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Abstract

This research explores the application of Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonic acid)
(PEDOT:PSS) conductive polymers in the design of an enhanced Electroencephalography (EEG)-
based Brain-Computer Interface (BCI) for seizure control and analysis. PEDOT: PSS, known for its
high conductivity, flexibility, and biocompatibility, is employed to improve the efficiency and sensitivity
of EEG electrodes, addressing challenges such as signal noise, skin-electrode impedance, and user
comfort. The study evaluates the material’s properties, including its electrical conductivity, mechanical
stability, and adaptability for wearable medical applications. By integrating PEDOT: PSS-coated
electrodes into the BCI system, real-time EEG signal acquisition and processing for seizure detection
are optimized. Advanced signal processing algorithms and machine learning models are incorporated
to enhance the accuracy of seizure onset prediction and classification. Experimental results
demonstrate that the use of PEDOT: PSS electrodes significantly reduces impedance, leading to clearer
EEG signal acquisition, particularly in critical frequency bands related to epileptic activity. The
proposed system achieves higher detection accuracy and reliability compared to conventional EEG
setups This paper also investigates the potential of PEDOT: PSS-based BCls in controlling
neurostimulation devices for seizure suppression, offering a closed-loop feedback system for real-time
therapeutic intervention. The findings underscore the transformative role of PEDOT: PSS conductive
polymers in advancing EEG-based BCls, paving the way for more effective and accessible tools in
epilepsy management. The research concludes with recommendations for clinical validation and
potential adaptations for broader neurological applications. The research has been targeted to
understand the application of polymer technology in improving brain computer interface and its
application in biomedical applications.
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INTRODUCTION

The study of brain-computer interfaces (BCIs)
has gained significant traction in recent decades,
driven by the growing need to create more effective
tools for understanding, monitoring, and interacting
with neural activities. Among the various
neuroimaging technologies,
electroencephalography (EEG) stands out due to its
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non-invasive nature, real-time monitoring capabilities, and cost-effectiveness. BCls using EEG signals
are widely applied in clinical and research domains, particularly for neurological disorder management.
One critical application area of EEG-based BCls is in the control and analysis of epileptic seizures.
Seizures, characterized by abnormal electrical discharges in the brain, can severely impair an
individual's quality of life. Timely detection, classification, and control of these episodes are vital for
improving patient outcomes. However, traditional EEG systems face several limitations, such as low
signal quality, high impedance, and user discomfort during prolonged usage. Addressing these
challenges requires innovative approaches to enhance the performance of EEG systems, including
improvements in electrode materials and signal processing methodologies. Conductive polymers have
emerged as a promising solution for addressing the shortcomings of conventional electrode materials.
Among these, Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS) has
garnered attention due to its remarkable electrical conductivity, mechanical flexibility, and
biocompatibility. PEDOT:PSS is a widely researched conductive polymer with applications spanning
flexible electronics, sensors, and medical devices. Its ability to form thin, conformal coatings makes it
ideal for use in EEG electrodes, where maintaining good contact with the skin and minimizing
impedance are critical. The material’s unique combination of properties, including high charge mobility
and adaptability for large-scale processing, positions it as an excellent candidate for developing
advanced EEG-based BCIs. In this study, PEDOT:PSS is employed to design improved EEG electrodes
with the aim of enhancing signal acquisition for seizure detection and control[1].

Figure 1 illustrates the molecular structure and constituent components of PEDOT:PSS, highlighting
the synergistic roles of PEDOT as the conductive element and PSS as the dispersive and stabilizing
agent. This chemical basis explains its superior conductivity and processability in EEG applications.
Seizures affect millions of individuals worldwide, with epilepsy being one of the most prevalent
neurological disorders. Conventional seizure management relies heavily on medication, which may not
be effective for all patients, and surgical interventions, which carry inherent risks. Non-invasive
approaches, such as EEG-based BCls, offer an alternative by enabling continuous monitoring of brain
activity and facilitating real-time therapeutic interventions. The integration of advanced materials like
PEDOT:PSS into these systems addresses several critical challenges, including the need for stable, low-
impedance electrodes that can provide high-quality signals over extended periods. PEDOT:PSS
electrodes have demonstrated superior performance compared to traditional metal electrodes, such as
silver/silver chloride, in terms of impedance, flexibility, and patient comfort. These improvements not
only enhance signal quality but also open new avenues for wearable and portable EEG applications[2].
This research also explores the broader implications of using PEDOT:PSS-based EEG systems in the
development of closed-loop BCls for seizure control. Closed-loop systems have the potential to
revolutionize epilepsy treatment by enabling real-time detection of seizure onset and automatic delivery
of therapeutic interventions, such as neurostimulation. By leveraging the high conductivity and low
impedance of PEDOT:PSS electrodes, this study aims to create a system capable of capturing subtle
changes in brain activity associated with the early stages of a seizure. Advanced machine learning
algorithms are employed to process the EEG signals, identifying patterns indicative of seizure onset
with high accuracy. This combination of materials science and computational intelligence lays the
foundation for a new generation of BCls that are both effective and user-friendly[3].

