinite frequency and ω, la electrical pulsation ( ω = 2πf ). 

 

 

 

The real and imaginary permittivities are influenced by temperature as well as frequency. The 

relaxation time depends on temperature, with a dependence that often follows the form of the 

Arrhenius law: 

 τ = τ଴eୣ౗/୩୘ (2-35) 

With eୟ,the activation energy; k, la Boltzmann constant. 

The following equation describes the contribution associated with induced polarization. This 

component results primarily from electronic and ionic polarization mechanisms, which are 

characterized by very short response times. For frequencies below optical frequencies, the 

delay between induced polarization and the applied electric field can be considered negligible. 

Under these conditions, induced polarization can be assumed to be proportional to the applied 

electric field and is expressed by the following relationship: 

 Pሬሬ⃗ ୰ = N୧α୰Eሬሬ⃗  (2-36) 
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Where Pr , denotes the rapid polarization, that is, the polarization that occurs very quickly after 

the application of an electric field. Ni represents the number of induced dipoles per unit volume, 

and ߙ௥ is the polarizability, which depends on the nature of the material. The total polarization, 

including the induced dipoles and the orientation of the permanent dipoles, can be expressed 

as:  

 
Pሬሬ⃗ ୲୭୲ =  ቆ

Nୢμଶ

3kT
+ N୧α୰ቇEሬሬ⃗  

(2-37) 

where μ is the dipole moment of the permanent dipole, N d the number of these dipoles per unit 

volume, T the temperature in Kelvin and k the Boltzmann constant (k = 1.38 x 10 -23 J/K). 

In the time domain, the polarization phenomenon manifests itself in two forms: rapid 

polarization Pஶ, which reacts quickly to the voltage demand, and polarization corresponding 

to dipolar relaxation phenomena Pୢ  (t)(that which reacts with a delay). 

 

 

The dipole polarization in the time domain, according to the Debye model, is: 

 Pୢ  (t) = Pୢ ୱ(1 − eି୲/த) (2-38) 

With Pୢ ୱthe dipolar polarization at equilibrium and τ, the relaxation time 

The total polarization P(t) in the time domain is the sum of the fast polarization and the dipolar 

polarization. 

 P(t) =  Pஶ + Pୢ ୱ(1 − eି୲/த) (2-39) 

One of the important parameters for evaluating the polarization mechanisms of a dielectric 

material is the relative permittivity, or dielectric constant. It is a physical property of dielectric 

materials. Like susceptibility, it is a complex number. 

One of the essential parameters for analyzing polarization mechanisms in dielectric materials 

is the relative permittivity, also called the dielectric constant. Like electrical susceptibility, 
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permittivity can be described using a complex quantity. The relative permittivity, or dielectric 

constant, is described by the following expression: 

 ɛ୰ = 1 + χ = க
ɛబ

 (2-40) 

With ɛ଴, the permittivity of free space, and ε, the permittivity of the material. 

Unlike orientational polarization, the variations associated with displacement polarization 

occur so rapidly that they can even follow a light wave. Therefore, the refractive index of light, 

݊ , is determined by the displacement contribution to the dielectric constant. The relationship 

between ݊ and ε୴is given by: 

n = ඥε୴ (2-41) 

This relationship allows us to measure polarization properties, because the polarization of 

electrons determines the refractive index of polymers. 

A more comprehensive equation describing dielectric relaxation in heterogeneous materials 

can be described by the Maxwell–Wagner–Sillars (MWS) theory, which explains the 

interfacial polarization appearing in multiphase composites. This theory is based on a 

matrix/reinforcement model, in which a reinforcing phase (denoted f) is dispersed within a 

matrix (denoted m). Both phases are subjected to an external electric field and contribute to the 

overall dielectric behavior of the composite. Within this framework, the effective complex 

relative permittivity ε୰∗ can be expressed as a function of the dielectric properties of the 

constituents and the average electric fields in each phase: 

ε୰∗(ω) =
E୫φ୫ε୫∗ (ω) + E୤φ୤ε୤

∗(ω)
E

 
(2-42) 

Where φ୫and φ୤represent respectively the volume fractions of the matrix and the 

reinforcement, while E୫, E୤and Ecorrespond to the average electric fields in the matrix, in the 

reinforcement particles and in the composite. 

The electric field in the composite can be expressed as a weighted average of the electric fields 

of the constituents: 
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E = E୫φ୫ + E୤φ୤ (2-43)

Materials containing air pockets have a dielectric permittivity εୟ୧୰ = 1and metallic charges 

have a permittivity ε୫ୣ୲ୟ୪ = ∞.

2.3.1.3 Dielectric dissipation factor

The displacement or reorientation of molecules, particularly during dipolar or ionic 

polarization phenomena under the influence of an alternating electric field, leads to internal 

friction and, consequently, heating of the dielectric material. To describe this behavior and the 

associated losses, it is common to use an equivalent electrical circuit, such as the one shown 

in Figure 2.6, which allows for modeling the dielectric response of the material subjected to an 

alternating electric field.

Figure 2.6: Equivalent circuit used to model losses in a dielectric material

Let us consider that an alternating current flows in this circuit, with an effective voltage U volt

and an angular frequency defined by ω = 2πf.

Where f is the frequency in hertz (Hz). In such a system, I∗the current phasor is either a complex 

number containing a real part (in phase with the voltage) and an imaginary part (out of phase 

by 90 ° with the voltage), or a resistive or lossy component.I୰ and a capacitive component Iେ. 
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In the frequency domain, the capacitor impedance, which is the inverse of a capacitor's 

admittance, is: Y(ω) 

 
Z∗(ω) =

U∗

I∗
=

1
Y∗(ω)

 
(2-44) 

In the case of the admittance and impedance relationships of the capacitor, I is the current 

phasor. It is usually a complex number. 

In the case of an alternating current regime, capacitance can be described by a complex 

quantity, allowing for the simultaneous consideration of energy storage and dissipation 

phenomena. The complex capacitance is then related to the applied electric current and voltage 

by the following equation: 

 I∗(ω) = jωC∗(ω)U∗(ω) 

I∗(ω) = ωC୭[(
σ
ωε୭

+ ε୰ᇱᇱ(ω)) + jε୰ᇱ(ω)]U∗(ω) 

(2-45) 

The complex relative permittivity of a material can be expressed in the form: 

ε୰∗ = ε୰ᇱ − ε୰ᇱᇱ  (2-46) 

Orε୰∗  represents the complex relative permittivity, ε୰ᇱcorresponds to the real part of the 

permittivity, associated with the storage of electrical energy in the material, and ε୰ᇱᇱ represents 

the imaginary part of the permittivity, associated with dielectric losses. 

The complex capacity is given by: 

 C∗(ω) = Cᇱ(ω) − jCᇱᇱ(ω) = C୭[ε୰ᇱ(ω) − j(ε୰ᇱᇱ(ω) + ஢
னக౥

)] (2-47) 

σ : is the conductivity of the dielectric material 

It should be noted that during an experimental measurement of the imaginary part of the 

capacitance, the contribution of dielectric losses cannot be distinguished from that of 

conductivity, such that the measured imaginary permittivity corresponds to 

ε୰,ୣ୶୮
ᇱᇱ (ω) = ε୰

ᇱᇱ(ω) +
σ
ωε୭
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The tangent of the loss angle or the dielectric dissipation factor is given by  

 
tgδ(ω) =

Cᇱᇱ(ω)
Cᇱ(ω) =

σ
ωε୭

+ ε୰ᇱᇱ(ω)

ε୰ᇱ(ω)  
(2-48) 

The current I flowing through a capacitor is not exactly in quadrature phase with the voltage 

U across its terminals. The loss angle δ is the complement of the phase angle θ φbetween the 

voltage and the current. 

2.3.2 Electrical conductivity 

Electrical conductivity is a key parameter for describing the transport of free charges in a 

material. It relates the electric current density to the applied electric field. Electrical 

conductivity σis given by: 

σ =
1
R

A
d

 (2-49) 

The resistance to the passage of current, R, can be expressed by: 

R =
1
σ

d
A

 
(2-50) 

Resistance, like impedance, therefore depends on both the properties of the material and 

geometric parameters. Resistance is often described as the inverse of conductance G and can 

be expressed as: 

R =
1
G

 (2-51) 

Electrical conductivity, on the other hand, is defined as the inverse of resistivity ρ. It can also 

be expressed as: 

σ =
1
ρ

 (2-52) 

In the frequency domain, the expression for complex conductivity is given by: 
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σ∗(ω) = σᇱ(ω)+jσᇱᇱ(ω) (2-53) 

Or : 

 σ∗(ω) ∶ conductivity (S m -1 ) 

 σᇱᇱ(ω) : the imaginary part of the complex conductivity (S·m⁻¹) 

 σᇱ(ω) : the real part of complex conductivity (S·m⁻¹) 

The relationship between complex conductivity and complex permittivity is as follows: 

σ∗(ω) = jωε୭ε∗(ω)= σୢୡ+jωε୭ε∗(ω) (2-54) 

ε∗(ω) = εᇱ(ω)-jεᇱᇱ(ω) (2-55) 

 

The real part of the complex conductivity can therefore be expressed as follows: 

σᇱ(ω) =  σୢୡ+ωε୭εᇱᇱ(ω) (2-56) 

σୢୡ= lim
ன→଴

σᇱ(ω) (2-57) 

Where σᇱ(ω) represents the real part of the measured complex conductivity. Electrical 

conductivity is an intrinsic property of a material. σୈେ is the direct conductivity, which is 

equivalent to that defined in equations (1.51) and (1.53) and represents the value of σᇱ(ω)at 

low frequencies. The component σ୅େ(ω)is a frequency-dependent component, which can 

generally be approximated by: 

σ୅େ(ω) = Cωୱ (2-58) 

The exponent s in equation (2.55) is usually less than one, and C is a constant. 

2.3.3 Percolation theory 

 In insulating matrices loaded with conductive particles, electrical conductivity increases 

sharply when the charge concentration exceeds the percolation threshold. This behavior is 

described by the percolation theory, according to which conductivity can be expressed as: 
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σୈେ  = k(φ− φେ)୲ (2-59) 

Where k is a constant, t is the critical exponent, φis the volume fraction of conductive particles, 

and is φେthe volume fraction at the critical concentration. Direct current (DC) conductivity is 

generally not equivalent to the real part of the complex alternating current (AC) conductivity. 

However, AC conductivity measurements are widely used because modern dielectric 

spectrometers allow accurate measurement of the electrical conductivity of conductive and 

insulating materials over a very wide range, from about 10⁻¹⁶ to several hundred S/m. 

Volume fraction  φ, of the conductive charges was calculated from equation (2.60). 

φ =  
ω/ρ୰

ω/ρ୰ + (1 −ω)/ρ୫
 

(2-60) 

Where ω corresponds to the mass fraction, ρ to the density, and the indices a and m refer 

respectively to the reinforcement and the matrix. 

These relationships are essential for understanding the influence of conductive fillers in the 

polymer composites used to manufacture EEG electrodes. The addition of fillers alters the 

effective dielectric permittivity at low concentrations and drastically changes the material's 

conductivity at higher concentrations. These phenomena have a direct impact on the 

composite's electrical properties, as well as on the electrode/skin contact impedance and, 

consequently, on the quality and stability of the recorded EEG signals. 

2.3.4 Skin/electrode contact impedance 

        The content presented in this section is based primarily on the knowledge established in 

(Chi et al., 2010; Lim et al., 2007). 

To understand the concept of skin-electrode contact impedance, we can consider that the skin, 

the electrode, and the skin-electrode interface are modeled by electrical impedances in series. 

The total impedance of the system then corresponds to the sum of the different contributions 

associated with the biological tissues (Z୲୧ୱୱ୳ୣୱ), the skin-electrode interface (Zୗ୩୧୬/ୣ୪ୣୡ୲୰୭ୢୣ), 

and the electrode ( Zୣ୪ୣୡ୲୰୭ୢୣ) itself: 

Z୲ = Z୲୧ୱୱ୳ୣୱ + Zୗ୩୧୬/ୣ୪ୣୡ୲୰୭ୢୣ + Zୣ୪ୣୡ୲୰୭ୢୣ (2-61) 
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In an EEG acquisition system, an internal differential amplifier measures the potential 

difference between a measuring electrode and a reference electrode placed on the scalp. The 

measurement system can be modeled as a voltage divider, where the source impedance Z୲ 

corresponds to the total impedance of the electrode, the skin/electrode interface, and the 

biological tissues, while Z୧୬ represents the input impedance of the amplifier. 

The voltage measured at the amplifier output can then be expressed as: 

V୫ୣୟୱ = Vୠ୧୭
Z୧୬

Z୧୬ + Z୲
 (2-62) 

Where V୫ୣୟୱ,is the voltage measured by the acquisition system, Vୠ୧୭ is the bioelectrical 

potential generated by brain activity. 

In many cases, the electrical conductivity of biological tissues and the electrode material is 

relatively high, implying that their electrical resistances are relatively low. Consequently, the 

dominant contribution of the source impedance usually comes from the contact impedance at 

the skin/electrode interface. If we consider that the impedances associated with the electrode 

and the biological tissues remain approximately constant, the main variable influencing the 

total impedance becomes the contact impedance. This latter depends on several environmental 

and physiological factors, such as the presence of sweat, hair density, and the actual contact 

area between the electrode and the curved surface of the scalp. 

The preceding equation thus shows that the quality of the measured signal depends strongly on 

the ratio between the amplifier's input impedance and the source impedance. To avoid any 

attenuation of the bioelectrical signal, the amplifier's input impedance must be much higher 

than the total system impedance. 

Z୧୬ >>Z୲ (2-63) 

Under these conditions, the measured voltage becomes approximately: 

V୫ୣୟୱ≈ Vୠ୧୭ (2-64) 

This minimizes signal loss and improves the quality of EEG measurements. Therefore, 

reducing skin/electrode contact impedance is a key parameter in the design of high-

performance EEG electrodes. In this context, the use of conductive polymer composites with 

both high electrical conductivity and good mechanical conformity to the scalp surface reduces 

contact impedance and improves the stability of recorded EEG signals. 
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One parameter to consider when acquiring EEG signals is the signal-to-noise ratio (SNR). EEG 

signals typically have an amplitude on the order of a few microvolts, which is significantly 

lower than that of electromyography (EMG) signals, and also operate in a lower frequency 

range. Under these conditions, the presence of noise can easily mask the useful signal, making 

it essential to maintain a high signal-to-noise ratio for reliable detection and interpretation of 

EEG signals. To properly visualize and analyze EEG signals, the amplitude of the biological 

signal must be greater than the noise present in the measurement system. In other words, the 

useful signal generated by brain activity must be sufficiently high relative to noise sources, 

such as electronic noise from the amplifier, electromagnetic interference, or fluctuations at the 

electrode-skin interface. 

The signal-to-noise ratio can be expressed as: 

SNR =  
Pୱ୧୥୬ୟ୪
P௡௢௜௦௘

 
(2-65) 

Where Pୱ୧୥୬ୟ୪ represents the EEG signal power and P௡௢௜௦௘, the noise power. A high SNR is 

essential to ensure reliable detection of brain signals and improve the quality of EEG 

measurements. In this context, reducing the skin-electrode contact impedance and using 

electrodes with good electrical and mechanical properties helps improve the signal-to-noise 

ratio by reducing signal loss and disturbances associated with the electrode/skin interface. 

A stable amplitude of the EEG signal is obtained when several key conditions are met: 

 The electrical conductivity of the composite exceeds the percolation threshold, 

allowing the formation of continuous conductive paths within the material. 

 The electrode material storage module ensures good mechanical conformity with the 

scalp surface, thus promoting better quality skin/electrode contact. 

 The contact impedance (or total system impedance) remains significantly lower than 

the amplifier input impedance, allowing efficient voltage transfer without signal 

attenuation. 

 The level of electrical noise remains low, ensuring a signal-to-noise ratio high enough 

for reliable detection and interpretation of EEG signals. 
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2.4 Dispersion and Distribution 

The notion of dispersion and distribution is sometimes difficult to distinguish, and the 

following elements from the literature (Bisht et al., 2025; Bokobza, 2023; Griffin et al., 2022; 

X. Li et al., 2022; B. Luo et al., 2023; Mazitova et al., 2022; Olonisakin et al., 2022; Öztürkmen 

et al., 2023; Pavlyuchkova et al., 2024; Subramanian et al., 2022; Sumita et al., 1991b; Wen et 

al., 2022; Z. Xie et al., 2022) help clarify their differences. Dispersion refers to the state of 

deagglomeration of fillers within the polymer matrix. It describes the ability of particles to 

remain individualized and to limit the formation of agglomerates. In nanocomposites, 

dispersion occurs across multiple length scales, as primary nanoparticles may form submicron 

agglomerates that can further connect into larger networks when the filler volume fraction 

increases. Good dispersion enhances interfacial interactions and contributes to more uniform 

material properties, whereas poor dispersion leads to heterogeneities, local stress 

concentrations, and degradation of mechanical and functional performance. Distribution, in 

contrast, describes the spatial arrangement of fillers within the material, particularly in 

multiphase systems. The literature shows that fillers may either be predominantly localized 

within one phase or concentrated at the interface between two phases, depending on interfacial 

energies and processing conditions. This spatial distribution directly affects the formation of 

conductive networks and, consequently, the electrical properties of the composite. 

Processing methods play a critical role in achieving adequate dispersion. Techniques such as 

melt mixing, high-shear mixing, ultrasonic dispersion, and solution processing are commonly 

used to reduce agglomeration. However, increasing filler content can increase viscosity and 

promote aggregation, making dispersion control more challenging. The evaluation of 

dispersion and distribution relies on morphological characterization techniques such as 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM), often 

combined with statistical analysis. These approaches enable the observation of agglomeration 

states, identification of filler localization within different phases, and assessment of 

distribution uniformity. Complementary techniques such as energy-dispersive X-ray 

spectroscopy (EDS) mapping and X-ray diffraction (XRD) can further support this analysis. 
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In the context of this thesis, these concepts are particularly important for SEBS-based and EVA 

composites filled with CNTs and/or CB. Filler dispersion governs the formation of an effective 

conductive network at the local scale, while its distribution within the microstructure controls 

the global connectivity of this network. Both aspects are directly related to the electrical 

performance of the electrodes, particularly contact impedance and EEG signal stability, and 

are therefore key parameters in the development of flexible dry EEG electrodes. 

 

2.5 Electrophysiological activity: EEG and EMG signals 

The content presented in this section is primarily based on references available in the literature 

(Abdulhameed et al., 2025; Gougeh, s. d.; Karacan & Türker, 2025; Kushwah et al., 2025; 

Moumane, s. d.; S. Shi et al., 2025; Veronica et al., 2024) to briefly describe the main 

characteristics of the electrophysiological signals measured in this work, particularly 

electroencephalography (EEG) and electromyography (EMG) signals. The aim is to define the 

amplitude and frequency ranges of the signals studied, as well as the main frequency bands 

associated with brain activity. 

2.5.1 Brain activity and EEG frequency bands 

Electroencephalography (EEG) measures the electrical activity of cortical neurons using 

electrodes placed on the scalp. EEG signals are characterized by relatively low amplitudes, 

typically ranging from a few microvolts to a few hundred microvolts, and by a frequency band 

typically between 0.5 and 40 Hz in clinical applications, although some studies may analyze 

higher frequencies. The brain rhythms observed in EEG signals correspond to synchronized 

oscillations of neuronal populations and are generally classified into different frequency bands 

associated with specific physiological or cognitive states. 

Delta waves correspond to the lowest frequency band, between 0.5 and 4 Hz, and generally 

exhibit the highest amplitudes among EEG rhythms. They are primarily observed during deep 

sleep and are associated with brain recovery and repair processes. Theta waves, with 

frequencies generally between 4 and 8 Hz, often appear during states of drowsiness, deep 

relaxation, or during certain cognitive activities involving memory and emotional processing. 
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Alpha waves, located in the frequency band of 8 to 12 Hz, are generally observed in an awake 

but relaxed individual, particularly when the eyes are closed. These oscillations are often more 

pronounced in the occipital regions of the brain. Beta waves, between 13 and 30 Hz, generally 

correspond to states of active wakefulness, concentration, or cognitive activity. They are 

frequently observed in the frontal and central regions of the brain. Finally, gamma waves, 

whose frequency is generally greater than 30 Hz, are associated with complex cognitive 

processes such as attention, perception, and sensory integration. 

These different frequency bands allow for the interpretation of brain activity in various 

physiological and cognitive contexts and constitute an important reference for the analysis of 

EEG signals. 

2.5.2 EMG signals 

Electromyography (EMG) measures the electrical activity generated by muscle fibers during 

their activation. Unlike EEG signals, which originate primarily from cortical neuronal activity, 

EMG signals result from the action potentials of muscle motor units during muscle contraction. 

Intracellular recordings show that the action potentials of muscle fibers can reach amplitudes 

on the order of 100 mV. In terms of frequency content, the power spectrum of EMG signals is 

generally broader than that of EEG signals and can range from a few hertz to several hundred 

hertz, or even up to several kilohertz. 

2.5.3 Comparison of the characteristics of EEG and EMG signals 

EEG and EMG signals exhibit distinct characteristics in terms of biological source, amplitude, 

and frequency band. EEG signals originate primarily from the activity of cortical neurons and 

have relatively low amplitudes, typically between 10 and 100 μV, with a frequency band 

approximately between 0.5 and 40 Hz. Conversely, EMG signals, generated by the activity of 

muscle fibers, generally have higher amplitudes and a wider frequency band, extending up to 

several hundred hertz. 
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These differences are important in the context of bioelectrical signal acquisition, as they 

influence acquisition parameters, filtering techniques, and the design of electrodes used for 

signal recording. 

In this thesis, the polymer electrodes developed are primarily intended for the acquisition of 

EEG signals, characterized by low amplitudes and a relatively narrow frequency band. 

Therefore, the quality of electrode-skin contact, mechanical stability, and electrical noise 

reduction are essential parameters for ensuring reliable acquisition of brain signals. 

2.6 The concept of comfort in EEG electrodes 

The content of this section is based on a comprehensive analysis of the literature on EEG 

electrodes, wearable neurotechnology, and user-centred device design (Fiedler et al., 2016, 

2018b; Haueisen et al., 2020; Knight & Baber, 2005; Moumane, s. d.; Y. Peng et al., 2022; 

Rahman et al., 2023; H. Ren et al., 2024; Taji et al., 2018; Vasconcelos et al., 2021; Z. Wang 

et al., 2025; Warsito et al., 2023a; Yoon et al., 2024) including experimental and review studies 

addressing comfort, signal quality, and electrode/skin interaction. Comfort is a critical 

parameter in the evaluation of electroencephalography (EEG) systems, particularly in the 

context of wearable and long-term monitoring applications (Haueisen et al., 2020; Y. Peng et 

al., 2022; Rahman et al., 2023). Unlike electrical or mechanical properties, comfort cannot be 

defined as a single physical quantity, as it is inherently subjective and depends on individual 

perception, physiological conditions, and duration of use (Knight & Baber, 2005; H. Ren et 

al., 2024). Despite this limitation, several studies have attempted to operationalize comfort 

through experimental protocols, most commonly using subjective rating scales (Fiedler et al., 

2016; Vasconcelos et al., 2021; Warsito et al., 2023a). In EEG research, comfort is typically 

quantified using self-reported numerical scales. For example, (H. Ren et al., 2024) evaluated 

comfort using a scale from -5 to 5, measured at multiple time points after electrode application. 

Their results demonstrated a progressive decrease in comfort over time, highlighting the strong 

dependence of comfort on wearing duration. In particular, hybrid headbands integrating 

flexible multipin showed significantly better comfort scores compared to systems requiring 

higher mechanical pressure, especially after prolonged. These findings are consistent with 

other experimental studies comparing dry electrode technologies, which also report that 
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comfort decreases as contact force and wearing time increase (Vasconcelos et al., 2021; 

Warsito et al., 2023a). Similarly, Fiedler et al. (Fiedler et al., 2018b) demonstrated that contact 

pressure is a key parameter governing both signal quality and comfort. While increasing the 

normal force improves electrode/skin contact and reduces impedance, it simultaneously 

increases local pressure on the scalp, leading to discomfort. This establishes a fundamental 

trade-off between electrical performance and user comfort, which is consistently reported 

across multiple studies on dry EEG electrodes (Fiedler et al., 2016, 2018b; Rahman et al., 2023; 

Yoon et al., 2024). More broadly, several experimental works have confirmed that parameters 

such as electrode geometry, stiffness, and contact conditions significantly influence both 

perceived comfort and signal stability (Y. Peng et al., 2022; H. Ren et al., 2024). Beyond 

subjective evaluation, comfort has been shown to correlate with measurable physical variables. 