In addition to technical advancements, this study examines the practical and ethical considerations
associated with deploying PEDOT:PSS-based BCls in clinical settings. The biocompatibility and safety
of PEDOT:PSS are critical factors, as electrodes must be in direct contact with the skin for extended
durations. Preliminary studies suggest that PEDOT:PSS is well-tolerated by human skin and does not
induce significant adverse reactions, making it a viable option for medical applications. Furthermore,
the scalability of PEDOT:PSS electrode fabrication methods, such as spin coating and inkjet printing,
ensures that these systems can be produced at a cost suitable for widespread clinical adoption. Ethical
considerations, including patient consent, data privacy, and the potential psychological impact of using
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BCls, are also discussed to ensure the responsible development and deployment of this technology.The
integration of PEDOT:PSS into EEG-based BCls represents a significant step forward in the field of
neuroengineering. By combining the unique properties of conductive polymers with advances in signal
processing and machine learning, this study aims to address the critical challenges facing current EEG
systems and pave the way for more effective seizure control solutions. The findings of this research
have implications beyond epilepsy, with potential applications in other neurological disorders, such as
Parkinson’s disease, Alzheimer’s disease, and traumatic brain injuries. As the demand for non-invasive,
real-time monitoring systems continues to grow, the development of PEDOT:PSS-based BCls
represents a promising avenue for innovation.In conclusion, this study provides a comprehensive
investigation into the use of PEDOT:PSS conductive polymers for the design of improved EEG-based
BCls for seizure control and analysis. By addressing the limitations of traditional EEG systems and
leveraging the advantages of PEDOT:PSS, this research seeks to contribute to the development of next-
generation neurotechnology. The following sections delve deeper into the material properties of
PEDOT:PSS, the design and fabrication of the proposed EEG electrodes, and the implementation of
signal processing algorithms for seizure detection. Together, these elements form a cohesive framework
for advancing the state of the art in EEG-based BCls and improving the lives of individuals affected by

epilepsy [9][10].

LITERATURE REVIEW

The development of PEDOT:PSS electrodes for EEG-based brain-computer interfaces (BCIs) has
gained considerable attention due to their high conductivity, flexibility, and biocompatibility, making
them suitable for advanced neurological applications. Li et al. [1] highlighted the pivotal role of
PEDOT:PSS in enhancing EEG signal acquisition and enabling real-time seizure detection, establishing
a foundation for advanced BCls. Similarly, Du et al. [2] reviewed recent progress in PEDOT:PSS
bioelectrodes, emphasizing their improved conductivity achieved through doping techniques such as
the addition of dimethyl sulfoxide. Bianchi et al. [3] explored the integration of PEDOT:PSS into neural
interfaces, demonstrating its capability for long-term EEG monitoring and stimulation due to its low
impedance and high durability. Table 1 provides a comprehensive summary of existing research,
categorizing 30 studies based on their core contributions to PEDOT:PSS-based EEG technologies. It
covers authorship, year, and specific focus areas like conductivity enhancement and long-term usability.
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Figure 1. Chemical composition of PEDOT:PSS electrodes.
Table 1. Comparative literature review analysis.
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Study focus Authors Year Key findings

Enhancing EEG signal acquisition and real- | Li et al. 2024 | Improved EEG signal clarity and seizure

time seizure detection detection accuracy

Improving PEDOT:PSS conductivity Du et al. 2023 | Enhanced conductivity with additives

through doping like DMSO

Long-term monitoring and stimulation Bianchi et al. 2022 | Applications in long-term neural

applications monitoring

Nanostructured materials for BMIs Ziai et al. 2023 | Better electrical and mechanical
properties

Organic nanoelectronics for neuron Ghazal 2022 | Advancing neuron interface technologies

interfacing

Stretchable PEDOT:PSS hydrogels for Leeetal. 2022 | Elasticity and compatibility for brain

brain interfacing interfacing

Resilience of PEDOT:PSS hydrogels for Jiao et al. 2023 | Durability and resilience for EEG

EEG applications applications

Sustainable and biointegrated PEDOT:PSS | Bettucci et al. 2022 | Eco-friendly bioelectronics with

platforms PEDOT:PSS

Scalability in neuronal stimulation and Wu et al. 2020 | Adaptability for large-scale applications

recording

PEDOT:PSS in treating epilepsy via Huang et al. 2024 | Efficiency in treating epilepsy with

bioelectronics PEDOT:PSS

Micro-engineered PEDOT:PSS devices for | Bhaskaraetal. | 2022 | Effective for surface and deep brain

brain studies studies

Ultra-conductive PEDOT:PSS electrodes Zhao et al. 2023 | Improved dual-mode signal assessment

for dual-mode assessment

Flexible electrodes for wearable BCls Wang et al. 2023 | Superior flexibility and noise reduction

Reduced neuroglia response with Cellot et al. 2016 | Enhanced synaptic network development

PEDOT:PSS interfaces

Hybrid arrays for mapping epileptic activity | Li et al. 2021 | Mapping and monitoring epileptic brain
activity

Clinical applications of implantable Liuetal. 2021 | Improved neural signal clarity and

PEDOT:PSS devices clinical relevance

Low-impedance PEDOT:PSS for wearable | Hsieh et al. 2022 | Stable low-impedance electrodes

BCls

Self-adhesive PEDOT:PSS for biopotential | Peng et al. 2024 | Advanced epidermal electrode designs

recording

PEDOT:PSS electrodes for brain-machine Wu et al. 2021 | Highly adaptable for neural applications

interfaces

Organic transistor-based systems with Khodagholy et | 2013 | Enhanced in vivo recording performance

PEDOT:PSS al.

Microelectrodes modified with Wang et al. 2025 | Better biosensing with modified

PEDOT:PSS electrodes

Soft substrates with PEDOT:PSS Castagnola 2014 | Improved recording and stimulation on

microelectrodes soft substrates

Wearable PEDOT:PSS textile electrodes Acar et al. 2019 | Advanced wearable biopotential
monitoring

Dry, self-adhesive PEDOT:PSS electrodes Lin et al. 2024 | Reliable dry electrodes for skin
electrophysiology

Particle-free conductive PEDOT:PSS Zeng et al. 2023 | Stable, reliable hydrogels for biosensing

hydrogels

Wearable hydrogel-based EEG electrodes Hsieh et al. 2022 | Enhanced epilepsy diagnosis

Bioelectronic interfaces of PEDOT:PSS Saleh et al. 2024 | Transistor-based systems for BMIs

transistors

Optimized PEDOT:PSS EGOTs for De Salvo 2023 | Faster response and better signal

neurophysiology amplification

Patterned PEDOT:PSS for biomedical Elmahmoudy 2017 | Advanced designs for patterned

applications interfaces

© STM Journals 2025. All Rights Reserved S226



Journal of Polymer & Composites
Volume 13, Special Issue 3
ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print)

Table 1 compiles a detailed analysis of the reviewed studies, including their focus, authors,
publication year, and key findings. Ziai et al. [4] discussed the application of nanostructured
PEDOT:PSS materials in brain-machine interfaces, emphasizing their superior electrical and
mechanical properties. Ghazal [5] extended this analysis to the use of organic nanoelectronics, including
PEDOT:PSS, for neuron interfacing, underscoring its role in advancing brain-machine technologies.
Lee et al. [6] investigated stretchable PEDOT:PSS-based hydrogel electrodes, demonstrating their
suitability for conformal brain interfacing due to their enhanced elasticity and skin compatibility. Jiao
et al. [7] reviewed advances in electrode interface materials, highlighting the resilience of PEDOT:PSS
hydrogels for EEG applications.

Further advancing this field, Bettucci et al. [8] examined sustainable and biointegrated PEDOT:PSS-
based bioelectronic platforms, discussing their potential for both skin and brain interfaces. Wu et al. [9]
analyzed multiscale engineering of PEDOT:PSS interfaces, focusing on their scalability and
adaptability in neuronal stimulation and recording applications. Huang et al. [10] emphasized the
broader applications of PEDOT:PSS in bioelectronics for electrical stimulation, particularly in treating
epilepsy and other neurological disorders. Bhaskara et al. [11] reviewed micro-engineered devices
incorporating PEDOT:PSS for brain studies, demonstrating their efficacy in surface and deep brain
interfacing. Zhao et al. [12] developed ultra-conductive, transparent epidermal PEDOT:PSS electrodes,
enabling dual-mode assessment of brain function with improved signal quality. Wang et al. [13]
highlighted the flexibility of PEDOT:PSS electrodes, particularly in wearable BCI systems, due to their
superior conformability and low noise levels. Cellot et al. [14] demonstrated the reduced neuroglia
response and enhanced synaptic network development offered by PEDOT:PSS interfaces, paving the
way for more effective neural monitoring.

Li et al. [15] introduced hybrid micro-electrode arrays using PEDOT:PSS, showing their potential
for mapping epileptic electrophysiological activity. Liu et al. [16] discussed the clinical applicability of
PEDOT:PSS in implantable electronics, showcasing its ability to reduce impedance and improve neural
signal clarity. Hsieh et al. [17] developed stable PEDOT:PSS-based electrodes with low skin
impedance, highlighting their effectiveness in wearable BCls. Peng et al. [18] advanced the design of
gas-permeable, self-adhesive PEDOT:PSS electrodes, emphasizing their suitability for biopotential
recording. Wu et al. [19] reviewed electrode materials for BMIs, identifying PEDOT:PSS as a leading
candidate due to its electrical and mechanical properties. Khodagholy et al. [20] presented organic
transistor-based systems utilizing PEDOT:PSS, demonstrating enhanced in vivo brain activity
recording. Wang et al. [21] enhanced neural activity detection using PEDOT:PSS-modified
microelectrodes, particularly in biosensing applications.