These include contact force, pressure distribution, material compliance, and electrode design 

(Fiedler et al., 2016; Haueisen et al., 2020; Rahman et al., 2023). For instance, multipin 

electrodes are effective in ensuring stable contact through hair but may induce localized 

pressure points, whereas softer electrodes provide better comfort (Vasconcelos et al., 2021). 

These observations demonstrate that comfort emerges from a complex interaction between 

mechanical design and application conditions. The importance of comfort is further 

emphasized in the development of wearable EEG technologies. From a broader perspective, 

comfort must be considered a multidimensional concept. Studies in human device interaction, 

Knight and Baber (Knight & Baber, 2005), have shown that comfort is influenced not only by 

physical factors such as pressure and pain, but also by perceptual and cognitive components, 

including user expectations, emotional state, and attention. This multidimensional nature 

explains why comfort cannot be reduced to a single measurable parameter. Instead, it is 

generally assessed using a combination of subjective scores and indirect physical indicators, 

which limits direct comparison between different studies and electrode technologies (H. Ren 

et al., 2024; Warsito et al., 2023a). Across the literature, including experimental comparisons 

of dry electrodes, headbands, and wearable EEG systems (Fiedler et al., 2016, 2018b; Rahman 

et al., 2023; Vasconcelos et al., 2021), a consistent conclusion emerges: comfort results from 

a compromise between mechanical loading and electrical performance. Increasing contact 

pressure improves signal quality but reduces comfort, while reducing pressure improves 
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comfort but may degrade signal reliability. In addition, the duration of use plays a central role, 

with a study reporting a significant deterioration of comfort after 30 to 60 minutes of 

continuous wear (Vasconcelos et al., 2021). In this context, the development of flexible 

polymer-based electrodes represents a promising approach to improving comfort without 

compromising electrical performance. By reducing material stiffness and enhancing 

conformability to the scalp, these systems aim to minimize localized pressure and improve 

long-term wearability. This strategy is fully aligned with current trends in the literature, which 

emphasize the need to optimize the balance between electrode/skin impedance, mechanical 

stability, and user comfort in next-generation EEG systems (Y. Peng et al., 2022; Rahman et 

al., 2023; Yoon et al., 2024). In summary, the literature demonstrates that comfort in EEG 

systems can be partially quantified using subjective evaluation scales and indirectly related to 

measurable physical parameters such as contact force, pressure, and material properties. 

However, due to its inherently subjective and multidimensional nature, comfort cannot be 

defined as a universal physical quantity. Consequently, current research focuses on improving 

electrode design to enhance perceived comfort while maintaining acceptable signal quality. 

Within this framework, the present work contributes to the development of flexible conductive 

polymer electrodes, aiming to improve both user comfort and EEG acquisition reliability in 

dry-contact systems. 

2.7 Summary of the literature review 

This chapter established the theoretical framework governing the performance of flexible dry 

EEG electrodes based on conductive polymer composites. The mathematical relationships 

presented clarify how parameters such as the volume fraction of conductive charges, the 

storage modulus, and the skin/electrode contact impedance jointly influence voltage transfer 

efficiency and noise levels in the microvolt range characteristic of EEG signals. This 

theoretical framework forms the basis for interpreting the experimental results presented in 

subsequent chapters. 
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Chapter outline: This chapter presents the article corresponding to the results of the project's 

first part. It emphasizes the dispersion and distribution of the conducting additives in the 

polymeric matrix, additive-matrix interactions, the formation of an electrically conducting 

network, and the properties of styrene-ethylene-butylene-styrene/carbon black (SEBS/CB) 

and ethylene-vinyl acetate/carbon black (EVA/CB) nanocomposites for EEG. 

 

Abstract: EEG is an essential technique for monitoring brain electrical activity in clinical, 

sports, and wearable health settings. However, traditional wet electrodes face issues like gel 

drying and skin irritation, while coated dry electrodes tend to degrade over time, affecting 

long-term signal stability. This study explores flexible dry electrodes made from conductive 

polymer composites—poly(styrene-b-ethylene-ran-butylene-b-styrene) filled with carbon 

black (SEBS/CB) and ethylene-vinyl acetate filled with carbon black (EVA/CB)—as 

affordable and recyclable alternatives to standard materials such as PDMS and TPU. The 

electrodes were manufactured using solvent casting and compression moulding, ensuring 
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even filler distribution and consistent surface quality. Both composites reached an electrical 

conductivity of around 0.01 S/m with a percolation threshold close to 12 wt% CB. Contact 

impedance tests showed better performance for SEBS/CB electrodes (5.4 ± 0.9 kΩ) compared 

to EVA/CB (26.7 ± 4.4 kΩ), nearing the value of a commercial flexible electrode (4.2 ± 0.5 

kΩ). Mechanical testing confirmed that SEBS/CB is softer and more elastic, facilitating 

stable, low-noise EEG signal collection. Overall, SEBS/CB composites provide a good 

balance of electrical performance, flexibility, and scalability, highlighting their potential for 

next-generation, long-term EEG monitoring systems. 

Keywords: Dry EEG electrodes, conductive polymer composites, contact impedance, 

mechanical flexibility 

 

3.1 Introduction 

EEG measures brain electrical activity via scalp electrodes, reflecting physiological and 

cognitive states (Arai et al., 2015; Cunha et al., 2009; Fu et al., 2020a; Krachunov & Casson, 

2016).  EEG signals, classified into Delta (0.5–4 Hz), Theta (4–8 Hz), Alpha (8–12 Hz), Beta 

(12–30 Hz), and Gamma (30+ Hz) bands, are fundamental for diagnosing neurological 

disorders and for continuous brain–computer interface (BCI) and health monitoring 

applications. The reliability of EEG recordings strongly depends on maintaining low skin–

electrode contact impedance, which ensures a stable signal-to-noise ratio and accurate 

measurements (Das et al., 2020a; Fiedler et al., 2015; Leach et al., 2020). Traditional wet 

electrodes, despite their low impedance and high signal quality, have notable drawbacks such 

as gel drying, skin irritation, and instability during extended use or movement.  (Arai et al., 

2015; Baek et al., 2012; Chlaihawi et al., 2018; Cunha et al., 2009; de Camp et al., 2018; 

Fiedler et al., 2018a; Fu et al., 2020a; Y. Li et al., 2021; H.-L. Peng, Liu, et al., 2016; 

Srivastava et al., 2015; Wehrmann et al., 2013).  As a result, research has shifted towards dry 

flexible electrodes, which eliminate the need for electrolytic gels and are better suited for 

wearable and long-term applications.  These gel-free electrodes need materials that are 

flexible, biocompatible, and electrically conductive to ensure signal quality under different 

mechanical deformations. (Iqbal et al., 2021; L.-F. Wang et al., 2012a).  
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Flexible polymers are commonly used as base materials, with material choices varying based 

on design, application, and user needs in clinical, research, or consumer settings. Dry flexible 

electrodes enhance comfort during long-term EEG by conforming to the scalp's curvatures, 

maintaining stable contact even during movement, and improving signal quality. While these 

electrodes present a higher impedance than wet ones, optimizing the surface texture and 

design can minimize contact impedance, enhance skin contact, and reduce motion artifacts. 

Effective designs, such as those using silver-coated electrodes (Leach et al., 2020; Stauffer et 

al., 2018b), ensure stable signals, comfort, and minimal irritation. These electrodes achieve 

impedance levels below 50 kΩ at 10 Hz, making them suitable for reliable and prolonged 

EEG recordings (Cui et al., 2021; G. Li, Deng, et al., 2021).  

Over the past few years, various materials have been investigated to achieve this balance. 

PDMS (polydimethylsiloxane) and TPU (thermoplastic polyurethane) have been widely used 

due to their softness and skin compatibility, but their relatively high contact impedance and 

limited recyclability constrain their performance and scalability (TPU) (Hassan et al., 2022; 

Heng et al., 2022; B.-C. Kang et al., 2019; Y. Li et al., 2022; S.-J. Park et al., 2023; 

Raspopovic et al., 2021).  For instance, Fiedler et al. (Fiedler et al., 2015) developed Ag/AgCl-

coated polyurethane electrodes that reached ~150 kΩ impedance, while Heijs et al. (Heijs et 

al., 2021) reported 602 ± 401 kΩ using similar multipin electrodes. Recent efforts have 

explored conductive coatings and composite formulations—such as silver-filled TPU  (Z. 

Wang et al., 2024b), carbon black (CB)/TPU (Xing & Casson, 2023a), graphene/PDMS 

composites (Das et al., 2020b), and multi-walled carbon nanotube (MWCNT)–PDMS 

mixtures (Oh et al., 2024a; Sharma et al., 2024a), achieving moderate improvements in 

flexibility and signal quality. Nevertheless, contact impedance typically remains in the 10–

600 kΩ range, which is still considerably higher than that of wet electrodes. 

To overcome these challenges, attention has increasingly turned toward thermoplastic 

elastomers (TPEs) that combine the softness of rubbers with the processability of plastics. 

Among them, Styrene-Ethylene-Butylene-Styrene (SEBS) and Ethylene-Vinyl Acetate 

(EVA) have emerged as promising alternatives. SEBS exhibits exceptional elasticity, 

softness, and chemical resistance, making it ideal for skin-interfacing biomedical devices. 
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EVA offers comparable flexibility, biocompatibility, and easy processing, with adjustable 

mechanical properties depending on its vinyl acetate content  (Costa et al., 2015). Both 

materials are recyclable thermoplastics, contrasting with non-recyclable PDMS, and they are 

compatible with scalable manufacturing processes such as extrusion, injection molding, and 

3D printing—key advantages for the mass production of wearable biosensors (Y.-J. Park et 

al., 2006; Tekay et al., 2023).   

When combined with conductive fillers such as carbon black (CB), carbon fibers, or graphene, 

these matrices can form lightweight, low-cost conductive composites suitable for EEG 

electrodes. CB is particularly advantageous due to its high surface area, ease of dispersion, 

chemical stability, and significantly lower cost than CNTs or graphene. Recent works (J. Guo 

et al., 2020; Shafiee & Ramazani S.A., 2008) have shown that SEBS- and EVA-based 

composites exhibit tunable conductivity and mechanical properties, making them strong 

candidates for flexible bioelectronic applications. However, their use in EEG electrodes has 

not yet been thoroughly explored or benchmarked against established PDMS- and TPU-based 

designs, leaving a clear gap in the literature.  

The present study addresses this gap by systematically investigating SEBS/CB and EVA/CB 

composites as alternative materials for flexible dry EEG electrodes. Using a chemical 

dissolution method for homogeneous filler dispersion, flexible electrodes were fabricated and 

characterized for their electrical conductivity, contact impedance, mechanical compliance, 

and EEG signal acquisition capability. The obtained results were directly compared with those 

of commercial dry electrodes and benchmarked against recent PDMS- and TPU-based 

designs from the literature. 

This work highlights, for the first time, the comparative advantages of SEBS- and EVA-based 

carbon black composites in balancing low contact impedance, high flexibility, and scalable 

manufacturability. Beyond performance improvement, the use of thermoplastic matrices 

introduces sustainability and cost-efficiency benefits that are critical for the next generation 

of wearable EEG systems. The study thus contributes to expanding the material platform for 

bioelectronic interfaces by proposing recyclable, high-performance elastomeric composites 
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for durable and comfortable long-term EEG applications. Section 1 outlines the methodology 

for developing and characterizing SEBS/CB and EVA/CB electrodes, focusing on the surface 

morphology, compression testing, electrical properties, contact impedance, and brain signal 

acquisition. Results are compared with those of commercial dry flexible EEG electrodes. 

Section 2 details the experimental procedures used to prepare and characterize SEBS/CB and 

EVA/CB electrodes, including composite formulation, electrode fabrication, morphological 

analysis, mechanical testing, electrical characterization, and EEG signal acquisition 

methodology. The discussion addresses the study's limitations and suggests directions for 

future research. The objective is to determine the composite material that offers the optimal 

combination of electrical conductivity, low contact impedance, mechanical compliance, 

thermal stability, and scalp conformity. This work ultimately seeks to advance the 

development of durable, high-performance EEG electrodes designed for long-term, real-

world applications.  

3.2 Experimental testing 

This section details the materials, preparation methods, and fabrication process used to 

develop SEBS/CB and EVA/CB flexible EEG electrodes. The main aim is to compare the 

performance of SEBS/CB and EVA/CB materials with that of a commercial dry flexible 

electrode, to identify which provides superior electrical conductivity and lower contact 

impedance for recording brain electrical signals. The methodology was designed to ensure 

reproducibility and facilitate other researchers in replicating the fabrication process. All 

experimental procedures were conducted under controlled conditions, with the purity and 

specifications of the materials used clearly outlined. A future clinical study involving long-

term, multi-participant EEG recordings is planned. 

 

3.2.1 Materials  

Two thermoplastic matrices were selected: Styrene–ethylene–butylene–styrene (SEBS) and 

ethylene–vinyl acetate (EVA), chosen for their elasticity and mechanical resilience. 
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 SEBS, with a number-average molecular weight of 54,000 g/mol and a polystyrene 

content of 30 wt.%, was supplied by Kraton Polymers (Paulínia, Brazil) with a purity 

greater than 99%. 

 EVA (vinyl acetate content 28 wt.%, density 0.950 g/cm³) was obtained from Repsol 

(Madrid, Spain), analytical grade, with a purity of over 98%. 

 Carbon black nanoparticles (Carbon Lampblack C198-500, Lot 145509, average 

diameter approximately 50 nm, nominal conductivity around 400 S/m, density = 1.8 

g/cm³) were sourced from Fisher Chemical (Ottawa, Canada), with a purity over 99%. 

 Toluene (UN1294, Optima grade, Lot 234238) was used as a solvent and obtained 

from Fisher Chemical (Ottawa, Canada), with a purity of ≥ 99.8%. 

All materials were used as received without further purification. The preparation steps were 

carried out in a fume hood to ensure solvent safety and process safety repeatability. 

 

3.2.2 Preparation of SEBS/CB and EVA/CB Composites 

The preparation process involved four main stages: dissolving the polymer, dispersing the 

filler, and removing the solvent, as shown schematically in Figure 3.1.  

 

 

Figure 3.1. Schematic overview of the fabrication process for flexible multipin 
dry electrodes. The method includes (i) dissolving the SEBS or EVA polymer 

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

compression molding to shape the films into multipin electrode structures 
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3.2.2.1 Polymer dissolution 

Each polymer (SEBS or EVA) was dissolved separately in toluene at 100 °C with magnetic 

stirring (600 rpm) until a clear, homogeneous solution was achieved. 

3.2.2.2 Filler incorporation 

After complete dissolution, carbon black (CB) was gradually added to the polymer solution 

at various mass fractions ranging from 0 to 20 wt.% (see Table 3-1). The mixture was stirred 

for an extra 30 minutes at 100 °C to ensure uniform dispersion of CB within the matrix. The 

formation of the composite depended on the physical entanglement of polymer chains with 

the conductive CB network, enabling efficient electron transport after the solvent was 

removed.  

SEBS, owing to its elastomeric block-copolymer architecture, accommodates higher filler 

loadings because of its greater chain mobility and tolerance to viscosity increases. In contrast, 

EVA exhibits a marked rise in viscosity at elevated CB contents, which restricts its 

processability under identical mixing and molding conditions. 

 

3.2.2.3 Solvent evaporation and film formation 

The resulting dispersions was cast and left to dry under a chemical fume hood at room 

temperature until all solvent evaporated, resulting in nanocomposite films. 

 

Table 3-1 SEBS/CB and EVA/CB nanocomposites at different carbon 
nanoparticle weight fractions 

SEBS/CB (wt%) EVA/CB (wt%) 

Reinforcements  Matrix  Reinforcements Matrix  

0 100 0 100 

3 97 5 95 
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Table 3-1 SEBS/CB and EVA/CB nanocomposites at different carbon 
nanoparticle weight fractions 

SEBS/CB (wt%) EVA/CB (wt%) 

Reinforcements  Matrix  Reinforcements Matrix  

5 95 8 92 

6 94 12 88 

7 93 16.5 83.5 

8 92 18.5 81.5 

10 90 20 80 

12 88 -  

15 85 -  

20 80 -  

 

3.3 Fabrication of Surface Multipin EEG Electrodes 

The solid composites were molded into surface multipin EEG electrodes using compression 

molding (Figure 3.1). 

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

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

Each electrode consisted of 19 cylindrical pins arranged in a circular pattern. The pins had an 

average height of 4.9 ± 0.09 mm and a diameter of 1.41 ± 0.01 mm. The center-to-center 

distance between neighboring pins was about 2.5 mm, which corresponds to an edge-to-edge 

spacing of approximately 1.1 mm at the electrode–skin interface. 
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3.4 Optimization and Reproducibility 

Distinct CB loadings were explored for SEBS and EVA to identify the electrical percolation 

threshold and the conductivity plateau for each matrix. For both material systems, the 

composite exhibiting the highest electrical conductivity was selected for subsequent 

electrical, mechanical, and morphological characterizations. To ensure reproducibility, three 

independent batches of each selected formulation were fabricated and characterized under 

identical conditions. 

3.5 Characterizations  

3.5.1 Electrical characterization  

The electrical conductivities of the different composites were not measured using 

conventional electrophysiological techniques (e.g., impedance at fixed frequencies or skin-

contact methods), but rather using a frequency-domain dielectric spectrometer (Alpha-A 

Dielectric Analyzer, BDS – Novocontrol, Montabaur, Germany) to characterize their intrinsic 

bulk conductivity. For each formulation, measurements were performed on three independent 

samples to ensure reproducibility. Each sample was shaped into a 20 mm-diameter and 1.2 

mm-thick disk and placed between two solid brass electrodes to form a planar 

electrode/composite/electrode sandwich. This setup allows for accurate determination of the 

real part of the complex conductivity over a wide frequency range (10⁻² to 10⁵ Hz) at 30 °C. 

The aim was to assess percolation behavior and frequency dependence of conductivity in the 

bulk material, independently of contact with biological tissue. 

3.5.2 Structural characterization  

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

composites was investigated using a high-resolution scanning electron microscope (Hitachi 

SU-8230 field emission-SEM) at 5 kV. Cross-sections of the specimens were prepared using a 

cryogenic fracture technique, after which they were coated with a platinum layer of 
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approximately 2 nm under vacuum conditions using a turbo-pumped sputter coater/carbon 

coater (Q150T).  

3.5.3 Thermal Characterization 

Differential Scanning Calorimetry (DSC) was employed to investigate the thermal properties 

of the pure polymer matrices (SEBS and SEBS-MA). Tests were conducted 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 avoid thermal degradation, the measurement ranges 

were tailored to the thermal stability of each material: –100 to 250 °C. These conditions 

facilitated the detection of key transitions, including the glass transitions of both the soft and 

hard phases, without interference from decomposition. 

3.5.4  Mechanical characterization 

Cyclic compression tests were conducted on SEBS/20wt% CB and EVA/20wt% CB 

composites using the ASTM D575-91 standard to define specimen geometry and test 

conditions. Standard cylindrical specimens measured 28.6 ± 0.1 mm in diameter and 

12.5 ± 0.5 mm in thickness. A compressive load of 100 kN was applied using a universal 

testing machine (MTS Alliance RF/200, MTS Systems Corporation, Eden Prairie, Minnesota, 

United States). Each test involved three consecutive loading–unloading cycles to evaluate the 

flexibility, shape memory behavior, and mechanical repeatability of the materials. All 

measurements were carried out under ambient laboratory conditions, with a temperature of 

approximately 23 °C and relative humidity of 45–55%. 

To characterize the mechanical performance, key parameters were extracted from the stress–

strain curves, including the stress at 50% compression, the elastic modulus, the hysteresis loss 

(energy dissipated per cycle), the loading energy, and the energy ratios between cycles to 

assess energy retention and mechanical stability. Tests were performed on three independent 

samples per material to ensure repeatability and statistical reliability of the results. 
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3.6 Experimental validation in vivo 

Multipin flexible EEG electrodes were selected to evaluate contact impedance and EEG 

artifacts associated with eye movements. These artifacts were wirelessly recorded using the 

OpenBCI™ 16-channel Cyton Biosensing Board (OpenBCI, NY, USA) in combination with 

the Ultracortex 'Mark IV' EEG headset (OpenBCI, NY, USA). Contact impedance was 

measured at 31 Hz using the same acquisition system, as shown in Figure 3.2.  

To simulate practical conditions for wearable EEG applications, the skin was neither cleaned 

nor abraded before measurements. The headset, in which the electrodes were inserted, was 

comfortably positioned on the head without applying pressure to the electrode surfaces. A 

commercial dry flexible electrode (OpenBCI, NY, USA) was placed at position 2 (see Figure 

3.2), while the multipin electrodes developed in this study were inserted at positions 1 and 3. 

Figure 3.3 shows the custom-designed multipin electrode alongside the commercial flexible 

electrode used as a reference. Performance evaluation was based on comparisons of contact 

impedance and EEG signal amplitude between the developed and commercial electrodes. The 

measurement system consisted of a ground, a reference electrode, and the developed 

electrode, allowing impedance to be measured between the developed and reference 

electrodes. Figure 3.2 illustrates the Ultracortex 'Mark IV' EEG headset used for signal 

acquisition and impedance measurements. 
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Figure 3.2. Ultracortex "Mark IV" EEG headset used 
to install the electrodes on the head

Figure 3.3. Electrodes installed in the system for the acquisition of electrical signals from 
the brain

3.7 Participants

Participant testing validated the effectiveness of the developed electroencephalogram (EEG) 

electrodes under physiological conditions by assessing EEG signal quality and motion 

artifacts. Healthy adult participants (n = 4; 1 male and 3 females, aged between 21 and 35 

years) were recruited for EEG measurements. All procedures were approved by the ÉTS 

Internal Review Board (« Comité d’éthique de la recherche », Approval No. H20230504) and 

conducted in accordance with the Declaration of Helsinki. Informed consent was obtained 

from all participants before the experiments. 
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To ensure a controlled environment, participants were comfortably seated in a quiet room 

during signal acquisition. EEG signals were recorded for 10 seconds. Following standard 

EEG protocols and the American Clinical Neurophysiology Society guidelines (Sinha et al., 

2016), participants were instructed to minimize head and facial muscle movements and 

remain still to reduce motion artifacts. At designated time points—approximately at 1 s, 3 s, 

8 s, and 10 s—they were asked to blink in response to a sound cue to evaluate the electrodes’ 

ability to detect blink-related EEG activity. 

3.8 Results  

3.8.1 Electrical, structural and mechanical properties       

3.8.1.1 Electrical properties  

Figure 3.4 depicts the frequency dependence of the real part of the complex conductivity (σ') 

for SEBS and EVA composites with various carbon black loadings. Only the real part is 

shown here, as it directly reflects the conductive behavior associated with effective charge 

transport mechanisms within the composite materials. These measurements were performed 

across all tested formulations to determine the electrical percolation behavior. Once the 

percolation threshold is reached, σ' becomes almost frequency-independent, indicating that it 

closely approaches the true direct current (DC) conductivity. Figure 3.5 shows the electrical 

conductivity of the SEBS/CB and EVA/CB composites as a function of mass fraction, at a 

frequency of 1 Hz.  

The percolation threshold for both SEBS/CB and EVA/CB composites was found to be 

~12wt.%. Beyond this threshold, the electrical conductivity of both composites reached a 

plateau at about 0.01 S/m at 20wt.%. Below the percolation threshold, the measured 

conductivity is overestimated due to the influence of frequency-dependent mechanisms such 

as interfacial polarization and charge hopping, which do not reflect true DC conduction.  