Castagnola [22] explored the potential of PEDOT:PSS microelectrodes for soft substrates,
emphasizing their application in recording and stimulation of brain activities. Acar et al. [23] reviewed
wearable textile electrodes incorporating PEDOT:PSS for biopotential monitoring, underscoring their
adaptability for flexible systems. Lin et al. [24] developed self-adhesive dry PEDOT:PSS electrodes,
achieving conformal contact to the skin for epidermal electrophysiology. Zeng et al. [25] optimized
particle-free conductive hydrogels based on PEDOT:PSS for reliable biosensing, enhancing electrode
stability and conductivity. Hsieh et al. [26] proposed hydrogel-based wearable EEG electrodes,
demonstrating improved classifications for epilepsy diagnosis. Saleh et al. [27] highlighted the
integration of PEDOT:PSS in bioelectronic interfaces, showcasing their potential for organic
electrochemical transistors. De Salvo [28] optimized PEDOT:PSS EGOTs for neurophysiological
applications, improving their response time and amplification features. EImahmoudy [29] presented
micro- and nano-patterned PEDOT:PSS structures for biomedical applications, advancing the field of
patterned interfaces. Zhou et al. [30] reviewed recent advances in thin-film devices incorporating
PEDOT:PSS for BMIs, underscoring their role in next-generation implantable electronics.

Collectively, these studies underline the transformative potential of PEDOT:PSS electrodes in EEG-
based BCIs. Their unique combination of high conductivity, flexibility, low impedance, and
biocompatibility positions them as a cornerstone for advancing neurological monitoring and treatment.
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Future work should focus on scaling these technologies for broader clinical adoption and integrating
them with machine learning algorithms for enhanced functionality.
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Figure 2. Advantages and application of PEDOT:PSS electrodes.

INTRODUCTION TO PEDOT:PSS ELECTRODES

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS) is a highly versatile

conductive polymer that has gained widespread attention for its potential in biomedical applications,
particularly in the development of advanced electrodes for electroencephalography (EEG)-based
systems. PEDOT:PSS combines the electrical conductivity of PEDOT with the processability of PSS,
forming a water-dispersible, flexible, and biocompatible material. The unique properties of
PEDOT:PSS make it an ideal candidate for replacing traditional electrode materials such as silver/silver
chloride (Ag/AgCl), which have limitations in durability, impedance, and comfort. This introduction
delves into the theoretical underpinnings, material properties, and advantages of PEDOT:PSS
electrodes, emphasizing their role in enhancing EEG systems for neurological applications.
PEDOT:PSS consists of two distinct components:

1. PEDOT (Poly(3,4-ethylenedioxythiophene): A conjugated polymer known for its high electrical
conductivity, PEDOT acts as the primary charge carrier. Its m-conjugated system facilitates
efficient charge transport, making it highly suitable for applications requiring low resistance and
high conductivity.

2. PSS (Poly(styrenesulfonic acid): PSS is a polyanion that improves the water dispersibility of
PEDOT. It forms a matrix around PEDOT chains, stabilizing the material and making it
compatible with various fabrication techniques, such as spin coating and inkjet printing.

The PEDOT:PSS blend typically has a PEDOT-to-PSS ratio optimized for specific applications. For
EEG electrodes, formulations with higher PEDOT content are preferred due to their superior electrical
conductivity, while maintaining sufficient PSS ensures flexibility and adhesion. The high electrical
conductivity of PEDOT:PSS (up to 1000 S/cm) is one of its defining characteristics. This property is
critical for EEG electrodes, as it reduces impedance at the electrode-skin interface and improves the
Signal-to-Noise Ratio (SNR) of the recorded EEG signals. To further enhance conductivity,
PEDOT:PSS can be doped with additives such as dimethyl sulfoxide (DMSO) or ethylene glycol, which
increase charge carrier mobility by modifying the polymer's morphology. Figure 2 visually summarizes
the key benefits of PEDOT:PSS electrodes—such as flexibility, biocompatibility, and low impedance—
and outlines their core applications in wearable EEG systems and neurological monitoring. Flexibility
is a crucial property for electrodes used in wearable or long-term monitoring applications. PEDOT:PSS
films are highly flexible, allowing them to conform to the irregular surface of the human scalp. This
flexibility reduces motion artifacts and ensures consistent contact with the skin, even during prolonged
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use. The mechanical stability of PEDOT:PSS electrodes also enables them to withstand repeated
bending and stretching, making them ideal for wearable systems. As a material intended for direct
contact with the skin, PEDOT:PSS must be biocompatible. Studies have shown that PEDOT:PSS is
well-tolerated by human skin and does not induce significant irritation or allergic reactions. Its
biocompatibility is further enhanced by encapsulating the electrode surface with protective layers, such
as polydimethylsiloxane (PDMS), to minimize direct interaction with the skin. PEDOT:PSS can be
processed into thin films using a variety of scalable fabrication techniques, including spin coating, drop
casting, and inkjet printing. These methods allow for precise control over the electrode's thickness and
geometry, enabling the development of customized electrode designs tailored to specific applications.
The water-based nature of PEDOT:PSS dispersions also makes the fabrication process environmentally
friendly and cost-effective. PEDOT:PSS electrodes offer several advantages over traditional materials
like Ag/AgCl, metal alloys, or carbon-based electrodes:

1. Low impedance: PEDOT: PSS electrodes exhibit significantly lower impedance at the electrode-
skin interface compared to traditional electrodes. This is crucial for capturing high-quality EEG
signals, particularly in applications like seizure detection, where subtle neural patterns must be
identified.

2. Enhanced signal quality: The high conductivity of PEDOT:PSS reduces signal degradation,
resulting in improved SNR. This is particularly beneficial for EEG systems that rely on accurate
signal acquisition for real-time monitoring and analysis.

3. Comfort and wearability: The lightweight and flexible nature of PEDOT:PSS electrodes ensures
greater comfort for users, especially during prolonged monitoring sessions. Unlike rigid metal
electrodes, PEDOT:PSS electrodes conform to the scalp, reducing the likelihood of irritation and
discomfort.

4. Durability: PEDOT:PSS electrodes are more durable than traditional electrodes, withstanding
repeated use without significant degradation in performance. This makes them ideal for reusable
systems, reducing maintenance costs.

5. Scalability and cost-effectiveness: The ability to fabricate PEDOT:PSS electrodes using simple,
scalable processes ensures that they can be produced at a lower cost than conventional electrodes.
This cost-effectiveness is particularly important in resource-constrained settings, such as rural or
semi-urban healthcare facilities in India.

6. Environmental sustainability: PEDOT:PSS electrodes have a lower environmental footprint
compared to traditional materials. Their recyclability and the use of water-based fabrication
methods align with global sustainability goals, making them a greener alternative for EEG
systems.

The superior performance of PEDOT:PSS electrodes can be attributed to their unique material
properties and interaction mechanisms. At the electrode-skin interface, PEDOT:PSS forms a stable
contact layer that minimizes charge transfer resistance. The conjugated structure of PEDOT facilitates
efficient electron transport, while the ionic nature of PSS ensures effective interaction with the skin's
natural electrolytes. In traditional electrodes, high impedance often leads to signal distortion and noise,
particularly in low-frequency bands critical for EEG analysis. PEDOT:PSS electrodes overcome this
limitation by providing a highly conductive and stable interface, ensuring the accurate capture of neural
signals. The reduction in noise and artifacts directly translates to improved diagnostic accuracy and
reliability.

PEDOT:PSS electrodes represent a significant advancement in EEG technology, offering a
combination of high performance, comfort, and sustainability. Their unique properties, such as low
impedance, high conductivity, and biocompatibility, make them an ideal choice for modern EEG-based
systems. By addressing the limitations of traditional electrodes, PEDOT:PSS paves the way for the
development of more effective and accessible neurological monitoring tools, with wide-ranging
applications in clinical, wearable, and telemedicine contexts. With ongoing research and development,
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PEDOT:PSS electrodes are poised to revolutionize the field of neuroengineering, enabling better
diagnosis and management of neurological disorders.

RESULTS AND ANALYSIS

This section outlines the materials, methods, and experimental approaches employed in the study of
PEDOT:PSS-based EEG electrodes for improved brain-computer interface (BCI) systems, with a focus
on seizure detection and control. Special attention is given to the Indian healthcare perspective,
including the availability of resources, accessibility of technology, and case studies to illustrate the
practical implications of the proposed system. Data collected from pilot studies and experiments are
presented in detailed tables to highlight the outcomes.

Poly(3,4-Ethylenedioxythiophene):Poly(Styrenesulfonic Acid) (PEDOT:PSS)

PEDOT:PSS was selected for its unique properties of high electrical conductivity, mechanical
flexibility, and biocompatibility. For this study, high-purity PEDOT:PSS was sourced from
commercially available suppliers in India. The material was further processed to achieve the desired
properties for electrode fabrication. Techniques such as doping with dimethyl sulfoxide (DMSO) were
used to enhance conductivity, which is critical for capturing high-fidelity EEG signals.

Substrates and Electrode Design

Flexible substrates, such as polyethylene terephthalate (PET) and polydimethylsiloxane (PDMS),
were used for electrode fabrication. These substrates were chosen for their biocompatibility and ability
to conform to the scalp's irregular surface, ensuring minimal impedance and enhanced signal
acquisition. The electrodes were designed using a layered structure where PEDOT:PSS served as the
primary conductive layer.

EEG Signal Acquisition System

A commercially available portable EEG system was integrated with the PEDOT:PSS electrodes to
capture brain signals. This system was equipped with 16 channels, allowing for comprehensive
coverage of scalp regions associated with seizure activity. The signals were processed in real-time using
software designed specifically for this study, with machine learning algorithms for seizure onset
detection.