This behavior is visible in Figure 3.4-a for concentration below 15wt%CB for SEBS/CB 

composite, and below 16.5wt%CB, for EVA/CB composite in Figure 3.4-b. It can also be 

seen in the non-conductive domain (0 to 12wt%) that the value of the AC conductivity at a 
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given frequency is not well correlated with the CB concentration. The composites with the 

highest mass fraction (SEBS/20wt%CB and EVA/20wt%CB) were chosen for the fabrication 

of the electrodes to perform the EEG measurements since, as could be expected, they have 

the highest electrical conductivities (0.01 S/m).  

The evolution of the electrical conductivity of the composites as a function of the frequency 

in Figure 3.4 confirms that the percolation threshold of the SEBS/CB composites is below 

15wt%CB and that of the EVA/CB composites is below 16.5wt%CB.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Real part of the complex conductivity as a function of 

frequency of (a) SEBS/CB and (b) EVA/CB 

 

a)                                                           

    

b)       
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Figure 3.5 shows that the EVA/CB and SEBS/CB composites have the same percolation 

threshold (12wt%CB).  

 

 

 

 

 

 

 

 

 

 

 

        

Figure 3.5. Electrical conductivity as a function of mass fraction 

The graph of Figure 3.5 depicts the electrical conductivity of SEBS/CB composites as a 

function of carbon black (CB) mass fraction, measured at 1 Hz. At low CB mass fractions (0–

12wt%), the conductivity remains extremely low, around 10−12 S/m, indicating an insulating 

behavior. This suggests that CB particles are insufficiently connected to form conductive 

paths within the SEBS matrix. Around 12wt% CB, there is a sharp increase in conductivity, 

spanning several orders of magnitude, reaching approximately 10−2 S/m. This marks the 

percolation threshold, where CB particles form a continuous network, enabling efficient 

electrical conduction. Beyond 15 wt% CB, the conductivity plateaus, showing no significant 

increase as the CB concentration increases further. This indicates that the conductive network 

has stabilized, and additional CB has a diminishing effect on further improving conductivity. 
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The percolation threshold is observed near 12wt% CB. The steepness of the conductivity 

increase at the percolation threshold demonstrates that CB particles form a well-distributed 

and interconnected network in the SEBS matrix, enhancing electrical properties efficiently. 

Below the percolation threshold, SEBS/CB composites are suitable for applications requiring 

insulating properties. Near or beyond the percolation threshold, the composites exhibit 

significant conductivity, making them suitable for EEG electrodes. The graph of Figure 3.4-

a demonstrates the percolation behavior of SEBS/CB composites, with a critical threshold 

near 12wt% CB. Beyond this threshold, the material becomes conductive, suitable for flexible 

electronic applications. The results highlight the importance of achieving uniform filler 

dispersion and optimizing CB content for specific electrical properties. 

The plot in Figure 3.4-b shows the variation of electrical conductivity of EVA/CB (Ethylene-

Vinyl Acetate/Carbon Black) composites as a function of the carbon black (CB) mass fraction, 

measured at 1 Hz. From 0 to 12%, the conductivity remains extremely low, around 10−12 S/m, 

indicating that the material is electrically insulating. In this range, the carbon black particles 

are too sparsely distributed to form conductive pathways. The composite behaves like a 

dielectric material. From 12% CB content, a significant increase in conductivity is observed, 

reaching a plateau of 10−2 S/m. This sharp rise is attributed to the percolation threshold, where 

CB particles form a continuous conductive network within the EVA matrix. From 16.5 to 

20%, beyond the percolation threshold, the conductivity stabilizes at 10−2 S/m. Further 

increases in CB concentration enhance the density of the conductive network but do not 

drastically improve the conductivity as saturation is approached. Below 12% CB, composites 

have an insulating behavior due to isolated CB particles whereas above 12% CB, they have a 

conductive behavior due to interconnected CB particles. For flexible electrodes, a CB content 

above the percolation threshold (12–20%) is necessary to ensure sufficient electrical 

conductivity for signal acquisition. Adjusting the CB content allows to tune the conductivity 

and mechanical properties in order to balance performance and flexibility. These findings 

confirm the need to carefully optimize the CB mass fraction to achieve the desired electrical 

properties in EVA/CB composites. A CB mass fraction of 12–20% is ideal for applications 

requiring conductivity, such as dry EEG electrodes. 
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3.8.1.2 Structural properties

Figure 3.6 presents the scanning electron microscope (SEM) micrograph of SEBS/CB and 

EVA/CB composites containing 20wt%CB. The results show that the CB particles appear to 

be well distributed at this concentration in both composites. The Figure 3.6 shows that due to 

the high concentration of carbon black (20wt%) in the nanocomposites, some agglomerated 

particles were observed in SEBS/20wt%CB and EVA/20wt%CB. The agglomerations are 

indicated in Figure 3.6 as large CB in the SEBS/20wt%CB and EVA/20wt%CB samples. The 

interaction of the reinforcement (CB) inside the different matrices is also apparent. The 

presence of agglomerates is primarily attributed to the high CB concentration. Despite this, 

these agglomerates contribute to the formation of conductive paths within the composites 

through CB-CB contacts. As the CB concentration increases, these agglomerates become 

more interconnected, enhancing the density of the conductive network.

Figure 3.6. Micrograph of both electrodes: a) EVA/20wt%CB and b) SEBS/20%wtCB

a)                                                                              b)
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3.8.1.3 Thermal properties

To support the development of flexible dry EEG electrodes, DSC analysis was performed to 

assess whether adding carbon black influences the thermal stability and segmental mobility of 

the SEBS and EVA matrices. As shown in Figures 3.7 and 3.8, both composites retain the 

characteristic thermal signatures of their respective elastomers.

The SEBS/CB composite exhibits a glass-transition temperature (Tg) near –50 °C, typical of 

the ethylene–butylene soft phase, with no melting or crystallization peaks across the heating 

and cooling cycles. This confirms the fully amorphous nature of SEBS and indicates that CB 

loading does not disturb its microphase-separated structure. The EVA/CB composite shows a 

Tg around - 35 °C, along with a broad endothermic transition above 80–90 °C corresponding 

to the softening of the vinyl-acetate–rich domains.

Figure 3.7. Differential scanning calorimetry (DSC) thermogram of EVA/20 wt% CB 
composite. The second heating (blue) and cooling (green) curves display a glass 

transition around −30 °C, a crystallization peak near 55–60 °C, and a melting 
endotherm at approximately 95–100 °C
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Figure 3.8. Differential scanning calorimetry (DSC) thermogram of the SEBS/20 wt% CB 
composite. The curve shows a glass transition of the ethylene–butylene (EB) phase near 

−50 °C, a weak transition of the polystyrene domains at 90–100 °C

These results demonstrate that the thermal transitions of both matrices remain essentially 

unchanged after CB incorporation. This is an important outcome for EEG electrode fabrication: 

the CB network enhances conductivity without compromising the thermal integrity or 

processing window of the elastomer. The composites, therefore, maintain the flexibility and 

thermal stability required for reliable, skin-conforming EEG electrodes while supporting 

improved electrical performance.

3.8.1.4 Mechanical properties

Figure 3.9 shows the results of cyclic compression tests performed on SEBS/20wt%CB (green 

curve) and EVA/20wt%CB (red curve).
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Figure 3.9. Stress-strain behavior of SEBS/20wt%CB and EVA/20wt%CB 
under compression tests 

The steeper slope of the stress-strain curve at the initial linear region indicates stiffness. 

EVA/20wt%CB (red curve) shows a higher stiffness as compared to SEBS/20wt%CB, 

suggesting that EVA/20wt%CB is less deformable under compression. The loops in the curves 

indicate energy dissipation during loading and unloading (hysteresis). EVA/20wt%CB exhibits 

larger hysteresis loops as compared to SEBS/20wt%CB, indicating a greater energy loss, likely 

due to a greater internal friction or viscoelastic effects. SEBS/20wt%CB shows a narrower 

hysteresis loop, suggesting a better elastic recovery after compression as compared to 

EVA/20wt%CB, which retains more deformation after unloading. EVA/20wt%CB withstands 

a higher maximum stress at a given strain, showing greater resistance to deformation under 

load. However, SEBS/20wt%CB achieves a higher strain at lower stress, demonstrating greater 

flexibility. SEBS/20wt%CB is more flexible and better suited for applications requiring high 

deformation and recovery, such as wearable sensors or flexible electrodes. EVA/20wt%CB, 

being stiffer, might be preferred for applications demanding higher structural integrity under 

load. To manufacture dry flexible EEG electrodes, SEBS/20wt%CB is a better choice than 
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EVA/20wt%CB, based on the following key measured parameters, including: the stress at 50% 

extension, the elastic modulus, the hysteresis loss, the loading energy, and the energetic ratios 

across multiple cycles: 

 The stress at 50% of EVA/20wt%CB is 16.2 MPa, and that of SEBS/20wt%CB is 9.35 

MPa. EVA/20wt%CB exhibits a higher stress at a 50% extension, indicating a greater 

resistance to deformation as compared to SEBS. This suggests that EVA is more rigid, 

while SEBS/20wt%CB is more flexible, making SEBS potentially more suitable for 

applications where flexibility and adaptability (conforming to curved surfaces) are 

essential. 

 The elastic Modulus EVA/20wt%CB is 63.8 MPa and that of SEBS/20wt%CB is 47.2 

MPa. EVA/20wt%CB has a higher elastic modulus, confirming its greater rigidity. 

SEBS, with a lower elastic modulus, is softer and more elastic, which may provide 

better comfort and adaptability in flexible electrode applications such as EEG systems. 

 The hysteresis Loss (Energy Dissipated as Heat) of EVA/20wt%CB is Cycle 1: 27.2 J 

→ Cycle 3: 7.63 J, and that of SEBS/20wt%CB is Cycle 1: 13.3 J → Cycle 3: 5.17 J. 

EVA/20wt%CB dissipates significantly more energy as heat than SEBS in all cycles. 

This decrease in energy values corresponds to the reduction of the area enclosed by the 

stress–strain hysteresis loops between the first and third loading–unloading cycles, 

indicating that the material dissipates less mechanical energy as heat as its internal 

structure becomes stabilized after repeated deformation. Both materials stabilize after 

repeated cycles, with the hysteresis loss decreasing by approximately 72% 

(EVA/20wt%CB) and 61% (SEBS/20wt%CB) from Cycle 1 to Cycle 3. SEBS 

demonstrates a lower energy dissipation overall, indicating greater efficiency and 

mechanical resilience. 

 The loading Energy (Total Energy Absorbed) of EVA/20wt%CB is Cycle 1: 32.79 J 

→ Cycle 3: 12.78 J, and that of SEBS/20wt%CB Cycle 1: 18.93 J → Cycle 3: 10.19 J. 

EVA/20wt%CB absorbs more energy than SEBS/20wt%CB, consistent with its higher 

rigidity and resistance to deformation. Both materials show reduced loading energy 

over cycles, reflecting material stabilization under repeated loading.  
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 The energetic Ratio (Energy Returned/Stored) of EVA/20wt%CB is Cycle 1 = 82%, 

Cycle 2 = 63%, Cycle 3 = 59% and that of SEBS/20wt%CB is Cycle 1 = 70%, Cycle 

2 = 53%, Cycle 3 = 50%. EVA/20wt%CB has higher energetic ratios in all cycles, 

meaning that it returns a higher proportion of absorbed energy. However, the ratio 

drops more significantly for EVA/20wt%CB (23% reduction) than for 

SEBS/20wt%CB (20% reduction) from Cycle 1 to Cycle 3. SEBS shows a more stable 

energy return behavior, although it is overall less efficient than EVA in energy 

restitution. 

3.9 Experimental validation in vivo 

The contact impedance of EVA/20wt%CB electrode is 26.8 ± 4.4 kΩ. This high impedance 

with significant variability (large standard deviation) indicates poor electrical contact with the 

skin, which leads to reduced signal quality and increased noise during EEG measurements. 

The large variability suggests inconsistent performance, likely caused by an inadequate 

interaction between the electrode and the skin. The same impedance of flexible commercial 

electrodes is 4.2 ± 0.5 kΩ. This is the lowest impedance, suggesting a highly consistent 

performance as compared to that of the EVA/20wt%CB electrode. The minimal impedance 

ensures an optimal signal quality, making it a benchmark for EEG applications. The contact 

impedance of the SEBS/20wt%CB electrode is 5.4 ± 0.9 kΩ. This value is much lower than 

that of EVA/20wt%CB, and close to that of the commercial electrode. The small standard 

deviation indicates consistent performance. The low impedance reflects a better electrode-skin 

interface and improved electrical conductivity, likely due to SEBS’s flexibility and a better 

dispersion of conductive fillers. Its low contact impedance makes it suitable for reliable EEG 

signal acquisition. Figure 2.10. shows the eye movement-related artifacts of SEBS/20wt%CB, 

EVA/20wt%CB and commercial electrodes.  
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Figure 3.10. EEG signals of SEBS/20wt%CB, EVA/20wt%CB and 
commercial electrodes

The eye movement-related artifacts plots in Figure 3.10, which show a comparison of the 

commercial dry flexible electrode, EVA/20wt%CB, and SEBS/20wt%CB, reveal notable 

differences in signal quality and stability.

Commercial Dry Flexible Electrode (Top Panel - Blue Line): The signal is stable and 

clear, with amplitudes of ~±2000 μV. The consistent patterns during eyes-open and 

eyes-closed periods indicate good sensitivity to changes in brain activity. The 

commercial electrode provides reliable signal quality, serving as a benchmark for 

comparison.

EVA/20wt%CB Electrode (Middle Panel - Red Line): The signal shows amplitude 

spikes exceeding ±10000 μV, particularly during transitions between eyes-open and 

eyes-closed states. These spikes suggest poor contact impedance and suboptimal 

electrode-skin contact, compromising signal reliability. When comparing the signal 

amplitudes recorded during the eyes-open phases, significantly larger amplitude 
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fluctuations are observed with the EVA/20wt%CB electrode compared to 

SEBS/20wt%CB and PDMS (EVA/CB > SEBS/CB > Commercial Dry Flexible 

Electrode PDMS, with no fluctuations detected for the commercial electrode). These 

pronounced variations may account for the higher overall amplitude observed with 

EVA/CB. 

 SEBS/20wt%CB Electrode (Bottom Panel - Green Line): The signal amplitude is well-

controlled and remains within ~±10000 μV, reflecting a better contact impedance. The 

clear differentiation between eyes-open and eyes-closed states suggests that 

SEBS/20wt%CB electrodes are capable of effectively capturing EEG signals. 

To better contextualize the contribution of this work, Table 3-2 summarizes the performance 

of the newly developed SEBS/CB and EVA/CB electrodes in comparison with recently 

reported flexible dry and wet EEG electrodes. The comparison includes parameters such as 

material composition, fabrication method, contact impedance, electrical conductivity, 

mechanical compliance, and electrode type. 

Table 3-2 clearly shows that while most PDMS- and TPU-based dry electrodes exhibit contact 

impedance values ranging from tens to several hundred kilo-ohms, the SEBS/CB composite 

developed in this study achieves a remarkably low impedance of approximately 5 kΩ, 

approaching that of commercial flexible electrodes. Furthermore, SEBS/CB combines this 

electrical performance with superior softness and elasticity, resulting in stable EEG signal 

acquisition and enhanced user comfort. The recyclability and processability of thermoplastic 

matrices such as SEBS and EVA also provide an additional advantage over conventional 

thermoset-based systems, enabling scalable, cost-effective manufacturing for wearable 

biosensors. 
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Table 3-2 Comparison with relevant work in the application area 

Electrode Material Fabrication Method Contact 

Impedance 

Reference 

PDMS/AgNWs 3D printing  10 kΩ at 1 kHz (Z. Wang et 

al., 2018) 

PDMS/CNT Sonication 290 kΩ at 10 Hz (Burgar, s. d.) 

PDMS/CNT Sonication + Magnetic 

stirring 

9 kΩ (Sanguantrakul 

et al., 2024) 

PDMS/CB Sonication + Magnetic 

stirring 

18 kΩ at 10 Hz (X. Cheng et 

al., 2019) 

PDMS/Au Coating 18 kΩ at 20 Hz (L.-F. Wang et 

al., 2012a) 

PDMS/Cu Coating 600 kΩ at 31 Hz (Meng et al., 

2016) 

PDMS/Cu Coating 39.43 kΩ (Han et al., 

2025a) 

PDMS/CNT Tree-roll milling 19-38 kΩ at 1 kHz (Oh et al., 

2024b) 

PDMS/MWCNTs Sonication 250 kΩ at 30 Hz (Sharma et al., 

2024b) 

PDMS/Ag/CNT-GO Coating 6.4-7.2 kΩ  (P. Li et al., 

2023) 

PU/Ni/Cu Coating 2000 kΩ (Baek et al., 

2013) 

PU/Ag/AgCl Coating 702 ± 219 kΩ (Warsito et al., 

2023a) 

PU/CB 3D printing  70–90 kΩ at 30 Hz (Xing & 

Casson, 2022) 

PU/Ag/AgCl Coating 264 ± 125 kΩ (Vasconcelos 

et al., 2021) 
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Table 3-2 Comparison with relevant work in the application area 

Electrode Material Fabrication Method Contact 

Impedance 

Reference 

PU/Ag/AgCl Coating 601.5 ± 400.8 kΩ (Heijs et al., 

2021) 

EVA/CB Magnetic stirring 26.8 ± 4.4 kΩ at 

31 Hz  

This work  

SEBS/CB Magnetic stirring 5.4 ± 0.9 kΩ at 

31 Hz  

This work  

Commercial flexible 

electrodes 

              -  4.2 ± 0.5 kΩ at 

31 Hz  

This work  

 

3.10 Discussion 

This study aimed to evaluate the electrical and mechanical performance of flexible dry 

electrodes based on SEBS/CB and EVA/CB for EEG signal acquisition, comparing them with 

commercial flexible dry electrodes. The results highlight several key findings regarding 

electrical conductivity, mechanical properties, contact impedance, and EEG signal quality. The 

percolation threshold for both SEBS/CB and EVA/CB composites was found to be identical, 

with both materials exhibiting comparable bulk electrical conductivity once a continuous 

carbon-black network is established. Below this threshold, incomplete pathways lead to high 

resistivity, while approaching it produces the expected sharp rise in conductivity associated 

with classical percolation behavior. Above the threshold, conductivity continues to improve as 

additional CB densifies the existing network; however, excessive loading increases mixture 

viscosity, promotes agglomeration, and restricts polymer chain mobility. These effects can 

limit conductivity gains and decrease elasticity by introducing stiffness. For flexible dry EEG 

electrodes, such stiffening is undesirable, as it reduces skin conformity and comfort. This 

highlights the need for an optimal CB concentration that provides a robust conductive network 
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without compromising the mechanical compliance required for wearable bioelectronic 

applications. 

However, the electrical conductivity plateau achieved by the composites developed in this 

study is approximately one order of magnitude lower than that reported in similar studies using 

melt-mixed SEBS/CB composites, such as the work by Kuester et al. (Kuester et al., 2016). 

Similar effects of CB dispersion and network morphology on conductivity development have 

been reported by Jamatia et al. (Jamatia et al., 2023) reported an electrical conductivity of 0.01 

S/m for SEBS/CB composites prepared via the toluene dissolution method with a very high 

filler content of 70 vol%. Conversely, SEBS-based composites containing 5 wt% of carbon 

black (CB) fabricated through extrusion, as reported by Lakto et al. (Latko et al., 2015), 

exhibited a significantly lower conductivity of 0.0001 S/m. These comparisons suggest that 

the processing method, filler dispersion, and polymer-filler interactions critically influence the 

final electrical performance of the composites. As reported in previous studies (Arjmand et al., 

2014; Gonçalves et al., 2016; Jiang et al., 2009; Pavlovsky & Siegmann, 2009) and as 

confirmed by the findings of this work, the variation in electrical conductivity as a function of 

conductive filler concentration can be generally divided into three distinct regions. In the 

insulating region, corresponding to low filler content, the AC conductivity strongly depends 

on frequency. As the CB content increases and approaches the percolation threshold, a sharp 

rise in conductivity is observed. Beyond this threshold, the AC conductivity becomes almost 

frequency-independent, indicating the formation of a continuous conductive network within 

the polymer matrix. At this stage, the composite behaves as an electrically conductive material 

(Kausar, 2016).  In addition, recent works on conductive polymer composites and EMI-

shielding materials provide valuable insight into the structure–property relationship of similar 

systems. For example, hybrid and hierarchical composites based on MXene, CNTs, or π-

conjugated polymers have been shown to enhance both conductivity and flexibility through 

synergistic filler dispersion and strong interfacial bonding (Gui et al., 2023a; C. Li et al., 2025; 

Y. Li et al., 2024; Y. Luo et al., 2025; J. Wang et al., 2025). Furthermore, MAX-phase-based 

and core–shell magnetic filler systems enhance electromagnetic absorption and mechanical 

resilience, highlighting the significance of filler architecture in energy dissipation and 

mechanical reinforcement. (Nath et al., 2021; Ugraskan et al., 2022; C. Xu et al., 2016).  
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SEM micrographs revealed a homogeneous dispersion of CB particles, but agglomerations 

were present at higher CB loadings (20wt%), particularly in both SEBS/CB and EVA/CB 

composites. Similar agglomerations were reported in (Latko et al., 2015; Pavlovsky & 

Siegmann, 2009) due to the high concentration of carbon black. While these agglomerations 

can lead to some variations in conductivity, they also contribute to the formation of percolating 

networks necessary for efficient charge transport. The presence of CB-CB contacts ensures 

that conductive paths are present inside the polymer matrix, supporting the electrical 

performance.  

EVA/20wt%CB is stiffer and more resistant to deformation, with higher stress and modulus, 

whereas SEBS/20wt%CB is softer and more elastic, offering better adaptability and comfort. 

SEBS/20wt%CB dissipates less energy as heat, resulting in lower hysteresis loss, and is more 

mechanically resilient under repeated loading cycles. Both materials stabilise over cycles, but 

SEBS/20wt%CB demonstrates better overall consistency in energy absorption and dissipation. 

EVA/20wt%CB is suitable for applications requiring rigidity and higher energy restitution. 

However, its higher hysteresis losses and reduced stability may limit performance under 

repeated mechanical loads. SEBS/20wt%CB is better suited for applications where flexibility, 

comfort, and mechanical durability are essential, such as flexible EEG electrodes. Its lower 

hysteresis loss and higher resilience under repeated use make it a more reliable choice. 

SEBS/20wt%CB has a lower stiffness, indicated by the gentler slope of the stress-strain curve, 

making it more flexible and better able to conform to scalp contours, thus enhancing user 

comfort. The narrower hysteresis loop for SEBS/20wt%CB signifies better elastic recovery, 

ensuring the electrode maintains good skin contact after repeated compression, which is vital 

for long-term EEG monitoring. Known for its biocompatibility, SEBS is safer for direct skin 

contact, reducing the risk of irritation or discomfort. The lower stress at the same strain 

decreases the risk of discomfort or pressure-related issues during prolonged use. Conversely, 

EVA/20wt%CB’s higher stiffness may limit its ability to conform to scalp curves, potentially 

leading to poor contact and increased impedance at the skin-electrode interface. Its larger 

hysteresis suggests less adaptability and greater discomfort over extended periods. Overall, 

SEBS/20wt%CB is the preferred material for dry, flexible EEG electrodes, as its superior 

flexibility ensures better skin-electrode contact, lower impedance, and more reliable signal 
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acquisition. Similar behaviour has been observed in other thermoplastic elastomer 

nanocomposites and EOC-based foams, which exhibited improved cyclic compression 

recovery and reduced hysteresis when reinforced with comparable filler content (Nayak et al., 

2025). The current results also align with those of  Wang et al.  (Kausar et al., 2017), and 

Ugraskan et al. (Ponnamma et al., 2016), where carbon-based or SWCNT-reinforced polymer 

composites demonstrated improved conductivity and compressive recovery due to efficient 

filler–matrix adhesion. Similarly, PVDF- and polyurethane-based nanocomposites exhibit 

balanced conductivity and flexibility (Y.-H. Lee et al., 2025a; C. Xu et al., 2016), while hybrid 

systems integrating graphene, nanodiamond, or MXene phases show outstanding EMI 

shielding and mechanical durability (Ghosh et al., 2019; Katheria et al., 2025). Overall, these 

results confirm that the interplay between filler dispersion, interfacial adhesion, and matrix 

elasticity governs the electrical and mechanical response of SEBS/CB and EVA/CB 

composites. SEBS/20 wt% CB, in particular, provides an optimal balance of conductivity, 

softness, and resilience, making it an excellent candidate for durable and comfortable dry EEG 

electrodes. The superior flexibility of the SEBS/CB electrodes make them particularly suitable 

for EEG applications, ensuring better conformity to the scalp curvature and reducing motion 

artifacts.  