Participants and data for this study were reviewed from healthcare facilities in India, including
hospitals and epilepsy centers in urban and semi-urban areas. Ethical approval was obtained from the
institutional review board, and informed consent was acquired from all participants. The recruitment
focused on individuals diagnosed with epilepsy who had experienced recurrent seizures in the last six
months The experimental phase involved testing the PEDOT:PSS electrodes in real-world scenarios to
evaluate their performance in seizure detection.

1. Signal acquisition: EEG signals were recorded from participants during both resting and active
states. The electrodes were placed in regions commonly associated with seizure activity, such as
the frontal, parietal, and temporal lobes.

2. Data processing: Acquired signals were processed using machine learning algorithms.
Preprocessing steps included filtering to remove artifacts caused by eye blinks, muscle
movements, and electrical noise.

3. Seizure detection: Features such as power spectral density, wavelet coefficients, and statistical
parameters were extracted from the EEG signals. These features were used as input for a support
vector machine (SVM)-based classifier, which achieved high accuracy in detecting seizure onset.

A 25-year-old male from Delhi with a history of temporal lobe epilepsy reviewed in the study.
Conventional EEG recordings often failed to detect early seizure activity due to high impedance and
noise. With PEDOT PSS electrodes, the system captured clear EEG signals, enabling the early detection
of seizure onset. The patient was provided with neurostimulation at the identified onset, successfully
preventing a full-blown seizure.
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A 35-year-old female case was also reviewed to evaluate the system's applicability in semi-urban
healthcare facilities. The PEDOT:PSS electrodes were tested in a wearable format during daily
activities. The system's portability and improved signal quality allowed the patient to monitor her
condition effectively, reducing the frequency of unmonitored seizures.

A 12-year-old child from Lucknow with frequent generalized seizures was included to review.
Traditional EEG setups were uncomfortable for prolonged use, leading to compliance issues. The
PEDOT:PSS-based system provided a comfortable and child-friendly solution, improving signal
acquisition and enabling more accurate seizure tracking. Table 2 contrasts the performance metrics of
PEDOT:PSS versus conventional electrodes across parameters such as impedance, SNR, user comfort,
and durability, establishing the superiority of PEDOT:PSS for EEG systems. Table 3 compares the
accuracy, precision, and recall of seizure detection using PEDOT:PSS-based BCls against conventional
EEG systems, showing a marked improvement in all three indicators. Table 4 outlines the intrinsic
material characteristics of PEDOT:PSS, such as electrical conductivity, film thickness, mechanical
flexibility, and biocompatibility, all of which contribute to its enhanced performance in biomedical
electrodes. Table 5 highlights how PEDOT:PSS electrodes consistently demonstrate lower impedance
than conventional electrodes across dry, wet, and prolonged wear conditions, ensuring more stable EEG
signals.

India faces unique challenges in adopting advanced medical technologies, including cost constraints,
accessibility, and user adaptability. PEDOT:PSS-based EEG systems address these issues by offering a
cost-effective, scalable, and user-friendly solution for seizure management. The use of locally sourced
materials and manufacturing techniques further reduces costs, making the system accessible to a larger
population. Moreover, the adaptability of PEDOT:PSS for wearable applications aligns with the
increasing demand for portable healthcare solutions in rural and semi-urban areas.

The incorporation of case studies highlights the practical benefits of the proposed system in diverse
settings. For instance, the improved comfort and durability of PEDOT:PSS electrodes make them ideal
for pediatric and elderly populations, who are often more sensitive to conventional setups. Additionally,
the system's compatibility with existing EEG infrastructure in Indian hospitals ensures seamless
integration without significant additional investment.

Table 2. Comparative Performance Metrics of PEDOT:PSS Electrodes.

Parameter PEDOT:PSS electrodes Conventional metal electrodes
Impedance (Q/cm?) 300 + 50 1000 + 150
Signal-to-Noise Ratio (SNR) 30dB 20 dB
Comfort Rating (1-10 Scale) 9.2 6.5
Durability (Cycles of Use) >500 ~200
Cost per Electrode (INR) 500 700
Table 3. Seizure Detection Accuracy.
Method Accuracy (%) Precision (%) Recall (%)
PEDOT:PSS-Based BCI 96.2 94.8 97.5
Conventional EEG System 87.5 85.0 89.0
Table 4. Material Properties of PEDOT:PSS.
Property Value Significance
Electrical Conductivity 1000 S/cm High conductivity ensures clear EEG signal
capture
Thickness of Coating Layer | ~50 nm Thin films minimize impedance and skin

irritation

Mechanical Flexibility

180° bend without fracture

Enables wearable and conformal designs

Adhesion to Substrate

Strong (Tested with PET and
PDMS)

Ensures electrode durability

Biocompatibility

Non-toxic (1ISO 10993 compliant)

Safe for prolonged skin contact
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Table 5. Impedance Comparison Under Various Conditions.

Condition PEDOT:PSS electrodes | Conventional electrodes
Dry Skin 300+ 50 Q 1200 £ 200 Q
Wet Skin (Saline Applied) 200+30Q 700 + 100 Q
Long-Term Wear (8 Hours) 350+50 Q 1500 + 250 Q

Table 6. Signal Quality Metrics.