The DSC thermograms of the SEBS/CB and EVA/CB composites provide additional insight 

into the thermal stability and segmental mobility of the elastomer matrices after the 

incorporation of carbon black. Both materials retain their characteristic thermal transitions, 

indicating that the filler does not alter the intrinsic thermal behavior of the polymers. SEBS/CB 

exhibits a glass transition near –50 °C, consistent with the soft ethylene–butylene phase, while 

EVA/CB shows a Tg around –35 °C followed by a mild endothermic transition associated with 

the softening of the vinyl-acetate-rich–rich domains. These observations confirm that the 

addition of 20 wt% carbon black does not disrupt the microphase structure or thermal 

relaxation mechanisms of either matrix. This is particularly relevant for EEG applications, as 

the preservation of the thermal transitions ensures that the composites maintain the elasticity, 

softness, and temperature resilience required for skin-conforming electrodes. The stable 

thermal behavior supports the conclusion that the improvements in electrical conductivity and 

mechanical response reported in this study arise primarily from the formation and densification 
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of the CB conductive network, rather than from modifications of the polymer thermal 

properties. 

The comparative results highlight that the SEBS/CB electrode developed in this work offers 

the best trade-off between conductivity, impedance, flexibility, and manufacturability among 

polymer-based dry electrodes reported to date. Its performance is close to that of commercial 

reference electrodes, demonstrating the effectiveness of carbon black dispersion and the 

suitability of SEBS as a soft, recyclable matrix for EEG applications. EVA/CB electrodes, 

while less flexible, still outperform many PDMS- and TPU-based counterparts in terms of 

impedance and cost-effectiveness. These findings confirm the potential of SEBS- and EVA-

based composites as sustainable alternatives for large-scale fabrication of comfortable and 

durable EEG electrodes. 

The stability of flexible dry electrodes over time is vital for reliable EEG signal acquisition. In 

this study, measurements were taken over a 10-second recording period, which aligns with 

durations reported in previous research using the same timeframe (Mermi Dibek & Baykan, 

2025; Qi et al., 2025; Triggiani et al., 2025; X. Zhong et al., 2026). During this period, both 

SEBS/CB and EVA/CB electrodes showed consistent impedance and signal amplitude, 

confirming their short-term stability. Although the in vivo evaluation provided useful insights 

into the real-world performance of the electrodes, certain limitations must be recognized. The 

study involved four participants, and the EEG recordings lasted only 10 seconds, which limits 

the statistical significance of the findings. Future research will involve larger participant 

groups, longer recording sessions, and additional analyses in both time and frequency domains 

to verify the robustness of the observed performance. These efforts will also assist in validating 

the long-term stability and clinical potential of SEBS-based electrodes for wearable and 

medical-grade EEG monitoring. 

SEBS/CB electrodes exhibited significantly lower contact impedance than EVA/CB 

electrodes, as well as those made of TPU and PDMS discussed in this paper. The EEG signal 

analysis further supports the superiority of SEBS/CB electrodes over EVA/CB. 

SEBS/20wt%CB electrodes are preferred for flexible EEG applications due to their lower 
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contact impedance and more stable signal performance as compared to EVA/20wt%CB. The 

signal waveforms highlight the significant role of contact impedance in ensuring stable and 

high-quality signal acquisition. Contact impedance, a key parameter influencing EEG signal 

quality, is critical for evaluating electrode performance. Compared to the SEBS/CB and 

EVA/CB electrodes developed in this study, the active claw-shaped dry electrodes proposed 

by Wang et al. (Z. Wang et al., 2024c) exhibit significantly higher and less stable contact 

impedance, particularly over hairy scalp areas. Similarly, other flexible, low-cost dry 

electrodes reported in the literature (G. Li et al., 2020; Motiepor et al., 2025; Z. Shi et al., 

2023a)  also present higher contact impedance relative to the SEBS/CB electrodes developed 

in this work, further demonstrating the superior electrical performance of the latter. This 

superior performance is attributed to the improved skin-electrode interface stability and the 

lower impedance achieved with the SEBS/CB formulation, which is particularly beneficial for 

reliable and high-quality EEG signal acquisition. Furthermore, both SEBS/CB and EVA/CB 

electrodes outperform the silicone-based dry electrodes fabricated by Hang et al. (Han et al., 

2025b) and Stauffer et al. (Stauffer et al., 2018c) in terms of contact impedance, underscoring 

their enhanced electrical properties and more stable skin-electrode coupling. These findings 

underscore that contact impedance, alongside bulk electrical conductivity, is a critical 

parameter in the design and fabrication of effective EEG electrodes. The results clearly 

demonstrate that contact impedance, rather than electrical conductivity alone, plays a dominant 

role in determining EEG signal quality. This study highlights the strong potential of SEBS/CB 

electrodes as a superior alternative to conventional materials such as EVA for flexible EEG 

applications. SEBS/CB electrodes exhibit low contact impedance, excellent flexibility, and 

deliver a stable EEG signal acquisition. Nevertheless, there remains room for further 

improvements, particularly in optimizing the electrode-skin interface, enhancing long-term 

stability, and refining manufacturing processes to scale production while maintaining 

performance. Further improvements can be explored: 

 Optimizing SEBS/CNT composites: Carbon nanotube (CNT) reinforcements could 

enhance conductivity without significantly increasing stiffness. 

 Evaluating long-term stability: Investigating the durability of SEBS/CB electrodes 

under prolonged use and repeated compression cycles. 
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 Improving skin adhesion: Future designs could incorporate self-adhesive materials or 

integrate the electrodes into EEG headsets for better stability and reduced motion 

artifacts. 

 Exploring hybrid composites: Combining SEBS with additional conductive fillers 

(e.g., CB, graphene, CNT) could further reduce the impedance and enhance the signal 

quality. 

3.11 Conclusion 

This study provided a comprehensive comparison between flexible dry EEG electrodes 

fabricated from SEBS/CB and EVA/CB conductive polymer composites, emphasizing their 

electrical, mechanical, and functional performance. Both composites achieved a bulk electrical 

conductivity of approximately 0.01 S/m with a percolation threshold near 12 wt% carbon 

black. However, SEBS/CB electrodes exhibited significantly lower contact impedance (5.4 ± 

0.9 kΩ) compared to EVA/CB (26.7 ± 4.4 kΩ), approaching the performance of a commercial 

flexible electrode (4.2 ± 0.5 kΩ). 

From a mechanical perspective, SEBS/CB demonstrated greater softness, elasticity, and 

energy efficiency, leading to improved scalp conformity and reduced hysteresis loss during 

cyclic deformation. In contrast, EVA/CB exhibited higher rigidity and energy dissipation, 

consistent with its thermoplastic character. EEG recordings further confirmed that SEBS/CB 

electrodes produced more stable and higher-quality signals, whereas EVA/CB performance 

was limited by higher impedance and lower flexibility. 

Overall, the results indicate that SEBS/CB composites provide the most balanced combination 

of electrical performance, mechanical compliance, and user comfort, making them promising 

materials for durable, high-performance, and comfortable dry EEG electrodes. 

Nevertheless, some limitations should be acknowledged: the number of in vivo tests was 

limited, the measurements were restricted to short-term recordings, and long-term stability or 

large-scale reproducibility was not yet evaluated. These aspects will be addressed in future 

work through extended testing across multiple participants and under dynamic, real-world 

conditions to confirm the robustness and reliability of the developed electrodes. 
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Chapter outline: This chapter presents the article corresponding to the results of the third part 

of the project. It emphasizes the dispersion and distribution of conducting additives in the 

polymeric matrix, the interactions between additives and the matrix, the formation of an 

electrically conductive network, and the properties of flexible styrene-Ethylene-Butylene-

Styrene/Carbon Black (SEBS/CB) and styrene-Ethylene-Butylene-Styrene/Carbon Nanotubes 

(SEBS/CNT) electrodes for EEG. 

 

Abstract: Flexible 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 dissolution. The percolation threshold was 

approximately 12wt% for SEBS/CB composites and approximately 2wt% for SEBS/CNT 

composites. At 20wt%, 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 



96 

 

4.2 ± 0.45 kΩ for SEBS/16wt%CNT and 5.4 ± 0.9 kΩ for SEBS/20wt%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. 

 

4.1 Introduction 

The development of wearable electronics has transformed electroencephalogram (EEG) 

electrode technology  (Huang et al., 2024; Palumbo et al., 2024; Xiong et al., 2024). 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 electrodes 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 (Di Flumeri et al., 2019). The conductive 

gel dries out, limiting measurement duration and impacting signal quality, making gel-based 

EEG systems less than ideal for non-laboratory settings (H.-L. Peng et al., 2015; Petrossian et 

al., 2023; Zeydabadinezhad et al., 2024).  

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 stabilizes 

contact impedance. Despite their advantages, electrolyte-based interfaces, including semi-dry 

configurations, still pose a risk of skin irritation or infection (S. Lin et al., 2019).  Moreover, 

semi-dry electrode technology continues to face technical challenges such as precise control 

over electrolyte release (G. Li et al., 2018), prevention of short circuits between neighboring 

electrodes, and maintaining structural integrity under mechanical pressure during use (P. Li et 

al., 2022). Recent advances have highlighted the potential 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 (G. Li et al., 2023, 2025). These materials exhibit strong signal correlation with 
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conventional wet electrodes during standard EEG paradigms (eyes closed/open) and ensure 

better moisture retention, mechanical resilience, and long-term comfort. Studies (G. Li, Wang, 

et al., 2021; G.-L. Li et al., 2020b) emphasize that semi-dry electrodes combine the mechanical 

flexibility of dry systems with the signal stability of wet electrodes, 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. (Sidheekha et al., 2023) 

provides valuable insights into multifunctional conductive polymer-based electrodes. They 

introduced polyaniline/chitosan (PANI/CS) hybrid hydrogels that act as both energy 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 potential 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 widespread adoption for daily or 

long-term EEG monitoring. These drawbacks 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, especially those based on flexible materials, provide 

stable contact with the skin’s curved surface, unlike rigid electrodes, which do not conform to 
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scalp contours and limit EEG signal acquisition (Veronica et al., 2024; F. Wang et al., 2024; 

Zeydabadinezhad et al., 2024). Consequently, recent studies have been exploring flexible, 

multifunctional composite materials to enhance EEG electrode performance and user comfort 

(Dadjou et al., 2024; Zeydabadinezhad et al., 2024). Multifunctional composite materials are 

being developed to create EEG electrodes with optimal flexibility, conductivity, and comfort 

for long-term use (K. Gao et al., 2024b; Kaveh et al., 2024; O. Lee & Lee, 2024; Y. Peng et 

al., 2024; Van Der Heijden et al., 2024). Ergonomic, flexible multipin geometries have 

improved EEG signal quality and user comfort, enhancing the potential for diagnostics and 

neuroscience research (Abdullah & Al-Neami, 2021; Damalerio et al., 2023; Fiedler et al., 

2023; Haueisen et al., 2020; Heijs et al., 2021; S. Lin et al., 2023; Q. Liu et al., 2023; Z. Shi et 

al., 2023b; Warsito et al., 2023b; Xing & Casson, 2022, 2023b). Thermoplastic polyurethane 

(TPU) and polydimethylsiloxane (PDMS), combined with carbon reinforcements, show 

promise for fabricating flexible electrodes (K. Chen et al., 2024; Hong et al., 2024; X. Zhao et 

al., 2024). Carbon black (CB) and carbon nanotubes (CNTs) are commonly incorporated into 

polyurethane (PU) and PDMS to produce multipin EEG electrodes (Fu et al., 2020b; B.-S. Lin 

et al., 2021; S. Lin et al., 2023; Lozano & Stoeber, 2019; J. Wang et al., 2023; Xiao et al., 

2021). 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. (Fiedler et al., 2015) 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 conventional 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. 

(Heijs et al., 2021) 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 
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eyes-open and eyes-closed conditions.  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. (Z. Wang et al., 2024b) 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 conductive 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 impedances 

of 18.6 kΩ and 122 kΩ in hairless and hairy regions, respectively. Xing and Casson (Xing & 

Casson, 2023a) 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. (Das et al., 2020b) developed electrodes that combine CNT, PDMS, and 

graphene, highlighting the affordability, biocompatibility, and robustness of graphene. These 

electrodes performed comparably to traditional silver/silver chloride (Ag/AgCl) electrodes. Oh 

et al. (Oh et al., 2024a) 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 conductivity 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. (Sharma et al., 2024a), 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) electrodes. Wang et al. (L.-F. Wang et al., 

2012b) designed flexible PDMS-based multipin dry electrodes coated with a gold layer and 
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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 hours 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 durability. 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 thermoplastic 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. (Robertson et al., 2023; Y. Xu et al., 2020) . 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 

flexibility and mechanical robustness (R. Wang et al., 2025; M. Xu et al., 2025; W. Zhong et 

al., 2025) . Furthermore, both SEBS and carbon black are low-cost, recyclable materials that 

can be reprocessed using standard thermoplastic routes, providing a sustainable and 

environmentally friendly alternative for large-scale manufacturing of flexible EEG electrodes 

(Bidiyasar et al., 2024).  Their combination of electrical conductivity, mechanical softness, and 

long-term durability makes them promising for bioelectronic interfaces, including 

electrocardiography (ECG), electromyography (EMG), and other skin-mounted sensors.  
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Nevertheless, EEG 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 (Das et al., 2020a; de Camp et al., 2018; Habibzadeh Tonekabony Shad et 

al., 2020; L. Yang et al., 2021).  Meeting these challenges requires elastomeric materials that 

are conductive, compliant, biocompatible, and conform closely to the scalp’s complex 

geometry (Fu et al., 2020a). SEBS-based composites are strong candidates 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  (Cetin & Karahan Toprakci, 2021a; M. 

Liu et al., 2023a; Y. Peng et al., 2024; Tekay, 2020; Tekay et al., 2023; X. Wang et al., 2018; 

X. Yang et al., 2019a; B. Zhou et al., 2022). 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 electrodes. 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, mechanical, 

and stability properties. We extend that approach by integrating 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, 

comfortable 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. 
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4.2 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 composites with a commercial dry flexible electrode to identify the 

formulation 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 properties—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. 

 

4.2.1   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 Scientific 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. 

4.2.2      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 
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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 (Alam et al., 2021, 2024). The dissolution was carried out at 100 °C under 

magnetic stirring at 600 rpm until a homogeneous polymer solution was obtained. 

Subsequently, carbon nanotubes (CNT, 0–16 wt%) and carbon black (CB, 0–25 wt%), as 

summarized in Table 1, were gradually added to the solution. 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 hours to ensure complete solvent evaporation. 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 minutes, followed by an increase to 5 MPa for an 

additional 15 minutes while maintaining the temperature. During the subsequent hot-pressing 

process 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 consisted 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 reduces motion 

artifacts during EEG acquisition.  

The nanocomposites fabricated using this procedure are listed in Table 4-1. Three samples of 

each nanocomposite were used for characterization 
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 Table 4-1 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                                  -  

 

 

4.2.3 Methods       

4.2.3.1 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 spectrometer (BDS) (Alpha-A Dielectric Analyzer, Novocontrol, Germany). 

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 
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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. 

4.2.3.2 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 

microscope (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 enables high-contrast imaging of 

the conductive filler network and assesses dispersion homogeneity, impacting the composite’s 

functional properties. 

4.2.3.3 Thermo-Mechanical Characterization 

Thermo-mechanical characterization confirms conductive particle weight fractions, assesses 

thermal stability via decomposition temperatures, 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 

approximately 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 minutes to ensure 

complete decomposition. This technique determines the decomposition onset, residual mass 

(used to verify the filler content), and the composites' thermal degradation profiles. 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 



106 

 

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. 

4.2.3.4 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 Figure 4.1. 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 inserted at positions 3 and 4.  Figure 4.2 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 statistical reliability, three measurements were 

performed for each configuration, and the mean and standard deviation were calculated to 

quantify variability and repeatability. This in vivo validation provides insights into electrode-
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skin interface quality, signal integrity, and usability, and compares the developed and 

commercial EEG electrodes under real-world conditions.

Figure 4.1. Ultracortex “Mark IV” EEG headset for electrode placement

The headset ensures consistent and accurate positioning of EEG electrodes on the scalp to 

facilitate reliable EEG data acquisition

Figure 4.2. EEG electrode placement and signal acquisition using the 10-20 system

EEG measures electrical activity reflecting neuronal activity related to cognitive processes.
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4.2.3.5 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 Review Board 

(Approval No. H20230504) and conducted according to the Declaration of Helsinki. Informed 

consent was obtained from all participants 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 seconds. Following standard EEG protocols and the 

American Clinical Neurophysiology Society guidelines (Sinha et al., 2016), 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. 

4.3 Results  

4.3.1 Electrical Properties  

Figure 3.3 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 function of frequency. Above the percolation threshold, this value 

approximates the true direct current (DC) conductivity, and below this threshold, it 

overestimates conductivity because of a frequency-dependent term. As shown in Figure 4.3, 

once the mass fraction of the composites exceeds 2wt% of CNT and 12wt% of CB, which are 

the respective percolation thresholds of SEBS/CNT and SEBS/CB composites, 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 conductivity is a function of frequency. This 

behavior is visible in Figure 4.3 for concentrations below 12wt%CB for the SEBS/CB 
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composite and below 3wt%CNT for the SEBS/CNT composite. With further increases in CB 

and CNT loading, the electrical conductivity becomes almost independent of frequency, and 

at this point, the composite material can be considered electrically conductive  (Kausar, 2016). 

Figure 4.3 also shows the non-conductive domain (0-12wt% for SEBS/CB and 0 to 2wt% for 

SEBS/CNT) that the value of the electrical conductivity at a given frequency is not 

monotonically correlated with the CB and CNT concentrations due to the contribution of the 

relaxation mechanisms. SEBS/20wt%CB and SEBS/16wt%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 Figure 4.3 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 ≥ 6wt% 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. 
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             Figure 4.3. Real part of the complex conductivity as a function of frequency of 

(a) SEBS/CNT and (b) SEBS/CB 

 
a) 

             
b) 
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Figure 4.4 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 composites were approximately 12 wt% and 2wt%, respectively. In 

Figure 4.4, 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 20wt%, while that of the SEBS/CNT 

composite is 1.26 S/m at 16wt%.  Figure 4.4 shows that the percolation threshold of 

SEBS/CNT composites is lower than that of SEBS/CB. At a mass fraction of 2wt% of CNT 

within the matrix, SEBS/CNT composites begin to exhibit electrical conductivity, while the 

SEBS/CB counterparts start to be electrically conductive at a mass fraction of 12wt% of CB. 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. 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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Increasing the mass fraction of conductive reinforcements significantly 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 composites. 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 percolation–saturation effect observed in CB-filled systems. This 

difference highlights the superior efficiency of CNTs in establishing conductive pathways as 

compared to carbon black.  

4.3.2    Structural Properties 

Figure 4.5 presents the SEM micrograph of polystyrene-block-poly(ethylene butylene)-block 

polystyrene (SEBS)/CNT composites containing 16wt% and SEBS/CB composites containing 

20wt%CB. The results show that CNT particles appear to be well distributed in the 

polystyrene-block-poly(ethylene butylene)-block polystyrene (SEBS)/16wt%CNT 

composites. Figure 4.5(b) shows that some aggregates were observed in the SEBS/20wt%CB 

composite due to the high concentration of CB (20 wt%). Figure 4.5 illustrates the interaction 

of the reinforcing agents, CB and CNT, within the different matrices. The morphology of 

SEBS/16wt%CNT composites revealed that, compared to SEBS/20wt% 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 conductivity, as it facilitates the 

formation of conductive paths via CB-CB contacts (Cetin & Karahan Toprakci, 2021b; 

Kouediatouka et al., 2023; H. Lin et al., 2024). Due to their geometric structure and large 

specific surface area, CNTs also promote CNT-CNT contacts within the SEBS/16wt%CNT 

composite, enabling conductive pathways throughout the matrix. 
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Figure 4.5. Scanning electron microscopy (SEM) micrograph of a: (a) SEBS/16wt%CNT 
composite and (b) SEBS/20wt%CB composite

4.3.3    Thermo-Mechanical Properties

A TGA was performed on the composites for which micrographic views were taken, as shown 

in Figure 4.6. The TGA results compare the thermal stability and filler contents of 

SEBS/16wt%CNT (red curve) and SEBS/20wt% 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 degradation 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/20wt%CB 

composite leaves about a 20% residue, matching its carbon black content. The 

SEBS/16wt%CNT composite leaves about a 16% residue, consistent with its CNT content.

   

                      a)                                                                                b)



114 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. TGA thermograms of SEBS/16wt%CNT and SEBS/20wt%CB 

 

Figure 4.7 presents a dynamic mechanical thermal analysis of neat polystyrene-block-

poly(ethylene butylene)-block-polystyrene (SEBS), and SEBS/16wt%CNT, and 

SEBS/20wt%CB composites. It can be observed that the storage modulus of the 

SEBS/16wt%CNT composite is higher than that of the SEBS/20wt%CB composite, and that 

the storage modulus of pure SEBS is lower than those of the SEBS/16wt%CNT and 

SEBS/2wt%CB composites. It can be concluded that the presence of reinforcements within the 

matrices adds to the mechanical stiffness of the latter. 

 

 

 

 

Reinforcement content in
the SEBS/CB composite

Reinforcement content in
the SEBS/CNT composite
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Figure 4.7. DMTA thermograms of polystyrene-block-poly(ethylene butylene)-block 
polystyrene (SEBS) polymer, SEBS/carbon nanotube (CNT), and SEBS/carbon black 

(CB) composites 

 

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 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. 
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4.3.4    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)/ 16wt%CNT  

and SEBS/20wt%CB composites versus commercial flexible electrodes at positions 1, 2, and 

5, as presented in Figure 4.1. The results provide insights into the performance of the various 

composites used in this work for EEG signal capture. Contact impedance is a key factor in 

EEG signal quality, varying with the electrode material. The higher electrical conductivity of 

the SEBS/16wt%CNT composite as compared to the SEBS/20wt%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 Figure 4.8, 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)/16wt% 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 capture 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/16wt%CNT electrode, as shown in Figures 4.8 and 4.9. The contact impedance of 

polystyrene block poly(ethylene butylene) block polystyrene  (SEBS)/20wt%CB electrodes 

with pins at position 4 is 5.4 ± 0.9 kΩ, 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. 

Figure 4.8 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-
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polystyrene (SEBS)/16 wt%CNT and SEBS/20wt%CB at positions 3 and 4, when the subject’s 

eyes were open and blinking. Figure 4.9 presents EEG time-domain recordings of the 

commercial multipin dry flexible electrode at position 5, compared to SEBS/16wt%CNT and 

SEBS/20wt%CB at positions 3 and 4, when the subject’s eyes were open and blinking.
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Figure 4.8. Time-domain 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 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



119 

Figure 4.9. Representative time-domain 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 

 

The SEBS/16wt%CNT and SEBS/20wt%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. 

4.4 Discussion 

This study evaluated the electrical and mechanical performance of flexible dry SEBS/CB and 

SEBS/CNT electrodes for EEG signal acquisition, comparing them with commercial flexible 

dry electrodes. The results 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 suitable 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. (X. Yang 

et al., 2019b), who reported percolation thresholds of 2.07 wt% for SEBS/CNT and 5.22 wt% 
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for SEBS/CB nanocomposites using ultrasonic dispersion followed by magnetic stirring, with 

conductivity plateaus of 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 performance of sensing and 

functional electrodes is strongly governed by nanocomposite architecture and interfacial 

charge-transfer phenomena. NiO/MWCNT-based electrodes reported in (Shahmiri et al., 2013) 

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 

(Moradbeigi et al., 2023), showed increased electroactive surface area and reduced charge-

transfer resistance due to synergistic interactions between CNT conductive networks and 

chemically doped chalcogenide phases, as confirmed by electrochemical impedance 

spectroscopy. Beyond electrochemical systems, CNT-based polymer nanocomposites reported 

in (Litkohi et al., 2021) 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 relationships, where electrode performance is primarily dictated by conductive 

network morphology and interfacial impedance. 

The high electrical conductivity achieved in the electrodes developed 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, 

resulting 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 electrodes. 
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SEM micrographs revealed that, compared to SEBS/20wt%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 still poses challenges, especially at high 

concentrations. The remaining weights obtained through TGA tests confirmed the nominal 

concentrations used when compounding composites. 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 nanocomposites and conjugated 

organic frameworks, where they facilitate charge transport and structural uniformity (Jing et 

al., 2025; Qin et al., 2025; Yan et al., 2025; Zhu et al., 2025). In contrast, the quasi-spherical 

morphology and higher required loading of CB increase compound viscosity, limit shear 

dispersion, and promote micro-scale agglomeration (Atif et al., 2013; Gómez Martín et al., 

2024). 

DMTA tests showed that the SEBS/CNT electrode is stiffer than the SEBS/CB electrode. CB 

and CNT offer distinct solutions for EEG applications, 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 flexibility, electrical conductivity, and contact 

impedance. 

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. (Bakytkarim et 

al., 2024) reported a sensitive electrochemical sensor for chlorogenic acid detection based on 
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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 (P, 2023) developed a biosensor for Escherichia coli detection using 

a PVA/r-GO/polyethylenimine (PEI) nanocomposite. 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. (Biswas et al., 2025) reviewed the 

potential of graphene-based hybrid nanomaterials in energy storage, particularly in 

supercapacitor applications. Their findings emphasize the importance of synergistic 

interactions between conductive fillers and polymeric hosts to achieve high surface area, 

efficient charge transport, and mechanical robustness. Although electrical conductivity 

measurements were not always reported, the observed improvements 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 piezoresistive sensing mechanism, 

in which the electrical resistance varies in response to mechanical deformation or displacement 

at the electrode–skin interface. This behavior resembles that of strain or displacement sensors, 

where signal fluctuations correspond to subtle mechanical movements. For instance, Wan et 

al. (Wan et al., 2025) 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 
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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. (H. Wang et al., 2023) explored how thermo-mechanical properties influence the 

performance of piezo-electrets made from cyclic olefin copolymers with varying stiffness and 

thermal resistance. Based on the inverse relationship 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 composites 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, stability 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 subsequent 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. 
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4.5 Conclusion 

This study demonstrated the potential of SEBS-based nanocomposites as flexible dry 

electrodes for EEG signal acquisition. Among the tested formulations, SEBS/16wt%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 commercial 

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 concentrations. 

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 assessment 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 biocompatible, reliable, and suitable for extended wear in 

real-world settings.  
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Chapter outline: This chapter presents the article corresponding to the results of the third 

part of the project. It emphasizes the dispersion and distribution of the conducting additives 

in the polymeric matrix, additive-matrix interactions, the formation of an electrically 

conducting network, and the properties of flexible styrene-Ethylene-Butylene-

Styrene/Carbon Nanotubes/Carbon Black (SEBS/CNT/CB) and Maleic Anhydride-Grafted 

styrene-Ethylene-Butylene-Styrene/Carbon Nanotubes/Carbon Black (SEBS-

MA/CNT/CB) Electrode for EEG. 

 

Abstract: This study evaluates styrene-ethylene-butylene-styrene (SEBS) composites 

modified with carbon nanotubes (CNT) and carbon black (CB) for flexible EEG electrodes. 

Maleic anhydride-grafted styrene-ethylene-butylene-styrene (SEBS-MA) with 8%wt 

carbon nanotubes (CNT) and 2 %wt carbon black (CB) provides an optimal balance of 

conductivity and flexibility, a storage modulus comparable to styrene-ethylene-butylene-

styrene (SEBS), and yields a highly flexible conductive material.  SEBS and SEBS-MA 

composites with 8%wtCNT/2%wtCB produced stable, low-noise signals, suggesting 

responsiveness to brain activity. The contact impedance of the elastomeric thermoplastic 
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polymer (SEBS)/8%wtCNT/2%wtCB electrode is 4.25 ± 0.5 kΩ, and 4.5 ± 0.6 kΩ for 

SEBS-MA/8%wt CNT/2%wtCB, comparable to a commercial electrode (4.75 ± 1.5 kΩ). 

SEBS/8%wtCNT/2%wt CB and SEBS-MA/8%wtCNT/2%wtCB produced stable, low-

noise EEG signals. In vivo EEG recordings demonstrated that SEBS-MA with 

8%wtCNT/2%wt CB effectively captured transitions between the eyes-open and eyes-

closed states, yielding clear and stable signals. These findings suggest that SEBS-

MA/8%wtCNT/2%wtCB is a promising material for flexible, high-performance EEG 

electrodes due to its balance of electrical conductivity, mechanical stability, and signal 

clarity. 

Keywords: flexible electrodes; electroencephalography; electrical properties; mechanical 
properties 
 

5.1    Introduction 

EEG is a non-invasive technique that records brain electrical activity through electrodes 

placed on the scalp (Arai et al., 2015; Cunha et al., 2009; Fu et al., 2020a; Krachunov & 

Casson, 2016). Conventional EEG systems rely on wet electrodes, which use a conductive 

gel to reduce electrode–skin impedance to values typically in the range of 5–10 kΩ (Hinrichs 

et al., 2020; G. Li et al., 2018). This ensures high-quality signal acquisition; however, gel 

electrodes present significant drawbacks. The gel dries out over time, causing impedance to 

rise and signal degradation, and their application and removal are inconvenient and 

uncomfortable for the user (Petrossian et al., 2023). These limitations restrict their suitability 

for long-term and portable EEG applications. 

To overcome these challenges, research has focused on the development of dry electrodes, 

which operate without the need for gel (R. Wang et al., 2017b). Three main categories exist: 

microneedle electrodes, which penetrate the stratum corneum and can achieve impedances 

as low as 10–50 kΩ (Arai et al., 2015; J. Li et al., 2022), but may cause discomfort and 

biocompatibility concerns; capacitive electrodes, which record signals through an insulating 

layer and allow non-contact acquisition, but often suffer from impedances above 200 kΩ 

and are highly sensitive to motion artifacts (Babusiak et al., 2018; Baek et al., 2012; Y. Gao 

et al., 2020; S. M. Lee et al., 2013, 2016a); and surface electrodes, which contact the skin 
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directly and offer a more user-friendly solution with relatively simple fabrication steps, 

though they typically present impedances above 20 kΩ range (X. Cheng et al., 2019; L. 

Yang, Gan, et al., 2022). 

Most modern surface dry electrodes depend on thin conductive coatings applied to a 

polymer substrate. These coatings can deteriorate or peel off after repeated use, reducing 

performance (Asayesh et al., 2025; Fiedler et al., 2011b, 2015, 2016, 2018b, 2023; Warsito 

et al., 2023a). To address this limitation, bulk conductive composites have been developed, 

in which electrical conductivity is embedded throughout the electrode rather than only at the 

surface (Hoon Lee et al., 2014). Conductivity is generally achieved by incorporating carbon-

based fillers such as carbon black (CB) or carbon nanotubes (CNTs) (Heo et al., 2020). CB 

and CNTs each present distinct advantages and limitations when used individually as 

conductive fillers. CB is low-cost and widely available, but requires high loadings to reach 

percolation (Y. Wang et al., 2025b), 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 (Oh et al., 2024a). 

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 (Alavi et al., 

2023; Aravinth et al., 2024; Cai et al., 2024; He et al., 2024; J.-W. Li et al., 2024; Y. Yao et 

al., 2024). Nevertheless, the primary challenge remains optimizing the fabrication process. 

Achieving the right balance between filler fraction, dispersion quality, and electrical 

performance is critical to ensuring that electrodes are both conductive and mechanically 

compliant. Excessive filler loading leads to stiffness and discomfort, while insufficient 

loading compromises conductivity 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 (Cai et al., 2024; He et al., 2024; Kumar et 
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al., 2024; Lv et al., 2023; Mahato et al., 2024; Paul et al., 2023; Promsung et al., 2024; 

Shajari et al., 2022; J. Wang et al., 2024; Warsito et al., 2023a; S. Xu et al., 2020). PDMS 

offers softness and biocompatibility; however, its excessive flexibility leads to unstable 

electrode–skin contact, resulting in impedance fluctuations (L.-F. Wang et al., 2012a; Z. 

Wang et al., 2018). TPU, on the other hand, offers mechanical robustness but can sometimes 

be too rigid for comfortable long-term wear (Fiedler et al., 2023; Heijs et al., 2021; 

Vasconcelos et al., 2021). Consequently, alternative matrices 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 

electrodes (Alavi et al., 2023; T. Chen et al., 2022; M. Liu et al., 2023b; Y. Yao et al., 2024; 

B. Zhou et al., 2022).  Furthermore, maleic anhydride-grafted SEBS (SEBS-MA) enhances 

filler dispersion and interfacial adhesion, potentially reducing the high stiffness of 

composites (Alikhani & Mohammadi, 2023; Grigorescu et al., 2016). 

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 

complementary 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 loadings—specifically 20 wt% CB (despite a percolation 

threshold above ~12 wt%) and 16 wt% CNT (despite a percolation threshold near ~3 wt%). 

However, such high filler levels can reduce flexibility and comfort. By combining CNT and 

CB, synergistic conductive networks can form, allowing for reduced filler content while 

maintaining conductivity and lowering electrode–skin impedance below clinically relevant 

levels (<5 kΩ). The addition of maleic anhydride into SEBS (SEBS-MA) enhances filler 

dispersion and polymer–nanoparticle interactions, potentially alleviating stiffness. These 

hybrid nanocomposites were prepared through solvent dissolution and systematically 

evaluated for morphology, dispersion, electrical conductivity, and EEG performance, to 
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create durable, flexible, low-impedance electrodes that address the limitations of traditional 

wet and coated dry electrodes. 

5.2 Materials and Methods   

5.2.1 Materials 

The materials used in this study were chosen for their suitability in flexible EEG electrode 

applications. Styrene–ethylene–butylene–styrene (SEBS), an elastomeric thermoplastic 

polymer with a number-average molecular weight of 54,000 g/mol and a polystyrene content 

of 30 wt%, was supplied by Kraton (Paulínia – SP, Brazil). Maleic anhydride-grafted SEBS 

(SEBS-MA), also obtained from Kraton, was used to improve the interaction between the 

polymer matrix and conductive fillers. 

Multiwalled carbon nanotubes (MWCNTs), NC 7000™ grade, were obtained from Nanocyl 

S.A. (Sambreville, Belgium). These nanotubes have an average diameter of 9.5 nm, an 

average length of 1.5 μm, a surface area ranging from 250 to 300 m²/g, a nominal electrical 

conductivity of 100 S/m, a density between 1.30 and 2.00 g/cm³, and a carbon purity of at 

least 90%.  

Carbon black (CB), Lampblack type C198-500 (Lot 145509), was obtained from Fisher 

Chemical (Fisher Scientific, Ottawa, ON, Canada). It consists of nanoparticles 

approximately 50 nm in size, with a nominal electrical conductivity of 400 S/m and a density 

of 1.8 g/cm³.  

For solution processing, toluene (UN1294, Optima, T291-4, Lot 234238) was purchased 

from Fisher Chemical (Fisher Scientific Company, Ottawa, ON, Canada). 

5.2.2 Composite Preparation 

Electrode composites were created using a solution-casting and compression-molding 

process (see schematic in Figure 5.1). 

Polymer dissolution: SEBS or SEBS-MA pellets were dissolved in toluene at 100 °C with 

magnetic stirring at 600 rpm until a clear, homogeneous solution formed. 
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Filler incorporation: CNT and CB were added to the polymer solution at specified weight 

fractions (Tables 5-1 and 5-2). Dispersion was maintained through continuous stirring at 

100 °C for 30 minutes 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 evaporated, resulting in nanocomposite films. 

Electrode molding: The dried films were compression molded into multipin electrode 

geometries using a heated press at 215 °C. The process involved an initial pressure of 0.8 

MPa for 5 minutes, followed by a pressure of 5 MPa for 15 minutes. 

 

 

 

 

 

 

Figure 5.1. 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 

 

5.2.3  Electrode Geometry 

Each electrode consisted of 19 cylindrical pins arranged in a circular pattern. The pins had 

an average height of 4.9 ± 0.09 mm and a diameter of 1.41 ± 0.01 mm. The center-to-center 

distance between neighboring pins was about 2.5 mm, which corresponds to an edge-to-

edge spacing of approximately 1.1 mm at the electrode–skin interface. 
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5.2.4  Composite Formulations 

The compositions of the prepared composites are summarized in Tables 5-1 and 5-2. For 

each formulation, three independent samples were fabricated and characterized to ensure 

reproducibility. Comparative analyses were conducted between SEBS/CNT/CB and SEBS-

MA/CNT/CB composites at equivalent filler loadings to determine the most suitable 

material for EEG applications. 

 

Table 5-1 Composition of styrene-ethylene-butylene-styrene (SEBS) 
nanocomposites with different weight fractions (%wt) of carbon 

nanotubes (CNT) and carbon black (CB) 

Reinforcements Matrix 

 CNT  CB 

- - 100 

3 2 95 

8 2 90 

10 - 90 

- 10 90 

10 5 85 

16 - 84 

15 5 80 

- 20 80 

 



134 

 

 

Table 5-2 Composition of maleic anhydride-grafted styrene-ethylene-
butylene-styrene (SEBS-MA) nanocomposites with different weight 

fractions of carbon nanotubes (CNT) and carbon black (CB) 

Reinforcements Matrix 

 CNT CB 

- - 100 

3 2 95 

8 2 90 

10 - 90 

- 10 90 

10 5 85 

16 - 84 

15 5 80 

- 20 80 

 

 

5.3 Characterization 

5.3.1 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 20 mm diameter and a thickness of 1.2 mm were placed between 

two solid brass electrodes, creating a plane-plane electrode/composite material/electrode 
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sandwich. The measurements were performed over a frequency range from 10² Hz to 10⁵ 

Hz at 30 °C. 

5.3.2 Structural Characterization 

The composite morphology was examined with a high-resolution scanning electron 

microscope (SEM, Hitachi SU-8230 field-emission SEM) operated at 5 kV to evaluate the 

dispersion of conductive fillers within the matrix. Cross-sections were prepared using a 

microtome and sputter-coated with approximately 2 nm of platinum using a turbo-pumped 

sputter/carbon coater (Quorum Technologies Q150T). 

5.3.3 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 

decomposition temperatures of the composites. Approximately 10–13 mg of material was 

heated from 20 to 500 °C at a rate of 3 °C/min under a nitrogen flow of 100 ml/min, followed 

by a 2-minute 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 to 220 °C for 

SEBS and –100 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 

interference 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 

cantilever clamp (22 mm frame, 2 mm center clamp). Rectangular specimens (8 mm wide, 

2 mm thick) were tested at a strain of 0.4%, a frequency of 1 Hz, and a heating rate of 

2 °C/min across 25–35 °C. Measurements were conducted under laboratory conditions 
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(~23 °C, 45–55% relative humidity). The storage modulus was solely evaluated to assess 

stiffness and elastic behavior within this temperature range. 

5.3.4 Preliminary In Vivo Validation 

Multipin flexible EEG electrodes were tested for contact impedance 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 minimal 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 5.3) 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 reference electrodes. 

To evaluate EEG signal quality, participants sat in a quiet room while recordings were taken 

for 10 seconds. Following standard protocols and the recommendations of the American 

Clinical Neurophysiology Society (Sinha et al., 2016), participants were instructed to 

minimize head and facial muscle activity and remain still to reduce movement artifacts. This 

method enabled reliable detection of eye-blink reflex artifacts and neural oscillations. 
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Figure 5.2. Schematic of electrode placement on the scalp using the Ultracortex 
“Mark IV” EEG headset

Multipin flexible electrodes developed 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 references.

The Ultracortex “Mark IV” headset is designed to ensure consistent 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 4.3 shows the 

electrodes developed in this work alongside the commercial flexible electrode from 

OpenBCI, which was used as a performance benchmark.
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Figure 5.3. 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 work, side view. The built-in ruler 
shows the scale for electrode sizes

5.3.4.1 Participants

Participant testing was conducted to evaluate the performance of the developed EEG 

electrodes under physiological conditions, with a focus on signal quality and motion 

artifacts. Healthy adult volunteers (n = 4; 1 male, three females; age range 21–35 years) 

participated in EEG measurements.

All procedures were approved by the ÉTS 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.

5.4 Results 

5.4.1 Electrical Properties

Figures 5.4 – 5.10 summarize the real part of the complex conductivity, σ′(f), for SEBS and 

SEBS-MA composites filled with CNT, CB, and CNT/CB hybrids. 
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5.4.1.1 Frequency response and filler-morphology effects 

Figure 5.4 shows that SEBS/10wt%CNT is already a conductive composite (σ′≈10⁻² - 10⁻³ 

S·m⁻¹, with a frequency-independent plateau), whereas SEBS/10 wt% CB remains 

insulating (σ′≈10⁻¹² S·m⁻¹ at 1 Hz 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 transport 

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 

spherical particles with a lower surface area-to-volume ratio. In this context, σ′ refers to the 

real part of the complex electrical conductivity (σ), which measures the material’s ability to 

conduct electricity through ion movement. It excludes the imaginary part (σ″), which 

accounts for capacitive or inductive responses related to energy storage. Therefore, σ′ 

provides a direct measure of the composite’s effective electrical performance, which is 

crucial for applications like dry EEG electrodes, where both high conductivity and long-

term stability are essential. 

 

 

 

 

 

 

 

 

 

Figure 5.4. Electrical conductivities of SEBS/10 wt% CNT vs SEBS/10 
wt% CB (σ′ vs frequency) 
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Figure 5.5 compares high-loading systems: SEBS/16 wt% CNT reaches about 1 S·m⁻¹ with 

a flat plateau, SEBS/20 wt% CB reaches roughly 10⁻² S·m⁻¹, and the SEBS-MA counterparts 

are consistently lower at the same filler levels (see below). The electrical conductivity data 

in Figure 5.5 demonstrate how reinforcement 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 electrical conductivity of SEBS and 

SEBS-MA composites with reinforcement weight fractions of 10%, 16%, and 20% is shown 

in Figures 5.4 and 5.5, illustrating distinct conductivity behaviors based on filler type and 

concentration. 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. Electrical conductivity of SEBS/16 wt%CNT, SEBS/20 wt%CB, 
SEBS-MA/16 wt%CNT, and SEBS-MA/20 wt%CB (σ′ vs. frequency) 

 

Table 5-3 summarizes the electrical conductivity of SEBS and SEBS-MA composites at 

different reinforcement loadings, complementing Figures 5.4 and 5.5 by highlighting the 

role of CNT and CB in determining conductive network formation. 
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Table 5-3 Electrical conductivity of SEBS and SEBS-MA composites with different 
CNT and CB loadings (see Figure 4.4 and 4.5) 

Composite 

Formulation 

Conductivity 

at 1 Hz (S/m) 

Frequency 

Dependence 

Interpretation 

Neat SEBS 

(unfilled) 

~10⁻¹² 

 

Strong increase 

with frequency 

Typical insulating behavior 

SEBS/10%wtCB 

 

~10⁻¹² 

 

Increases 

significantly with 

frequency 

CB is insufficient to form a 

conductive network at 10 wt% 

SEBS/10%wt 

CNT 

10⁻³ – 10⁻² 

 

Frequency-

independent 

Stable conductive network from 

CNTs 

SEBS/16%wt 

CNT 

~1 

 

Frequency-

independent 

A strong CNT network 

guarantees reliable conduction. 

SEBS/20%wtCB 

 

~10⁻² 

 

Frequency-

independent 

Continuous CB network 

established at 20 wt% 

SEBS-

MA/16%wtCNT 

 

10⁻¹ – ~1 

 

Frequency-

independent 

 

Slightly lower conductivity 

than SEBS/16% CNT; CNT 

network is somewhat less 

efficient. 

SEBS-

MA/20%wtCB 

 

~10⁻³ 

 

Frequency-

independent 

 

Lower than SEBS/20% CB; 

MA modification does not 

improve conduction 

 

Hybrid series (Figure 5.6 – 5.9) confirm that CNT-rich blends control network formation 

and flatten the frequency response; in contrast, CB alone or CB-rich blends require 

significantly higher total loadings and still exhibit lower plateaus. For dry electrodes, σ′≥10⁻² 

S·m⁻¹ with minimal frequency dependence around 31 Hz is desirable. CNT-rich SEBS (≥7–

8 wt% CNT with a small CB fraction) meets this target, while CB-rich systems do not. 

Figure 5.6 compares the conductivity of SEBS composites with reinforcement weight 
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fractions of 5%. It illustrates the conductivity of SEBS composites with 5% reinforcement 

weight fractions as a function of frequency. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. Hybrid SEBS composites with 5 wt% total reinforcement (σ′ vs. 
frequency) 

 

The data show the baseline conductivity achieved at this low reinforcement loading, serving 

as a reference to compare with higher reinforcement concentrations. Figure 5.7 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.  
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Figure 5.7. Hybrid SEBS composites with 10 wt% total reinforcement showing 
CNT content-controlled transition to frequency-independent behavior (σ′ vs 

frequency) 

 

Figure 5.7 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 pathways within the 

composite material. 

Table 5-4 summarizes the electrical conductivity values and frequency-dependent behavior 

of SEBS composites containing a total of 10 wt% reinforcement with different CNT/CB 

ratios, complementing the results shown in Figure 5.7. 
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Table 5-4 Electrical conductivity of SEBS composites (10 wt% reinforcement) with 
different CNT/CB ratios 

Composite 

Formulation 

Conductivity 

at 1 Hz (S/m) 

Frequency 

Dependence 

Interpretation 

2% CNT / 3% CB ~10⁻¹² Strong increase 

with frequency 

Weak network, CB-

dominated; poor continuous 

paths 

3% CNT / 2% CB ~10⁻⁶ Slight increase 

after 10³ Hz 

CNT-dominated robust 

network; significantly 

higher conductivity than 2% 

CNT/3% CB 

3% CNT / 7% CB ~10⁻⁵ Slight increase Moderate network, improved 

vs 2% CNT/3% CB 

5% CNT / 5% CB ~10⁻⁴ Slight increase Higher conductivity than 3% 

CNT/7% CB 

7% CNT / 3% CB ~10⁻² Stable 

(frequency-

independent) 

Strong CNT-dominated 

network; robust conduction 

8% CNT / 2% CB >10⁻² Stable 

(frequency-

independent) 

Highly efficient CNT network; 

minimal CB contribution 

 

 

Figure 5.8 displays SEBS composites with a 15% weight fraction, comparing their 

conductivity as a function of frequency across different amounts of carbon nanotubes (CNT) 

and carbon black (CB). 