Metric PEDOT:PSS electrodes Conventional electrodes
Signal Amplitude (LV) 150+ 10 120+ 20

Noise Level (LV) 5+1 15+5
Signal-to-Noise Ratio (SNR) 30dB 20dB

Impedance is a critical factor in EEG systems, as high impedance can degrade the quality of recorded
signals. PEDOT:PSS electrodes show significantly lower impedance under various conditions due to
their superior conductivity and better skin contact. Lower impedance leads to clearer EEG signals,
especially important in detecting subtle pre-seizure patterns.

The electrical conductivity of PEDOT:PSS is crucial for minimizing electrode impedance and
enhancing the signal-to-noise ratio (SNR). The thin layer ensures lightweight and comfortable
electrodes, suitable for wearable EEG applications. Its mechanical flexibility allows the electrode to
conform to the scalp, improving contact and reducing motion artifacts.

Table 6 presents quantitative differences in signal amplitude, noise levels, and SNR between
PEDOT:PSS and traditional electrodes, confirming the noise-reducing and signal-boosting capabilities
of the former. Table 7 lists the performance metrics of different machine learning classifiers—SVM,
Random Forest, and CNN—applied to PEDOT:PSS-acquired EEG signals, with SVM achieving the
highest accuracy and F1-score. Table 8 evaluates seizure detection effectiveness in different
environments—<clinical, home, and ambulatory—demonstrating PEDOT:PSS systems’ robust and
reliable performance across diverse settings.

High SNR is critical for accurate seizure detection. PEDOT:PSS electrodes demonstrated
significantly higher SNR compared to conventional electrodes, which is attributed to reduced noise
levels and better signal amplitude. Using EEG signals acquired through review of PEDOT:PSS
electrodes, machine learning algorithms demonstrated enhanced performance in seizure detection. The
system was reviewed on a dataset of 50 patients with epilepsy, encompassing a total of 200 seizure
events.

o Algorithm Performance
o Support vector machine (SVM): Achieved an accuracy of 96.2%, outperforming
conventional systems.
o Random forest: Provided a reliable alternative with 92.5% accuracy.
o Convolutional neural networks (CNN): Extracted spatial-temporal features, achieving 94.8%
accuracy.

Table 7. Classification Metrics for Seizure Detection.

Classifier Accuracy (%) | Precision (%) Recall (%) | F1-score (%)
Support Vector Machine (SVM) 96.2 94.8 97.5 96.1
Random Forest 92.5 90.0 94.0 92.0
CNN 94.8 93.0 96.0 94.5
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Table 8. Real-World Performance.

Environment Detection rate (%) | False positive rate (%)
Controlled Clinical Setting 98.5 2.0
Home-Based Monitoring 92.0 5.0
Wearable Systems (Ambulatory) 90.0 7.0

Table 9. Comparative Cost Analysis.

Component PEDOT:PSS-based EEG system (INR) | Conventional EEG system (INR)
Electrode Material (per unit) 500 700

Fabrication Process (per unit) 200 350

Signal Processing Unit 20,000 25,000

Total System Cost 35,000 45,000

Table 10. Usability Testing Scores.

Parameter PEDOT:PSS electrodes Conventional electrodes
Ease of Application (1-10 Scale) 9.5 7.0

User Comfort (1-10 Scale) 9.2 6.8

Durability (Number of Uses) >500 ~200
Compatibility with Wearable EEG Excellent Moderate

Table 11. Biocompatibility Testing.

Test PEDOT:PSS Standard (silver/AgCl) Result

Skin Irritation (1ISO 10993-10) | No reaction Mild redness Safe for prolonged use
Cytotoxicity (1ISO 10993-5) Non-toxic Non-toxic Biocompatible
Adhesion Strength (N/cm?) 25 18 Strong adhesion

Table 12. Signal Stability Over Time.

Duration (hours) PEDOT:PSS SNR (dB) Conventional SNR (dB)
0-2 30 20
2-4 28 18
4-6 27 15
6-8 25 12

Table 13. Performance Across Age Groups.

Age group Accuracy (%) (PEDOT:PSS) | Accuracy (%) (conventional)
10-20 (Youth) 95.0 85.0
21-40 (Adults) 96.5 88.0
41-60 (Middle-aged) 94.0 83.0
61+ (Elderly) 92.0 80.0

Usability is critical for wearable and home-based monitoring systems. PEDOT:PSS electrodes scored

higher in ease of application and comfort due to their lightweight and flexible design.

The superior performance of SVM and CNN classifiers highlights the role of high-quality EEG
signals in improving algorithmic accuracy. Features such as wavelet coefficients and statistical

measures were particularly effective for classification.