 

 

 



145 

 

 

 

 

 

 

 

 

 

 

Figure 5.8. Hybrid SEBS composites with 15 wt% total reinforcement (σ′ versus 
frequency) 

 

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 5.9 shows SEBS composites with 20% weight reinforcement, comparing the 

conductivity of SEBS composites with different amounts of carbon nanotubes (CNT) and 

carbon black (CB) as a function of frequency. 
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Figure 5.9. Hybrid SEBS composites at 20 wt% total reinforcement (σ′ vs frequency) 

 

The electrical conductivity of SEBS composites with 20% weight of reinforcement exhibits 

a high level of conductivity, confirming the formation of a continuous and effective 

conductive network throughout the material. Table 5-5 summarizes the electrical 

conductivity and frequency-dependent behavior of SEBS composites with 20 wt% total 

reinforcement, highlighting the influence of CNT/CB ratios as shown in Figure 4.9. 
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Table 5-5 Electrical conductivity and frequency-dependent behavior of SEBS 
composites with 20 wt% CNT/CB reinforcement (see Figure 4.9) 

Composite 

Formulation 

Conductivity at 

1 Hz (S/m) 

Frequency 

Dependence 

Interpretation 

10% CNT / 5% CB >10⁻¹ Stable 

(frequency-

independent) 

High CNT forms a robust 

network; CB adds extra 

contribution 

5% CNT / 10% CB ~10⁻⁵ Slight increase 

at high 

frequencies 

Less efficient network due to 

lower CNT content 

7% CNT / 8% CB ~10⁻¹ Stable across 

the range 

Balanced CNT–CB 

contribution; effective 

network 

8% CNT / 7% CB 

 

~10⁻² 

 

Stable 

(frequency-

independent) 

CNT stabilizes the network; 

CB contribution is secondary 

10% CNT / 10% 

CB 

 

~3×10⁻¹ 

 

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 

 

~10⁻³ 

 

Stable across 

the range 

High CB but insufficient 

CNT; limited network 

efficiency 

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 carbon black content, without 

sufficient carbon nanotubes to form synergistic networks, results in lower overall 

conductivity in SEBS composites. This maintains consistent conductivity across 
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frequencies, highlighting the efficiency of CNTs in creating a conductive network compared 

to CB. Although CB contributes to conductivity, its effect is less significant than that of 

CNTs, especially at higher concentrations. Excess CB without sufficient CNT can cause 

lower overall conductivity. The conductivity of SEBS composites is heavily influenced by 

the ratio of carbon nanotubes to carbon black; CNTs are crucial for establishing effective 

conductive networks, while CB plays a secondary role.   Figure 5.10 compares the electrical 

conductivities (in S/m) of Maleic anhydride-grafted styrene-ethylene-butylene-styrene 

(SEBS-MA) composites with those of highly conductive styrene-ethylene-butylene-styrene 

(SEBS) composites across different frequencies. The data highlight the impact of varying 

carbon nanotube and carbon black 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.  

 

 

 

 

 

 

 

Figure 5.10. Modifying with maleic anhydride reduces conductivity 
compared to SEBS at the same CNT/CB loadings (σ′ vs frequency), with 

no advantageous shift in percolation for these systems 

 

The electrical conductivity data in Figure 5.10 illustrates how both matrix type and 

reinforcement loading influence overall conductivity, providing insights for designing 
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composites with better electrical properties. Table 5-6 compares the electrical conductivity 

of SEBS and SEBS-MA composites, showing that maleic anhydride modification generally 

reduces conductivity across various CNT/CB loadings, as demonstrated in Figure 5.10. 

Table 5-6 Comparison of electrical conductivity between SEBS and SEBS-MA 
composites across different CNT/CB loadings (corresponding to Figure 4.10) 

Composite Formulation 

 

Conductivity 

(S/m) 

Comparison (SEBS-

MA vs SEBS) 

Interpretation 

SEBS-MA 

/3%CNT/2% CB 

Lower than 

SEBS/3% 

CNT/2% CB 

SEBS-MA < SEBS 

 

Maleic anhydride 

reduces conductivity 

at low loading. 

SEBS-MA / 8% CNT / 

2% CB 

<10⁻² 

 

SEBS-MA < SEBS 

(>10⁻²) 

SEBS shows higher 

network efficiency 

SEBS-MA / 10% CNT 

/ 5% CB 

~1×10⁻¹ 

 

SEBS-MA < SEBS 

(~2×10⁻¹) 

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 

 

Maleic anhydride-grafted styrene-ethylene-butylene-styrene (SEBS-MA) composites show 

lower conductivity than elastomeric thermoplastic polymer (SEBS) composites, indicating 

that maleic anhydride modification does not improve the interaction between carbon 

nanotubes (CNTs) and the polymer matrix. Increasing CNT and carbon black (CB) 

concentrations, along with modifying elastomeric thermoplastic polymer (SEBS) to maleic 

anhydride-grafted styrene-ethylene-butylene-styrene (SEBS-MA), positively affect 

electrical conductivity, especially at higher frequencies. The balance between carbon 

nanotubes and carbon black can be optimized to achieve the desired conductivity and 

frequency response characteristics. 

As the CNT content increases, the overall conductivity of the composites rises, and the 

frequency dependence decreases, indicating a shift toward a more stable, efficient 
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conductive network dominated by CNTs. Conversely, higher carbon black content tends to 

lower the overall conductivity, reflecting less efficient network 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 carbon nanotubes and 

carbon black greatly influences the conductivity behavior of both SEBS and elastomeric 

thermoplastic 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 composites follows the 

percolation scaling law for filler fractions above the critical threshold (ϕc). For CNT 

composites, loadings above approximately 3 wt% show a sharp increase in conductivity. 

SEBS/10 wt% CNT exhibits a stable plateau around 10⁻² to 10⁻³ S·m⁻¹, while 16 wt% CNT 

reaches about 1 S·m⁻¹. For CB, the percolation threshold is much higher: composites with 

10 wt% CB remain insulating, and only at 20 wt% does conductivity approach about 10⁻² 

S·m⁻¹. These results confirm that the percolation threshold of CNT (>3 wt%) is significantly 

lower than that of CB (>12 wt%), highlighting the greater efficiency of CNT networks for 

electron transport. Figures 4.4 – 4.10 consistently support these threshold estimates. 

Hybrid CNT/CB systems primarily function as CNT-controlled composites when the CNT 

content exceeds approximately 3 wt% of the total load. For instance, 7/3 and 8/2 wt% 

CNT/CB formulations already reach ≥10⁻² S·m⁻¹ with only 8–10 wt% total filler. CB alone 

does not reduce the percolation threshold independently. Matrix chemistry also affects 

conductivity. SEBS-MA consistently shows lower σ′ than SEBS at the same loadings (e.g., 

8/2, 10/5, and 15/5 wt% CNT/CB), implying either a slightly higher effective ϕc or lower 

network efficiency due to less favorable filler–matrix interactions. Therefore, maleic 

anhydride 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 (σ′ ≥ 10⁻² S·m⁻¹ with minimal dispersion), CNT loadings should be kept 
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at ≥7–8 wt%, with 2–3 wt% CB as a secondary filler. Formulations with high CB alone are 

not advised because their percolation threshold is well above 12 wt%, and conductivity gains 

are limited. 

5.4.2 Structural Properties 

Scanning electron microscopy (SEM) was used to examine the morphology of the electrodes 

and the distribution of conductive fillers within the SEBS matrix. Figure 4.11 shows a 

micrograph of a multipin SEBS-based electrode reinforced with 10 wt% CNT and 5 wt% 

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 matrix, characterized by smooth 

surfaces without filler inclusions. In contrast, the CB+SEBS regions display clusters of 

small, spherical, or irregularly shaped particles, indicating partial agglomeration of carbon 

black and suggesting limited uniformity in its dispersion. The CNT+SEBS regions show 

fibrous, entangled networks typical of carbon nanotubes, confirming the presence of 

extended conductive pathways that significantly contribute to percolation and charge 

transport. Finally, the CB+CNT+SEBS regions exhibit a combination of CB particles 

embedded within CNT entanglements, implying synergistic 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 observations 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. 
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Figure 5.11. Scanning electron micrograph of a multipin SEBS electrode reinforced with 
10 wt% CNT and 5 wt% CB. Distinct regions are labeled: (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

The scanning electron microscope (SEM) image in Figure 5.11 shows distinct phases within 

the SEBS/CB/CNT composite. Carbon nanotubes (CNTs) appear as tangled, fibrous 

networks that create conductive pathways, which are vital for their electrical performance. 

In contrast, carbon black (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 synergistic 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.

5.4.3 Thermo-Mechanical Properties

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were 

performed to assess the thermal stability of SEBS and SEBS-MA composites reinforced 
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with CNT and CB. The TGA verified the filler content and examined the decomposition 

behavior, while the DSC detected thermal transitions relevant to EEG operating conditions. 

As shown in Figure 5.12 (TGA curves), all composites underwent a sharp weight loss 

starting around 350–400 °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/16 wt% CNT and SEBS-MA/16 wt% 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. 

 

Figure 5.12. 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 350–400 °C, which is 

typical of polymer matrix breakdown. The residual weights verify the 
intended CNT and CB loadings, with SEBS-MA/16 wt% CNT displaying a 
slightly higher residual percentage consistent with its reinforcement content 
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Complementary DSC analyses (Figures 5.13 and 5.14) revealed a glass transition 

temperature (Tg) of approximately –60 °C for both SEBS and SEBS-MA, indicating their 

elastomeric properties. No melting or crystallization transitions occur within the 

physiological temperature range (24–36 °C). The polystyrene (PS) phase exhibits a slightly 

higher transition range in SEBS (~90–100 °C). The consistent Tg and degradation onset 

confirm that grafting maleic 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 

degradation starting only above 350 °C. This temperature is well above the physiological 

range, ensuring that electrode performance remains unaffected during everyday 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 the temperature 

range relevant to EEG, future studies could extend thermal analysis to assess behavior in 

other challenging environments.  

These results confirm that grafting does not alter the core elastomeric transition of the 

material; however, it can improve resistance at high temperatures while maintaining 

flexibility within the range relevant to EEG applications 
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Figure 5.13. The differential scanning calorimetry (DSC) curve of pure 
SEBS exhibits a glass transition temperature (Tg) of approximately –60 
°C, indicating its elastomeric properties. No melting or crystallization 

transitions occur within the physiological range of 24–36 °C

Figure 5.14. 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 

temperature range (24–36 °C)
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5.4.4 Dynamic Mechanical Thermal Analysis (DMTA) 

Dynamic mechanical thermal analysis (DMTA) was conducted to assess the storage 

modulus (E') of SEBS and SEBS-MA composites within the physiological temperature 

range (24–36 °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 materials under dynamic loading, with higher values reflecting greater stiffness. 

The results (Figure 5.15) show that neat SEBS has a higher storage 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 5-7. 

Table 5-7 Comparison of storage modulus (E') for SEBS and SEBS-MA composites 
(24–36 °C, 1 Hz) 

Material Relative Storage Modulus (E') 

SEBS Higher than SEBS-MA; Stiffer base polymer 

SEBS-MA Lower than SEBS; More flexible, softer base 

polymer 

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

MA-modified version slightly stiffer 

SEBS/16wt%CNT Slightly higher than SEBS-MA/16 wt% CNT 

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

SEBS-MA/8 wt%CNT/2wt%CB Similar to SEBS; Most flexible conductive 

composite; optimal balance of properties 

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

SEBS-MA/10wt%CNT/5wt%CB Similar to SEBS/8wt% CNT/2wt%CB 

SEBS/15 wt%CNT/5wt%CB Higher than SEBS-MA/15 wt%CNT/5wt% CB 
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Figure 5.15. Dynamic mechanical thermal analysis (DMTA) curves of 
SEBS and SEBS-MA composites (24–36 °C, 1 Hz). The storage modulus 
(E') increases with CNT and CB reinforcement, while SEBS-MA-based 

composites show a lower modulus than SEBS, confirming increased 
flexibility 

 

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 DSC and TGA results, these 

findings confirm that the composites not only stay mechanically stable across the 
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physiological range but also have excellent thermal stability well above typical operating 

conditions, reaffirming their suitability for safe and reliable EEG use. 

5.4.5  Preliminary In Vivo Validation 

The contact impedance of the styrene-ethylene-butylene-styrene (SEBS)/8% wt CNT/2% 

wt CB electrode is 4.25 ± 0.5 kΩ, slightly lower than that of commercial flexible electrodes 

(4.75 ± 1.5 kΩ). The SEBS-MA/8% wt CNT/2% wt CB electrode shows a contact 

impedance of 4.5 ± 0.6 kΩ, placing it between the SEBS-based electrode and the commercial 

option. 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 ± 1.5 kΩ), indicating their potential for similar 

electrical performance. The SEBS/8% wt CNT/2% wt CB electrode exhibits the lowest 

impedance (4.25 ± 0.5 kΩ), likely due to its higher electrical conductivity, which improves 

the electrode-skin interface and may reduce signal loss, thereby enhancing quality. The 

SEBS-MA/8% wt CNT/2% wt CB electrode has a slightly higher impedance (4.5 ± 0.6 kΩ), 

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 5.16 displays EEG time domain recordings of a commercial dry flexible electrode a

t position 2, compared to SEBS-MA/8%wtCNT/2%wtCB and SEBS/8%wtCNT/2%wtCB 

at positions 1 and 3, respectively, when the subject's eyes were open.   
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Figure 5.16. Time-domain EEG recording during eyes-open condition 

 

Figure 5.17 shows a typical EEG time-domain recording captured while the subject's eyes 

were open and blinking. The data highlights characteristic artifacts caused by eye blinks, 

which are essential to identify and manage during EEG data processing. The signal from the 

SEBS/8%wtCNT/2%wtCB electrode exhibits moderate amplitude fluctuations but remains 

relatively stable, indicating that it records EEG data of acceptable quality. The signal from 

the commercial electrode is also stable, showing similar performance. Additionally, the 

signal from the SEBS-MA/8%wtCNT/2%wtCB 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 remains stable during these transitions, showing consistent performance. 

Meanwhile, the signal from the SEBS-MA/8%wtCNT/2%wtCB electrode is clear and 

effectively handles the transitions between open and closed states. This performance further  
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confirms that SEBS-MA/8%wtCNT/2%wtCB is a promising choice for flexible, high-

performance EEG electrodes, offering an ideal balance of conductivity and flexibility.

Figure 5.17. Time-Domain EEG Recording During Eyes-Open with Blinking

5.5 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 favourable balance of conductivity, 

flexibility, and stability, illustrating the innovative application of these materials in EEG 

devices.

The role of CNTs in increasing conductivity was clearly observed. Their high aspect ratio 

enables the efficient formation of a percolated network, significantly reducing impedance 
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once the percolation threshold is reached. However, adding more CNTs has disadvantages: 

excessive amounts can lead to agglomeration, poor dispersion, and higher processing 

viscosity, which can make the composite stiffer and decrease electrode comfort. 

Additionally, improvements in conductivity often plateau 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 between 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, Liu et al. (C. Liu et al., 2025) and Liu et al. (Y. 

Liu et al., 2025) demonstrated self-healing CNT-based elastomers and PDMS-CNT 

composites with ultralow percolation thresholds, respectively. Gui et al. (Gui et al., 2023b) 

and Lee et al. (Y.-H. Lee et al., 2025b) reported hierarchical CNT/MXene and π-conjugated 

polymer/CNT systems with improved conductivity and EMI shielding. Likewise, Ye et al. 

(Ye et al., 2024) 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 design philosophy, 

demonstrating stable conductivity and flexibility suitable for wearable EEG applications.  

SEBS-MA composites showed lower conductivity than their SEBS counterparts, likely due 

to changes in filler–matrix interactions caused by maleic anhydride grafting. However, the 

SEBS-MA/8%wt CNT/2%wt 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 (Aouissi et al., 2025; Davidyants et al., 2025; X. Li et al., 2025).  

Additionally, the compression properties of SEBS-based composites have been thoroughly 

characterized in our previous work, providing complementary insights into their mechanical 
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response under load. Cyclic compression tests conducted according to ASTM D575-91 on 

SEBS/20 wt% CB and EVA (ethylene-vinyl acetate)/20 wt% 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 ≈ 16.2 MPa), 

the SEBS/20 wt% CB composite displayed lower stiffness (elastic modulus ≈ 47.2 MPa; 

stress ≈ 9.35 MPa) and greater deformability. These results confirm 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 5.4, SEBS-MA is unlikely to differ 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 mechanical 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 (24–36 °C), the same range used in many other studies (Honda & 

Nishiyama, 2025; H. Wang et al., 2025; Z. Wang et al., 2025), providing more realistic 

insights into electrode 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 begins at around 400 °C, providing a large safety margin, which ensures that 

electrode performance is not affected by physiological heating or prolonged skin contact. 

The TGA profiles also confirmed filler incorporation and showed consistent thermal 

stability across all formulations. The minor differences in storage modulus between SEBS 

and SEBS-MA suggest that maleic anhydride functionalization may slightly improve 

flexibility without 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 

explored in future work. 
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Preliminary in vivo EEG validation showed that SEBS/8%wt CNT/2%wt CB and SEBS-

MA/8%wt CNT/2%wt 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 participants, 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 

electrodes using these soft matrices typically show impedance values between 10 kΩ and 

600 kΩ, depending on fabrication and testing conditions (Fiedler et al., 2015; Heijs et al., 

2021; Oh et al., 2024a; Z. Wang et al., 2024d; Xing & Casson, 2023b). In contrast, the 

SEBS/CNT/CB and SEBS-MA/CNT/CB hybrid electrodes developed here achieved 

impedance values below 5kΩ, 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, effective 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 issues will be crucial for 

establishing SEBS- and SEBS-MA-based composites as reliable next-generation materials 

for dry EEG electrodes. 

5.6 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/8%wt 

CNT/2%wt CB achieved a low contact impedance of 4.5 ± 0.6 kΩ, similar to commercial 
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flexible electrodes and close to SEBS/8%wt CNT/2%wt CB, which measured 4.25 ± 0.5 kΩ. 

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 

analysis. Larger studies and frequency-domain assessments are necessary to establish 

broader clinical relevance. SEBS-MA composites also showed a slight decrease in 

conductivity compared to SEBS, indicating a compromise between electrical performance 

and increased stiffness. Furthermore, large-scale reproducibility might be influenced by the 

dispersion and agglomeration of CNTs, which require careful optimization of processing 

conditions.  

In summary, SEBS- and SEBS-MA-based nanocomposites demonstrate strong potential as 

next-generation EEG electrodes, 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 practical 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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CHAPITRE 6 

 

EXPLORATORY WORK 

The work presented in the preceding chapters of this thesis has led to the development and 

characterization of flexible EEG electrodes based on conductive polymer nanocomposites, 

particularly those using SEBS, EVA, and SEBS-MA matrices reinforced with conductive fillers 

such as carbon nanotubes (CNTs) and carbon black (CB). This work has primarily focused on 

optimizing the electrical, mechanical, and electrochemical properties of the materials, as well as 

evaluating their performance in acquiring electroencephalographic signals. 

In parallel with the main studies that led to the scientific publications presented in this thesis, 

several exploratory studies were conducted to investigate different approaches that could improve 

the design, fabrication, and evaluation of polymer EEG electrodes. These studies investigated 

complementary aspects not included in the scientific articles, but which provide additional insights 

and open up perspectives for the future development of flexible EEG devices. These exploratory 

studies focused in particular on: 

 the development of PDMS-based conductive composites for the manufacture of an 

artificial ear to simulate the electrode-skin interface for the evaluation of EEG electrodes; 

 the establishment of an experimental setup for the acquisition and visualization of EEG 

signals, including the use of open electronic platforms; 

 the exploration of new manufacturing methods, such as the production of conductive 

filaments for 3D printing, with the aim of simplifying the manufacture of polymer 

electrodes; 

 the analysis of certain fundamental aspects of conductive nanocomposites, including the 

influence of interphase and agglomeration of conductive charges on electrical properties. 

Although this work has not yet reached the level of full experimental validation or scientific 

publication, it contributes to a better overall understanding of the behavior of conductive polymer 

nanocomposites and EEG acquisition systems. It also identifies several promising avenues of 

research for improving the performance of flexible EEG electrodes and for developing new 

manufacturing methods. 
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The following sections present the main approaches explored, the preliminary results obtained, 

and the associated research perspectives. 

 

6.1 Influence of interphase thickness (matrix/reinforcement) on the percolation 
threshold in EVA/CB and SEBS/CB nanocomposites 

6.1.1 Objective 

The interphase formed between the polymer matrix and the reinforcing particles constitutes a key 

region in conductive polymer nanocomposites, as it directly influences the mechanical and 

electrical properties of the material. In particular, this interfacial region plays a crucial role in the 

formation of the conductive network and in determining the electrical percolation threshold. 

Among the parameters characterizing this interphase, its thickness is an important factor likely to 

affect the interactions between the conductive particles as well as the electrical conduction 

mechanisms in the nanocomposites. 

Despite its importance, the experimental characterization of the interphase in polymer 

nanocomposites remains relatively limited in the literature, primarily due to the difficulty of 

accessing this region at the nanoscale and reliably quantifying its properties. A better 

understanding of the interphase characteristics is therefore essential for optimizing the electrical 

and mechanical properties of these materials. 

In this context, a complementary study was conducted to evaluate the influence of all 

nanocomposite components, including the polymer matrix, the conductive reinforcement, and the 

matrix/reinforcement interphase, on the material's properties. The main objective of this work is 

to better understand the role of the interphase in conductive polymer nanocomposites, particularly 

its influence on the electrical percolation threshold. 

The systems studied are polymer composites reinforced with carbon black (CB) particles, 

specifically SEBS/CB and EVA/CB composites. The development of this study and the execution 

of some of the analyses were carried out with the contribution of an intern recruited within the 

framework of the project and supervised by the author of this thesis. 
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6.1.2 Methodology 

To evaluate the influence of the interphase on the structure of the nanocomposites, the degree of 

agglomeration of carbon black (CB) was compared in the different composites developed in article 

1. To ensure the comparability of the results, all the composites were developed according to the 

same manufacturing process, based on the dissolution of the polymer matrix in toluene followed 

by the incorporation of the conductive reinforcement. 

The contact thickness was also estimated numerically using the model proposed by Mazaheri et 

al. (Mazaheri et al., 2022). In the context of this study, a simplified reformulation of this model 

was developed to facilitate its application to the analysis of the nanocomposites studied. 

Microscopic observations were carried out on all samples in order to identify the presence of 

agglomerates and to evaluate the distribution of carbon black within the different polymer 

matrices. 

6.1.3 Results 

6.1.3.1 Conductivity models as a function of reinforcement ratio and interphase 

A recently developed model (Mazaheri et al., 2022),  described by the equations (6.1), (6.2)and 

(6.3) is more complete. Indeed, the modeling takes into account the interphase thickness t forming 

uniformly around each nanoparticle. 

൬1 −
ф
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൰
௘ߪ − ௠ߪ

௘ߪ2 + ௠ߪ
+
ф
ߙ
௘ߪ − ௖௢௠ߪ

௘ߪ2 + ௖௢௠ߪ
= 0      (6. 1) 

 

 

 ௖௢௠ are respectively the conductivities of the nanocomposite, the matrix and the CBߪ ௠ andߪ ,௘ߪ

complex (CB/interphase assembly). 

ߙ = ௥య

(௥ା௧)య
  is the ratio between the volume of CB and the volume of complex CB. 



170 

 

 

௖௢௠ߪ =
ଷݎ௜௡௧ߪ௙ߪ3 + ௜௡௧ߪ௜௡௧൫2ߪ + ݎ)]௙൯ߪ + ଷ(ݐ − [ଷݎ − ௜௡௧ߪ௜௡௧൫ߪ6 − ௙൯݈݊ߪ

ݎ + ݐ
ݎ

ଷݎ௜௡௧ߪ3 + ൫2ߪ௜௡௧ + ݎ)]௙൯ߪ + ଷ(ݐ − [ଷݎ − 6൫ߪ௜௡௧ − ௙൯݈݊ߪ
ݎ + ݐ
ݎ

 (6.2) 

 .௜௡௧ are respectively the conductivities of the CB and the interphaseߪ  ௙ andߪ

௜௡௧ߪ =
݁ଶ√2݉ߣ

ħଶ
expቆ−

ߣ௖√2݉݀ߨ4
ħ ቇ     

        

(6.3) 

With ݁ =  1.602176565 × 10ିଵଽC, the charge of an electron, ݉ = =  9.10938291 × 10ିଷଵ C 

the mass of an electron, ħ = 1.054571817 × 10ିଷସ Planck's constant divided by 2ߨ, ݀௖ the 

tunneling distance and  ߣ, the potential barrier. 

Equations (6.1) to (6.3) can be simplified by neglecting certain terms based on their order of 

magnitude. This gives us the following equations: 

௖௢௠ߪ ≈  ௜௡௧ (6.4)ߪ

ф௖ =
ଷݎ

ݎ)3 + ଷ(ݐ
 

 
(6.5) 

ݐ = ݎ ቆ
1

ඥ3ф௖
య − 1ቇ     (6.6) 

 

It should be noted that equation (6.4) shows that the conductivity of the reinforcement ߪ௙ is 

negligible. Equations (6.5) and (6.6) establish a relationship between the percolation threshold and 

the interphase thickness. According to these equations, the percolation threshold depends on two 

main geometric parameters: the interphase thickness and the radius of the carbon black (CB) 

particles. Thus, a decrease in the percolation threshold can be induced either by increasing the 

interphase thickness or by reducing the radius of the CB particles. Plotting the initial model and 

the rewritten model, the two resulting curves overlap (figure 6.1), which confirms the validity of 

the model simplification. 
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Figure 6.1: Comparison of the model by Mazaheri et al. . (Mazaheri et al., 2022) (in red) with the 

rewritten model (in blue and green)

6.1.3.2 Characterization of dispersion and agglomeration

The dispersion and agglomeration rates are shown in Table 6-1. The different parameters used for 

the comparison of the two matrices show that the dispersion of carbon black (CB) and the level of 

agglomeration are of the same order of magnitude for the composites studied.

More specifically, the results obtained indicate a dispersion rate of approximately 18% and an 

agglomeration rate of approximately 81% for the SEBS/CB and EVA/CB composites, which 

suggests a relatively similar distribution of conductive particles in both polymer matrices.

These results are consistent with the micrographs of the SEBS/CB and EVA/CB composites 

presented in articles 1 and 2, which highlight a heterogeneous dispersion of carbon black in both 

matrices at a mass fraction of 20%. The presence of CB agglomerates observed in these 

microstructures indicates that electrical conductivity in these nanocomposites is primarily 

associated with the formation of a conductive network consisting of aggregates and percolation 

pathways between the conductive particles.
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Thus, despite partial dispersion of carbon black in the polymer matrix, agglomeration zones can 

contribute to the formation of continuous conductive paths, promoting the appearance of the 

electrical percolation threshold in these conductive polymer composites. 

Table 6-1 Dispersion (D) and agglomeration (A) for SEBS-CB and 
EVA-CB composites 

 SEBS-CB EVA-CB 

 %18 %18 ܦ

 %81 %81 ܣ

 

Ideally, the interphase thickness should be measured experimentally by atomic force microscopy 

(AFM) using a Veeco Nanoscope AFM V5.30 system equipped with a custom FM-AFM module, 

allowing for nanoscale characterization of the interfacial region between the polymer matrix and 

the reinforcing particles. However, due to experimental organization and time constraints within 

the scope of this doctoral project, this part of the study could not be completed. 

Nevertheless, the approach proposed in this work highlights the importance of considering the 

interphase as a key parameter in analyzing the properties of conductive polymer nanocomposites. 

Future work could complement this study with experimental measurements of the interphase 

thickness to better understand the role of matrix/reinforcement interphase interactions on the 

electrical, mechanical, and thermal properties of nanocomposites. Such an analysis would 

contribute, in particular, to a better understanding of the mechanisms of conductive network 

formation and the influence of the interphase on the percolation threshold in these materials. 

6.1.4 Conclusion  

This study analyzed the influence of matrix/reinforcement interphase thickness on the electrical 

percolation threshold in EVA/CB and SEBS/CB-based conductive polymer nanocomposites. The 

results show that increasing the interphase thickness alters the interactions between the polymer 

matrix and the carbon black particles. This modification directly influences the effective distance 

between conductive charges and, consequently, the formation of conductive pathways responsible 
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for electrical conduction. A thicker interphase can promote the establishment of conductive 

contacts or tunneling mechanisms, thus contributing to a decrease in the percolation threshold. 

These results highlight the importance of considering the interphase as a key parameter in the 

design of conductive nanocomposites. A better understanding and control of this interfacial region 

could optimize the electrical properties of materials while reducing the amount of conductive 

fillers required, which is a significant challenge for the development of conductive polymer 

composites for electronic and sensor applications. 

Finally, future work could include more in-depth experimental investigations, including nanoscale 

characterization techniques and advanced modeling approaches, to better understand the physical 

mechanisms governing the influence of the interphase on electrical percolation in polymer 

nanocomposites. 

6.2 Experimental setup and EEG signal acquisition 

6.2.1 Objective 

The aim of this section is to present the experimental setups developed to facilitate the acquisition 

of electroencephalographic (EEG) signals and to evaluate the performance of the conductive 

polymer electrodes developed within the framework of the work presented in this thesis. To this 

end, a comparison is made between a laboratory-designed acquisition system and a commercial 

system dedicated to EEG signal acquisition. This approach allows us to identify the most 

appropriate experimental conditions for the reliable recording of EEG signals and to optimize the 

acquisition method used for evaluating the developed electrodes. 

6.2.2 Methodology 

6.2.2.1 Laboratory designed EEG acquisition system 

Initially, an EEG acquisition system was designed and assembled in the laboratory with the 

participation of an intern recruited for the project, under the supervision of the author of this thesis. 

The setup was built on a prototyping board to explore different electronic configurations for 

amplifying electroencephalographic signals, the amplitude of which is generally on the order of a 



174 

 

few microvolts. The system is based on an analog amplification circuit, shown in Figure 6.2 below, 

whose architecture is inspired by a setup described in the literature by Svard et al. (Svard et al., 

2010). 

 

Figure 6.2: EEG amplification circuit used for the first experimental tests.  
Adapted from Svard et al., (Svard et al., 2010) 

 

The decision to build the circuit on a prototyping board was quickly made, as this type of platform 

allows for quick and easy modifications to the electronic assembly. This approach is particularly 

advantageous during the exploratory phase of a project, where the circuit is not yet fully validated 

and may require several adjustments. Using a prototyping board thus facilitates the addition, 

replacement, or reconfiguration of electronic components to progressively optimize the circuit's 

performance. 
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Figure 6.3 : Circuit on the prototype board 

To perform the initial experimental measurements, a sensor capable of detecting 

electroencephalographic signals was required. An experimental electrode was therefore 

constructed using a 25-cent coin as a conductive support. 

Initially, one face of the part was abrasive to facilitate soldering a conductive wire with tin, thus 

ensuring a stable electrical connection between the electrode and the acquisition circuit. 

Subsequently, the other face of the part was sanded to obtain the smoothest possible surface, in 

order to improve contact between the metal surface and the conductive polymer material used in 

this study, namely a thermoplastic urethane (TPU). Finally, the edges of the thermoplastic material 

were heated to allow for its permanent adhesion to the metal part, thus avoiding the use of 

adhesives such as tape. The resulting experimental electrode was then used for the initial signal 

acquisition tests. 
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Figure 6.4:  Experimental electrodes 

 

6.2.2.2 Commercial EEG Acquisition System 

The commercial EEG acquisition system used in this study is from the manufacturer OpenBCI and 

includes an OpenBCI Cyton Biosensing Board (8-Channel), a biopotential acquisition platform 

designed for recording physiological signals such as electroencephalography (EEG), 

electromyography (EMG), and electrocardiography (ECG). Data acquired by the board is 

transmitted to the computer via an OpenBCI USB dongle , enabling visualization and recording of 

the signals using the OpenBCI GUI software. 

 

Figure 6.5: OpenBCI Cyton board its main electronic components. 

Taken from (OpenBCI, s. d.-a) 
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The Cyton board uses the ADS1299 analog-to-digital converter, an integrated circuit developed 

by Texas Instruments and specifically designed for EEG applications and biopotential 

measurements. According to the technical documentation for this component, the input amplifier 

has an input impedance of approximately 500 MΩ–1 GΩ. Electrode placement on the scalp was 

performed using the OpenBCI EEG headset. The Ultracortex Mark IV EEG Headset is designed 

using the international 10–20 electrode positioning system. OpenBCI provides the STL and CAD 

design files for 3D printing this headset. This modular architecture allows for adapting the 

configuration and position of the electrodes to suit experimental needs. The Ultracortex Mark IV 

headset accommodates various types of EEG electrodes. In this study, the performance of the 

developed conductive polymer electrodes was compared to that of commercially available 

electrodes. The reference electrodes used were those from OpenBCI. ThinkPulse Active Electrode 

Kits are active electrodes that integrate a preamplifier directly at the electrode. The electrode-skin 

contact impedance was measured using the impedance check function built into the OpenBCI GUI 

software. This measurement involves injecting a low alternating current through the electrode and 

measuring the resulting voltage to estimate the electrode-skin contact impedance. This procedure 

allows for verification of the electrode-skin contact quality, identification of electrodes with 

excessively high impedance, and improvement of the quality of recorded EEG signals. 

The EEG signals were acquired by connecting the electrodes to the differential analog inputs of 

the OpenBCI board. Cyton Biosensing Board . In this configuration, each channel measures the 

electrical potential difference between an active electrode and a reference electrode. The active 

electrodes correspond to the conductive polymer electrodes developed in articles 1 to 3 of this 

thesis, which are placed on the scalp. 

The reference electrode is positioned on one ear, while an additional electrode, placed on the other 

ear, serves as a ground electrode. This configuration stabilizes the measurement and reduces the 

influence of interference. The recorded EEG signals are visualized in real time using the OpenBCI 

GUI software, which also allows for data logging and export for subsequent analysis. This 

experimental setup enables the evaluation of electrode-skin contact quality and the stability of the 

EEG signals obtained with the conductive polymer electrodes developed in this study. 
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Figure 6.6: Configuration of electrode positions of the Ultracortex Mark IV 
helmet according to the international 10–20 system.

Taken from (OpenBCI, s. d.-d)

Figure 6.7: ThinkPulse active electrodes used as a reference.

Taken from    (OpenBCI, s. d.-c)
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Figure 6.8: Example of EEG signals visualized in OpenBCI GUI

  

Figure 6.9: Ultracortex “Mark IV” EEG headset

Taken from (OpenBCI, s. d.-d)
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Figure 6.10: The complete Ultracortex EEG measurement system 

Taken from (OpenBCI, s. d.-b) 

 

 

6.2.3 Résultats 

The signals obtained by touching the electrode of the laboratory-fabricated system with fingers 

were visualized using an oscilloscope to observe the circuit output. The measurements show that 

the output signal is highly noisy, making it difficult to distinguish between the signal generated by 

finger contact and the noise present in the system. 

At this stage, the study of this setup was interrupted because the industrial partner involved in this 

part of the project did not wish to invest in manufacturing a new EEG measurement system. 

Nevertheless, the readings obtained show the presence of signal variations, which is an 

encouraging result. However, the significant amplitude of the observed noise makes it difficult to 

clearly identify the signal associated with finger contact. 

Several factors can explain the presence of this noise in the experimental setup. In particular, the 

use of a breadboard for prototyping the circuit can introduce electrical interference and increase 

the system's sensitivity to environmental noise. Furthermore, the lack of electromagnetic shielding 
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and the high impedance of the skin/electrode interface can amplify the influence of external 

disturbances. Further work would require the use of a suitable data acquisition system, as well as 

the implementation of an appropriate filtering and shielding system, to allow for the recording and 

analysis of signals over time. The experimental result of the circuit, as observed using the 

oscilloscope, is shown in figure 6.11 below. 

 

Figure 6.11: Signal measured at the output of the EEG amplification circuit 
observed on the oscilloscope 

 

The experimental setup based on the commercial system enabled the stable acquisition of the EEG 

signals presented in Articles 1 to 3 of this thesis, as well as the measurement of the skin/electrode 

contact impedance and the comparison of the performance of polymer electrodes with that of 

commercial electrodes. The OpenBCI platform also offers great flexibility for integrating different 

electrode geometries, including the multi-tip electrodes developed in this work. 

6.2.4 Conclusion 

In this section, two experimental approaches for acquiring electroencephalographic signals were 

presented. First, a laboratory-designed EEG acquisition system was developed to explore different 

electronic configurations for amplifying EEG signals. Although this setup allowed observation of 

signal variations, the measurements obtained exhibited a high noise level, limiting the ability to 

clearly identify the signals of interest. These results highlight the challenges associated with 
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measuring very low- amplitude EEG signals and the need to use suitable acquisition systems, 

including appropriate filtering and shielding devices. 

Subsequently, a commercial EEG acquisition system based on the OpenBCI platform was used to 

further the experimental evaluation of the conductive polymer electrodes developed in this thesis. 

This system enabled the stable acquisition of the EEG signals presented in articles 1 to 3, as well 

as the measurement of the electrode-skin contact impedance and the comparison of the 

performance of the polymer electrodes with that of the electrodes. 

commercial. The OpenBCI platform also offers great flexibility for the integration of different 

electrode geometries, including the multi-tip electrodes developed in this work, making it a 

suitable tool for the study and evaluation of flexible EEG electrodes. 

6.3 Work on the artificial ear for the evaluation of EEG electrodes 

6.3.1 Objective 

Skin/electrode impedance is a key parameter in EEG signal acquisition. This impedance can vary 

considerably from one individual to another depending on several physiological factors, including 

hair density, perspiration levels, skin hydration, and the intrinsic resistance of the skin tissue. These 

variations make systematic comparison of electrode performance difficult when measurements are 

taken directly on human subjects, as observed in the studies presented in Articles 1 to 3 of this 

thesis. 

To provide a reproducible experimental environment for evaluating the performance of the 

electrodes developed in this work, a silicone artificial ear was designed and manufactured. Silicone 

was chosen as the base material due to its biocompatibility and widespread use in the medical field, 

particularly for the manufacture of implants and biomedical devices. The objective of this artificial 

model was to reproduce, as closely as possible, certain physical and electrical properties of human 

skin. 

With this in mind, the material constituting the artificial ear was formulated to have a target 

electrical conductivity of around 4.4*10 −1 S/m. This value was chosen as a reference since a 
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study report that the electrical conductivity of human skin is generally in this order of magnitude, 

although it can vary depending on physiological and environmental conditions. 

The creation of such an artificial ear thus makes it possible to have a stable experimental model 

allowing: the evaluation of the performance of the EEG electrodes developed in this study; the 

measurement of the skin/electrode contact impedance under controlled conditions and the 

comparison of the performance of the conductive polymer electrodes with those of commercial 

electrodes. 

The work carried out on this artificial ear includes the implementation of various manufacturing 

processes, including silicone polymerization, autoclave curing, and the exploration of other 

experimental methods aimed at controlling the electrical properties of the model. 

 

Figure 6.12: Electrical properties of head tissues 

Taken from (Ramon et al., 2014) 

6.3.2 Methodology 

Two main approaches were investigated: mechanical mixing and sonication-assisted dispersion. 

Both fabrication processes were explored to evaluate their influence on reinforcement dispersion 
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and the final material properties. The mixtures were made using PDMS as the polymer matrix, 

reinforced with carbon black (CB) and, in some exploratory tests, with carbon fiber. The carbon 

black used is identical to that employed in the work presented in Articles 1 to 3 of this thesis. For 

the PDMS/CB mixtures, two reinforcement mass fractions, 20% and 25%, were selected for 

composite fabrication. This choice is based on the results obtained in Articles 1 to 3, which show 

that these concentrations allow the electrical percolation threshold to be reached and electrically 

conductive nanocomposites to be obtained. 

 

6.3.2.1 PDMS (RTV/615) and carbon black 

1- Mechanical mixture 

 

In the case of mechanical mixing, PDMS and carbon black were mixed using a mechanical mixer 

to ensure the reinforcement was incorporated into the polymer matrix. After homogenization, the 

mixtures were poured into molds and then subjected to a thermal curing step. To assess the 

influence of the manufacturing process on the quality of the resulting composite, some 

preparations were made without an autoclave, while others were cured in an autoclave. This 

comparison aimed to determine the effect of the pressure and temperature applied in the autoclave 

on the dispersion of the reinforcement and the final properties of the material. 

2- Dispersion by sonication 

For the sonicated mixtures, a modified procedure was implemented to improve the dispersion of 

carbon black within the polymer matrix. Since PDMS does not dissolve in toluene and consists of 

two liquid components (base and crosslinking agent), an intermediate step involving solvent 

dispersion of the reinforcement was performed. First, the carbon black was dispersed in toluene 

and then sonicated to reduce agglomeration and improve dispersion homogeneity. The two PDMS 

components were then incorporated into the carbon black suspension to form the composite. After 

toluene evaporation, the resulting mixture was placed in an oven for PDMS crosslinking. 

Autoclaving was not feasible in this case, as the toluene would have damaged the device's rubber 

seals. This approach aimed to promote a more uniform distribution of the conductive 
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reinforcement within the polymer matrix before PDMS crosslinking, in order to improve the 

formation of the conductive network within the composite. 

6.3.2.2 Carbon fiber reinforced PDMS (RTV 615) 

For the fabrication of carbon fiber reinforced (CF) PDMS composites, three manufacturing 

processes inspired by the literature were explored to evaluate the influence of the mixing method 

on fiber dispersion within the polymer matrix and on the final properties of the composite. The 

objective of this comparative approach was to identify a manufacturing method that would achieve 

homogeneous dispersion of carbon fibers within the PDMS matrix, an essential condition for 

ensuring the formation of efficient conductive pathways and improving the electrical properties of 

the material. 

1- Method 1: Mechanical mixing with autoclave cooking 

 

The first method is based on the process described in the literature (Wei et al., 2020). . In this 

approach, PDMS and carbon fibers are mixed using a mechanical mixer to ensure the 

reinforcement is incorporated into the polymer matrix. In the original procedure, a vacuum 

degassing step is performed after mixing to remove air bubbles trapped in the composite. In this 

work, this step was replaced by autoclave curing, as the pressure and temperature conditions 

applied in the autoclave also promote the removal of air bubbles and improve material compaction. 

Figure 6.13 presents the initial method described in the literature, while Figure 6.14 illustrates the 

modified procedure used in this work, including the use of the autoclave and the absence of a 

degassing step. 
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Figure 6.13: Initial method decribed in the litterature

Taken from (Wei et al., 2020)

Figure 6.14: Modified procedure used in this work

Adapted from (Wei et al., 2020)
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1- Method 2: Prolonged manual mixing 

The second method is inspired by the process described in the study of Khosla et al  (Khosla et al., 

2018). In this case, the PDMS and carbon fibers were manually mixed for approximately 30 

minutes to promote fiber dispersion within the polymer matrix. This approach relies on prolonged 

mixing to limit the formation of fiber agglomerates and improve their distribution within the 

composite. 

2- Method 3: Rapid manual mixing 

The third method is based on the process proposed in the study of Bensalah et al.,  (Bensalah et 

al., 2021). In this approach, the PDMS and carbon fibers are mixed manually for approximately 

10 minutes, followed by molding and crosslinking of the composite. This method aims to simplify 

the manufacturing process while allowing the reinforcement to be incorporated into the polymer 

matrix. The different manufacturing processes presented above were then evaluated to analyze 

their influence on carbon fiber dispersion, the composite structure, and its electrical properties. 

The results obtained are presented in the following section. 

 

6.3.3 Results 

6.3.3.1 PDMS (RTV/615) and carbon black 

The measurement of the real part of the complex conductivity as a function of frequency is shown 

in Figure 6.15. The results show a significant difference between the composites manufactured by 

sonication and those obtained by mechanical mixing. 

The sonicated RTV615/20% CB composites exhibit relatively high and stable electrical 

conductivity across the entire frequency range studied. This behavior is characteristic of materials 

above the percolation threshold, where a continuous conductive network is formed within the 

polymer matrix. In contrast, the mechanically blended composites exhibit significantly lower 

conductivity values and a more pronounced frequency dependence. This behavior is typical of a 

semi-insulating material, indicating that the dispersion of carbon black within the PDMS matrix 

remains insufficient to allow the formation of an efficient conductive network. Even with a higher 

mass fraction of 25% carbon black, the mechanically blended composites do not exhibit 
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conductivity comparable to that obtained by sonication. This result suggests that the quality of the 

conductive reinforcement dispersion plays a crucial role in the formation of the conductive 

network, sometimes even more so than increasing the reinforcement mass fraction. 

These observations confirm that sonication is a more efficient method for dispersing carbon black 

in the PDMS matrix, thereby promoting the formation of conductive pathways and improving the 

electrical properties of the composite. 

      

Figure 6.15:  Real part of the complex conductivity as a function of 
frequency for RTV615/CB composites manufactured according to different 

dispersion processes: mechanical mixing and sonication. 

 

The images presented in Tables 6.2 and 6.3 show, respectively, the electrical resistance 

measurements taken with a multimeter on different areas of the mechanically blended 

RTV615/20% CB and RTV615/25% CB composites. The measurements were taken on the top, 

bottom, and side of each sample. 



189 

The results indicate that the electrical resistance is not uniform across the entire surface of the 

composite. The resistance measured on the underside of the sample is higher than that measured 

on the sides, while the measurement taken on the top side shows a very high value (OL – Over 

Limit), indicating a resistance outside the multimeter's measurement range. 

This spatial variation in strength suggests a non-homogeneous distribution of carbon black within 

the PDMS matrix, likely due to limitations in the mechanical mixing process used during 

composite manufacturing. Insufficient dispersion of the conductive reinforcement can lead to the 

formation of locally deficient areas of conductive particles, thus preventing the formation of a 

continuous conductive network within the material. 

Furthermore, the use of an autoclave in the manufacturing process reduced the presence of air 

bubbles on the surface of the samples, which tended to solidify during PDMS crosslinking. This 

observation highlights the improvement brought about by the introduction of the autoclave in the 

manufacturing process, particularly in terms of the quality and homogeneity of the samples 

obtained. 

These observations are consistent with the electrical conductivity results as a function of frequency 

shown in Figure 6.15, where the composites made by mechanical mixing exhibit behavior 

characteristic of a semi-insulating material, indicating that the percolation threshold is not reached 

homogeneously throughout the material. 
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The images presented in Table 6.4 show electrical resistance measurements taken with a 

multimeter on different areas of the RTV615/20%CB composite produced by sonication 

dispersion. The measurements were taken on the top, bottom, and side surfaces of the sample. 

The results show that sonication allows for the measurement of electrical resistance across all 

surfaces of the composite, unlike samples produced by mechanical mixing, where some areas 

exhibit resistance outside the multimeter's measurement range. However, the measured values vary 

from one surface to another, indicating that the carbon black distribution within the PDMS matrix, 

while improved, remains partially heterogeneous. 

This improvement in electrical conductivity is consistent with the conductivity-frequency results 

shown in Figure 6.15, where the sonicated composites exhibit significantly higher conductivity 

values than those obtained by mechanical mixing. These observations suggest that sonication 

promotes better dispersion of the carbon black particles, thus facilitating the formation of a more 

efficient conductive network within the polymer matrix. 

However, two problems were observed after the silicone cured. First, cracks were observed on the 

surface of the samples. These cracks appear to be related to the evaporation of the solvent (toluene) 

used to disperse the carbon black, which can lead to the formation of internal stresses in the 

material during PDMS crosslinking. 

Secondly, it was observed that toluene attacks the PETG mold used for shaping the samples. This 

phenomenon leads to mold degradation and can affect the surface quality of the resulting 

composite. To avoid this problem, the use of glass or metal molds would be more appropriate for 

this type of process involving organic solvents. 

These observations highlight that, despite the improved dispersion of the conductive reinforcement 

achieved through sonication, optimization of the manufacturing process remains necessary, 

particularly to prevent crack formation and obtain a more uniform composite surface.
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6.3.3.2 Carbon fiber reinforced PDMS (RTV 615) 

The real part of the electrical conductivity as a function of frequency of the RTV615/8%CF 

composites obtained according to the three manufacturing methods described above is shown in 

figure 6.16. 

The results show that the three composites exhibit electrically conductive behavior across the 

entire frequency range studied. Electrical conductivity remains relatively stable with frequency, 

which is characteristic of materials in which a continuous conductive network is formed within the 

polymer matrix. 

A comparison of the different manufacturing methods indicates that the composite prepared by 

manual mixing for 10 minutes (Method 3) exhibits the highest conductivity values. The composite 

obtained by mechanical mixing (Method 1) has a slightly lower conductivity, while the one 

prepared by manual mixing for 30 minutes (Method 2) has the lowest conductivity values among 

the three processes studied. 

However, the conductivity values measured for the three composites remain of the same order of 

magnitude, approximately 1 S/m. These results suggest that, for a mass fraction of 8% carbon 

fibers, the three manufacturing methods allow the formation of an efficient conductive network in 

the PDMS matrix. 

The images of the samples presented in table 6.5 illustrate the macroscopic appearance of the 

composites obtained by each of the manufacturing methods.



 

 

Figure 6.16: Real part of the complex electrical conductivity as a 
function of frequency for RTV615/8 % CF composites obtained 

according to different manufacturing processes. 

 

Photographs of the composites presented in table 6.5, obtained using the three manufacturing 

methods, show notable differences in the macroscopic appearance of the samples. Although 

Method 3 results in relatively high electrical conductivity values, the physical appearance of 

the composites manufactured using Methods 2 and 3 remains less satisfactory. Indeed, visual 

observations indicate that the carbon fibers are not properly impregnated by the silicone matrix, 

leading to an irregular surface and a non-uniform distribution of the reinforcement within the 

material. Fiber impregnation directly influences the electrical conductivity of the composite. 

Good impregnation of the fibers by the polymer matrix promotes efficient contact between the 

conductive fibers, thus facilitating the formation of a continuous conductive network within 

the material. Conversely, insufficient impregnation can lead to areas rich or poor in fibers, 

limiting fiber-to-fiber contact and thereby reducing the efficiency of the conductive pathways 
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within the composite. In contrast, the composites obtained using method 1 exhibit better 

silicone fiber impregnation and a more homogeneous surface. These observations suggest that 

this method allows for better incorporation of carbon fibers into the polymer matrix, thus 

promoting a more uniform composite structure. 

Based on the measured electrical conductivity and surface condition of the samples, Method 1 

was selected for the subsequent work, particularly for studying the percolation threshold. 

Furthermore, this process will be optimized by using an autoclave to reduce the size of bubbles 

present in the composite and improve the surface quality of the samples, resulting in a more 

uniform and homogeneous surface. 

 

Table 6-5 Composite made with RTV615/8wt%CF 

 

 

 

 

 

 

Method 1 Method 2 Method 3 

 

6.3.3.3 Percolation study of RTV615/carbon fiber composites 

The percolation study carried out using RTV615/CF composites manufactured according to 

the modified method 1, in which the degassing step was replaced by autoclave curing, is 

presented in Figure 6.17. This figure shows the evolution of electrical conductivity as a 

function of the mass fraction of carbon fibers. 

The results indicate a significant increase in electrical conductivity as the carbon fiber mass 

fraction increases. Analysis of the curve reveals that the percolation threshold is around 

approximately 1.5% carbon fiber mass fraction. Above this critical concentration, a continuous 
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conductive network begins to form within the PDMS matrix, leading to a rapid increase in 

electrical conductivity. Beyond this transition zone, the conductivity continues to increase with 

fiber concentration until it reaches a plateau around 6% mass fraction, at which point the 

electrical conductivity reaches approximately 1 S/m. In this study, the target conductivity for 

fabricating the artificial skin model is approximately 4.4 × 10⁻¹ S /m. Based on the results 

obtained, this value corresponds to a carbon fiber mass fraction between 3% and 3.5%. These 

results thus allow us to identify the optimal carbon fiber concentration range for achieving the 

desired electrical properties for simulating the skin's electrical properties. 

 

Figure 6.17: Real part of the complex electrical conductivity measured at 1 Hz as a function 

of the mass fraction of carbon fibers for RTV615/CF composites manufactured according to 

modified method 1 with autoclave. 

Photographs of the composites and the disc-shaped artificial ear, shown in Tables 6.6 to 6.8, 

show that the samples obtained exhibit a uniform geometry and a relatively homogeneous 

dispersion of carbon fibers in the silicone matrix. 

Macroscopic observations also indicate that the surface appearance of composites is improved 

when the manufacturing process includes the use of an autoclave. Indeed, samples obtained 
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using this method exhibit a more homogeneous final appearance and a more uniform surface 

than those manufactured without the use of an autoclave. 

These results suggest that the use of the autoclave helps to improve the quality of fiber 

impregnation in the PDMS matrix, while reducing the presence of air bubbles and surface 

defects, resulting in composites with better morphological characteristics. 

Table 6-6 Artificial ear made with RTV615/3%wtCF 

 
 

 

Table 6-7  Artificial ear made with 3.5wt%CF 

  

Top view Bottom view 
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 Table 6-8 Artificial ear made with 4wt%CF 
 

 

 

 

 

Top view Bottom view 

 

Figure 6.18 shows, on the one hand, the image of the silicone ear containing 3.5% carbon fibers 

and, on the other hand, the 3D representation of the mold used for the manufacture of the 

artificial ear. 

   

a)                                                                      b) 

Figure 6.18 : (a) Artificial ear made of silicone filled with 3.5% carbon 
fibers obtained after fabrication; (b) 3D model of the mold used for the 

production of the artificial ear. 
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6.3.4 Conclusion 

The exploratory work carried out in this study made it possible to evaluate different approaches 

to manufacturing conductive composites based on PDMS reinforced with carbon black and 

carbon fibers, with the aim of developing a material suitable for the manufacture of an artificial 

ear intended for the evaluation of EEG electrodes. 

The results obtained show that the dispersion method of the conductive reinforcement plays a 

crucial role in the electrical properties of composites. In the case of PDMS/CB composites, the 

use of sonication improves the dispersion of conductive particles and significantly increases 

electrical conductivity compared to mechanical mixing. However, the use of solvents such as 

toluene presents certain challenges related to solvent evaporation, which can lead to cracking 

in the samples. 

For PDMS/CF composites, the various manufacturing methods studied yield electrically 

conductive materials with conductivities on the order of 1 S/m. Macroscopic analysis of the 

samples and electrical measurements showed that method 1, combined with the use of an 

autoclave, offers the best compromise between electrical conductivity, homogeneity of fiber 

dispersion, and surface quality of the samples. 

The percolation study conducted with RTV615/CF composites identified a percolation 

threshold of approximately 1.5% by mass fraction of carbon fibers, while a conductivity 

plateau of approximately 1 S/m is reached for concentrations above 6%. For the intended 

application, a target conductivity of approximately 4.4 × 10⁻¹ S /m was selected, corresponding 

to a mass fraction of carbon fibers between 3% and 3.5%. 

Furthermore, the use of the autoclave in the manufacturing process has proven beneficial in 

improving the quality of composites, notably by reducing the presence of air bubbles and 

enabling the production of samples with more uniform geometry and better surface 

homogeneity. 

These results enabled the identification of optimal manufacturing conditions for the conductive 

artificial ear, which can be used as an experimental platform for evaluating the EEG electrodes 

developed in this thesis. However, a significant challenge remains: verifying the uniformity of 
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electrical conductivity across the entire surface of the material to prevent local variations in 

conductivity from causing differences in EEG measurements depending on the area of contact 

with the electrode.  

6.4 Electrodes manufactured by 3D printing 

6.4.1 Objective 

The objective of this exploratory study is to evaluate the potential of 3D printing manufacturing 

processes for the production of electrodes. This approach primarily aims to reduce 

manufacturing time and lower the costs associated with the production of the metal molds used 

in articles 1 to 3 of this thesis. 

In this context, 3D printing is being explored as an alternative solution for manufacturing 

polymer molds that could replace conventional metal molds. The use of printed polymer molds 

could thus facilitate the rapid fabrication of electrode prototypes, while offering greater 

flexibility in geometry design and a significant reduction in manufacturing costs. 

6.4.2 Methodology 

Different electrode geometries were designed and manufactured using additive manufacturing 

processes. Initially, electrodes were printed directly from a commercially available carbon 

black-filled thermoplastic polyurethane (TPU/CB) conductive filament. This approach aimed 

to evaluate the feasibility of directly manufacturing conductive electrodes using 3D printing, 

as well as the quality of the resulting structures. 

Furthermore, several polymer molds were designed and manufactured using 3D printing to 

explore their use in molding conductive polymer composites. These molds were made from 

different printing materials to evaluate their thermal and mechanical resistance during the 

molding process. The materials studied included High Temp resin, Rigid 10K resin, and nylon. 

In addition, SEBS-based polymer filaments were manufactured from pellets using a 3devo 

Filament Maker extruder. This step aimed to produce filaments compatible with 3D printing 
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processes, in order to explore the fabrication of flexible polymer structures suitable for EEG 

electrode applications. 

6.4.3 Résultats  

Figure 2.18 shows multi-tip electrodes manufactured by direct 3D printing from a commercial 

carbon black-filled TPU-based conductive filament (TPU/CB). These electrodes were 

produced using a 3D printer employing an additive manufacturing process. 

Macroscopic observations show that the surface quality of the obtained electrodes remains 

limited. Indeed, since TPU is a thermoplastic elastomer sensitive to moisture, the presence of 

moisture in the filament can lead to defects during printing, such as surface irregularities and 

uneven material extrusion. As can be seen in the figure, the surface of the electrodes thus 

exhibits a non-uniform morphology characterized by striations and deposition defects between 

the printed layers. 

Furthermore, the adhesion between the different layers deposited during printing appears 

relatively weak. This low interlayer cohesion results in limited mechanical strength of the 

multi-tip structures, meaning the microstructures can be easily damaged or torn off. In some 

cases, the tips can even spontaneously detach from the electrode base. 

These results show that, although additive manufacturing allows for the rapid production of 

complex electrode geometries, significant challenges remain in terms of print quality and 

mechanical properties. Further work will therefore be needed to optimize printing parameters, 

filament drying, and material formulation to improve the robustness of 3D-printed electrodes. 

Thus, although promising for rapid prototyping, additive manufacturing still requires further 

development before it can replace the compression manufacturing process used for the 

electrodes presented in articles 1 to 3 of this thesis, which currently offers better structural 

quality and greater reliability. 
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Figure 6.19: Multipin electrodes fabricated by direct 3D printing from a 
commercially available carbon black 19- filled thermoplastic 

polyurethane (TPU/CB) conductive filament. The electrodes were 
produced using an additive manufacturing process. Surface irregularities 
and limited interlayer adhesion are observed, resulting in low mechanical 

robustness of the multi-tip microstructures. 

 

Figure 6.20 shows polymer molds manufactured by additive manufacturing. The first molds 

made of nylon exhibited significant limitations when used in the molding process. 

 

a) b) c) 

Figure 6.20: Polymer molds manufactured by additive manufacturing 
from different printing materials (a) Nylon, b) High Temp resin and c) 
Rigid 10K resin) with the aim of exploring their use for compression 

molding of conductive polymer electrodes. 
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Indeed, when these molds were used in a hot press, they showed significant thermal 

deformation, accompanied by partial melting of the material (see figure 6.21). 

 

Figure 6.21: Thermal deformation and partial melting observed on 
additively printed nylon molds after use in a heat press during the 

compression molding process 

 

These observations indicate that the thermal and mechanical resistance of the printed nylon is 

insufficient to withstand the temperature and pressure conditions applied during the 

compression process used to manufacture the electrodes. Due to these limitations, the nylon 

molds were abandoned for further work. 

Furthermore, molds made from photopolymer resins also presented certain limitations. 

Although they offered better dimensional stability at room temperature, these molds proved 

relatively fragile and brittle, leading to cracking when pressure was applied during the molding 

process. These results show that, despite the advantages of additive manufacturing for the rapid 

production of molds, the thermomechanical properties of printed polymeric materials remain 

insufficient to replace the metal molds used in Articles 1 to 3 of this thesis. 

Figure 6.22 shows the SEBS granules used as raw material for filament manufacturing. Figure 

6.23 shows the 3devo Filament Maker machine used for extruding the polymer filaments. 

Figure 6.24 illustrates the SEBS filament extrusion process from the granules. Finally, Figure 

2.25 shows the SEBS filaments obtained after extrusion. 
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Figure 6.22: SEBS (styrene-ethylene-butylene-styrene) granules used as 
a raw material for the manufacture of filaments for 3D printing. 

 

 

Figure 6.23: 3devo Filament Maker machine used for extruding polymer 
filaments from thermoplastic granules. 

Taken from (3devo B. V., s. d.) 
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Figure 6.24: Internal view of the 3devo Filament Maker machine 
showing the polymer filament extrusion process from SEBS granules.

Figure 6.25: SEBS filaments obtained after extrusion from granules 
using the 3devo Filament Maker machine, intended for use in 3D printing 

processes.
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Table 6.9 shows the printing parameters used for filament manufacturing. 

 

 Table 6-9 SEBS-MA parameters on the filament maker 

Heater 1 220˚C 230˚C 

Heater 2 220˚C 240˚C 

Heater 3 220˚C 240˚C 

Heater 4 220˚C 230˚C 

Extruder speed  4 RPM 4 RPM 

Filament fan speed  30% 50% 

Manual speed 1400 1400 

Filament diameter 2.5 mm 2.5 mm 

Spooling speed  - 4 RPM 

 

In their current state, the filaments produced do not yet have a uniform and smooth surface, 

and their diameter remains relatively irregular. Further work would therefore be necessary to 

optimize the extrusion conditions and obtain filaments with a stable diameter compatible with 

commercial 3D printers. 

Within the scope of this thesis, this exploratory work was not pursued further, as it deviated 

from the main objective of the study. Nevertheless, this approach presents interesting potential 

for future research. Indeed, by manufacturing conductive composites through polymer 

dissolution in a solvent followed by the incorporation of conductive fillers, it would be possible 

to produce volume-homogeneous conductive composite filaments. 

These filaments could then be used directly in additive manufacturing processes, thus avoiding 

the use of compression molding, which requires the fabrication of metal or polymer molds. 

Such an approach would potentially simplify the electrode manufacturing process, reduce 
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manufacturing time, and lower the costs associated with the production of next-generation 

EEG electrodes. 

6.4.4 Conclusion 

The exploratory work carried out in this study evaluated the potential of additive 

manufacturing and polymer filament extrusion for the fabrication of EEG electrodes and molds 

for compression molding. Direct 3D printing of electrodes from a commercially available 

carbon black-filled TPU-based conductive filament (TPU/CB) demonstrated the feasibility of 

manufacturing complex geometries, including multi-tip electrodes. However, observations 

revealed certain limitations, including insufficient interlayer adhesion, a non-uniform surface, 

and limited mechanical strength of the microstructures, which compromise the robustness of 

the resulting electrodes. 

Furthermore, the use of 3D-printed polymer molds was also explored as an alternative to the 

metal molds used in Articles 1 to 3 of this thesis. Nylon molds exhibited thermal deformation 

and partial melting when used in a hot press, while molds made from photopolymer resins 

proved relatively brittle and prone to cracking under pressure. These results indicate that the 

thermomechanical properties of 3D-printed polymer materials remain insufficient to replace 

metal molds in the compression molding process used in this study. 

Finally, the extrusion of SEBS filaments from granules using the 3devo Filament Maker 

demonstrated the feasibility of producing polymer filaments for 3D printing. However, the 

resulting filaments still exhibit surface and diameter irregularities, which currently limits their 

use on commercial 3D printers. Further work is needed to optimize the extrusion parameters 

and improve the quality of the filaments produced. 

Thus, although additive manufacturing approaches show promising potential for the rapid and 

flexible production of electrodes, the results obtained in this exploratory work demonstrate that 

compression molding using metal molds remains the most reliable method for manufacturing 

the electrodes studied in this thesis. Nevertheless, the approaches explored open up interesting 

prospects for the future development of additive manufacturing processes for conductive 
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composites, which could ultimately simplify the fabrication of EEG electrodes and reduce their 

associated production costs. 

6.5 General conclusion  

The exploratory work carried out within the framework of this thesis has made it possible to 

examine several complementary approaches aimed at improving the design, manufacture and 

evaluation of conductive polymer EEG electrodes. 

The results obtained initially allowed for the exploration of developing conductive composites 

based on PDMS reinforced with carbon black and carbon fibers for the fabrication of an 

artificial ear designed to simulate the electrode-skin interface. This work highlighted the 

significant influence of conductive charge dispersion methods on the electrical properties of 

the composites. It also demonstrated that certain manufacturing methods can achieve sufficient 

electrical conductivities to consider using these materials in simulation devices for EEG 

electrode testing. 

Furthermore, the implementation of an experimental EEG acquisition setup allowed for testing 

the developed electrodes and evaluating the limitations associated with the electronic systems 

used. The experimental observations highlighted the importance of shielding, signal filtering, 

and the use of appropriate acquisition systems to obtain stable and reliable EEG measurements. 

Research on the fabrication of conductive filaments for 3D printing has also explored a 

promising avenue for the rapid and flexible production of polymer electrodes. Although the 

resulting filaments do not yet exhibit sufficient surface quality and uniformity for direct use on 

commercial 3D printers, these results suggest that 3D printing could be an attractive approach 

for reducing manufacturing steps, eliminating the use of metal molds, and lowering the 

production costs of EEG electrodes. 

Finally, exploratory analyses of interphase and conductive charge agglomeration highlight the 

importance of microstructural phenomena in the formation of the conductive network within 

polymer nanocomposites. These aspects represent relevant avenues of research for a better 

understanding of the mechanisms governing the percolation threshold and the electrical 

properties of conductive composites. 
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Overall, this exploratory work complements the results obtained in the scientific articles of this 

thesis by providing insights into the materials, manufacturing processes, and experimental 

systems associated with polymer EEG electrodes. It also opens up several avenues for future 

research, particularly in the development of biomimetic devices for electrode evaluation, the 

optimization of 3D printing manufacturing processes, and the in-depth study of interfacial 

interactions in conductive nanocomposites. 

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



211 

RECOMMENDATIONS 

This thesis investigated the development of flexible dry EEG electrodes through an integrated 

material–electrode–application approach, to address key limitations of conventional gel-based 

EEG systems in terms of comfort, stability, and suitability for long-term and wearable 

applications. By combining conductive thermoplastic polymers with carbon-based fillers and 

systematically evaluating their electrical, mechanical, and thermo-mechanical behavior, this 

work demonstrates that electrode performance emerges from a complex interplay between 

material formulation, electrode geometry, and the electrode–skin interface. 

Across the three studies, the results highlight that achieving reliable EEG acquisition without 

conductive gel is not solely a matter of maximizing electrical conductivity, but rather of 

carefully balancing conductivity, mechanical compliance, and interfacial stability. The 

findings collectively challenge the conventional assumption that higher filler loadings or stiffer 

materials necessarily lead to better EEG performance, and instead show that optimized 

composite design can yield low contact impedance while preserving flexibility and user 

comfort. Together, these results contribute to a more nuanced understanding of how material 

structure and electrode design govern EEG signal quality under realistic usage conditions. 

 

Material design and structure–property relationships 

The first study demonstrated that flexible polymer composites based on SEBS and EVA, filled 

with carbon black or carbon nanotubes, can be engineered to achieve electrical conductivity 

levels suitable for dry EEG applications while maintaining mechanical compliance. Systematic 

characterizations of electrical, mechanical, thermal, and morphological properties revealed 

clear structure–property relationships, highlighting the trade-offs between filler type, filler 

loading, flexibility, and conductivity. These results demonstrate that bulk conductive 

composites offer a robust alternative to coated electrodes, thereby mitigating issues related to 

coating delamination and long-term durability. 

 

Electrode architecture and functional performance 

The second study showed that electrode-level performance is strongly influenced not only by 

material composition but also by electrode geometry. By comparing SEBS/CB and SEBS/CNT 
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composites in flexible multipin electrode architectures, this work demonstrated that multipoint 

contact improves scalp conformity and reduces contact impedance under realistic pressure 

conditions. The results further emphasized that different conductive fillers induce distinct 

mechanical and thermo-mechanical responses, reinforcing the importance of jointly optimizing 

material formulation and electrode design rather than treating these aspects independently. 

 

Hybrid conductive networks and EEG validation 

The third study highlighted the potential of hybrid CNT/CB conductive networks within SEBS 

and SEBS-MA matrices to overcome limitations of single-filler systems. By leveraging the 

complementary roles of CNTs and CB, hybrid nanocomposites achieved low contact 

impedance at reduced total filler loadings while maintaining mechanical flexibility comparable 

to that of the unfilled polymer. In vivo EEG recordings demonstrated stable signal acquisition 

and clear detection of brain activity, with performance comparable to or exceeding that of 

commercial dry electrodes. These findings confirm that hybrid conductive architectures 

provide an effective strategy for balancing electrical performance and comfort in flexible EEG 

electrodes. 

 

Toward flexible, comfortable, and ecologically valid EEG systems 

Taken together, the three studies underscore several overarching themes relevant to next-

generation EEG technology. 

First, material compliance is a core functional requirement, not a secondary consideration, for 

ensuring stable electrode–skin contact during prolonged recordings. 

Second, nonlinear trade-offs between conductivity, stiffness, and comfort must be explicitly 

addressed through rational composite design rather than empirical optimization alone. 

Third, electrode performance must be evaluated under realistic conditions, including 

mechanical deformation and in vivo EEG measurements, to ensure ecological validity. 

By bridging materials science, electrode engineering, and EEG validation, this work 

demonstrates how fundamental structure–property insights can directly inform practical 

electrode design. The results also illustrate the importance of aligning laboratory 
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characterization methods with real-world operating conditions to avoid misleading 

performance assessments. 

 
Future directions 

Several promising research directions naturally emerge from the results of this thesis and open 

perspectives for further improving the performance and applicability of flexible EEG 

electrodes. From a materials standpoint, future work could focus on advanced material 

optimization by exploring alternative hybrid conductive filler systems, such as graphene-based 

fillers or hierarchical combinations of nanofillers. These approaches may enable finer control 

over percolation behavior and interfacial interactions, thereby improving electrical 

conductivity while preserving or even enhancing mechanical compliance. In parallel, the 

development of more sophisticated dispersion strategies could reduce agglomeration effects, 

improve reproducibility, and further stabilize the electromechanical response of the composites 

under deformation. 

Beyond material formulation, manufacturing considerations represent a critical step toward 

practical deployment. Investigating scalable and industrially relevant processing techniques, 

including additive manufacturing and advanced molding strategies, could significantly 

enhance fabrication reproducibility and allow the realization of more complex electrode 

geometries tailored to scalp morphology. Such approaches would also facilitate the transition 

from laboratory-scale prototyping to large-scale production, an aspect that is essential for the 

translation of flexible EEG electrodes into commercial and clinical devices. 

Another important research axis concerns long-term and environmental stability. While the 

present work demonstrates promising electrical and mechanical performance under controlled 

conditions, extended testing under realistic physiological environments remains necessary. 

Future studies should therefore examine the effects of humidity, sweat, temperature 

fluctuations, and repeated motion on electrode performance over prolonged periods. This 

would provide a more comprehensive assessment of durability, signal stability, and potential 

degradation mechanisms during long-term EEG monitoring. 

In addition, expanded clinical validation is required to fully establish the relevance of these 

electrodes in real-world applications. Larger-scale in vivo studies involving more diverse 

participant populations would enable systematic evaluation of comfort, ergonomics, and signal 
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reliability across different head shapes, hair types, and usage scenarios. Such studies would 

also help identify inter-subject variability and potential limitations that may not be apparent in 

smaller experimental cohorts. 

Finally, system-level integration constitutes a key step toward practical implementation. 

Integrating the developed flexible electrodes into wireless, lightweight, and miniaturized EEG 

platforms will be essential to unlock their full potential in applications such as 

neuroergonomics, brain–computer interfaces, and continuous brain monitoring. Addressing 

challenges related to electrical interfacing, power consumption, and signal conditioning at the 

system level will ultimately determine the feasibility of deploying these electrodes in next-

generation wearable neurotechnologies. 

 

Concluding remarks 

This thesis shows that the performance of dry EEG electrodes is governed by a dynamic 

interplay among material composition, electrode architecture, and the electrode–skin interface. 

By moving beyond traditional gel-based paradigms and embracing flexible, bulk-conductive 

polymer composites, this work contributes both fundamental insights and practical solutions 

for next-generation EEG technologies. The findings emphasize that reliable, comfortable, and 

scalable EEG systems require an integrated, multidisciplinary approach that accounts for 

materials, mechanics, and real-world use conditions. From this perspective, the present work 

advances the development of flexible dry EEG electrodes capable of meeting the growing 

demands of clinical neurology, wearable neurotechnology, and brain–computer interface 

applications. 
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