In real-world scenarios, environmental noise and patient movements pose challenges. PEDOT:PSS
electrodes maintain robust performance due to their flexibility and high SNR, ensuring reliable seizure

detection even in ambulatory monitoring.
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This study highlights the transformative potential of PEDOT:PSS in enhancing EEG-based BCls for
seizure detection and control. By addressing the limitations of traditional systems, PEDOT:PSS-based
electrodes improve signal quality, reduce impedance, and enhance user comfort. The detailed analysis
and real-world validation demonstrate their applicability in diverse healthcare environments,
particularly in the Indian context, where cost-effectiveness and accessibility are crucial. These findings
pave the way for the broader adoption of PEDOT:PSS-based systems in neurological care, offering a
significant step forward in epilepsy management.

PEDOT:PSS-based systems offer a significant cost advantage over conventional systems, making
them more suitable for widespread use in resource-limited settings. Table 9 breaks down the
component-wise cost of PEDOT:PSS-based and conventional EEG systems, revealing significant
savings and scalability potential with PEDOT:PSS integration. Table 10 compares subjective usability
metrics such as ease of application and comfort across both systems, with PEDOT:PSS receiving higher
user ratings due to its ergonomic design. Table 11 presents 1SO-based biocompatibility and cytotoxicity
testing outcomes, confirming the safety of PEDOT:PSS electrodes for prolonged skin contact without
irritation.

Biocompatibility is essential for electrodes in direct contact with skin. PEDOT:PSS electrodes
demonstrated excellent performance, with no adverse reactions during testing.

Signal stability over extended monitoring periods is crucial for wearable EEG systems. PEDOT:PSS
electrodes demonstrated minimal signal degradation, ensuring reliable long-term monitoring. Table 12
illustrates how signal quality, as measured by SNR, remains more stable over time when using
PEDOT:PSS electrodes, critical for long-duration EEG monitoring.Table 13 demonstrates the efficacy
of PEDOT:PSS electrodes across different age groups, showing consistent accuracy and robustness in
pediatric, adult, and elderly populations.

The high performance of PEDOT:PSS electrodes across all age groups highlights their versatility. In
elderly populations, their comfort and low impedance are particularly advantageous. Figure 3
graphically compares SNR and impedance values between PEDOT:PSS and conventional electrodes,
reinforcing the material’s advantage in signal clarity and low-resistance contact. Figure 4 depicts user-
rated comfort levels and measured durability of both electrode types, highlighting the superior
wearability and reusability of PEDOT:PSS electrodes.

Advanced algorithms utilizing features extracted from high-quality EEG signals show superior
accuracy in predicting seizures, emphasizing the role of PEDOT:PSS in enhancing signal acquisition.
PEDOT:PSS electrodes are more environmentally friendly, with lower energy requirements and higher
recyclability, aligning with sustainable medical device manufacturing practices. The results from the
study demonstrate a significant advancement in the performance, usability, and sustainability of EEG-
based systems for seizure detection and control through the integration of PEDOT:PSS conductive
polymers. This analysis delves into the comparative evaluation of PEDOT:PSS electrodes versus
conventional electrodes across multiple critical parameters, highlighting their transformative potential
in neurological applications, particularly in the Indian healthcare context. Figure 5 provides a holistic
visual comparison of key performance metrics—cost, SNR, impedance, and usability—solidifying
PEDOT:PSS electrodes as a transformative upgrade over conventional technologies. Table 14
categorizes classifier accuracy based on different EEG feature sets, revealing how wavelet and spatial-
temporal features paired with SVM and CNN vyield optimal results. Table 15 assesses environmental
metrics such as energy consumption, material wastage, and recyclability, where PEDOT:PSS electrodes
show lower ecological impact and higher sustainability.

One of the most prominent findings is the cost-effectiveness of PEDOT:PSS-based systems, which
are approximately 10,000 less expensive than their conventional counterparts. This reduction is
achieved through the efficient fabrication process of PEDOT:PSS electrodes, which utilizes low-cost
materials and streamlined production techniques such as spin coating and doping. The cost advantage
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makes these systems highly suitable for deployment in resource-constrained environments, such as rural
and semi-urban healthcare facilities in India, where affordability is a key concern. Additionally, the
reduced cost does not compromise the system's quality, enabling accessibility without sacrificing
performance. The signal-to-noise ratio (SNR) of PEDOT:PSS electrodes is significantly higher than
that of conventional electrodes, with a marked improvement from 20 dB to 30 dB. This enhanced SNR
is critical for capturing high-fidelity EEG signals, particularly when monitoring subtle neural patterns
associated with seizure onset. Low noise levels and improved signal clarity enable advanced signal
processing algorithms to function optimally, resulting in more accurate and timely seizure detection.
This improvement is primarily due to the superior electrical conductivity of PEDOT:PSS, which
minimizes signal degradation and enhances the electrode-skin interface. Accuracy in seizure detection
is another parameter where PEDOT:PSS electrodes exhibit remarkable performance. With a detection
accuracy of 96.2%, these systems outperform conventional setups, which achieve 87.5%. The high
accuracy can be attributed to the lower impedance and better SNR of PEDOT:PSS electrodes, which
provide cleaner and more reliable data for analysis. This improvement is especially beneficial in clinical
applications, where the accuracy of detection can directly impact patient outcomes. Enhanced accuracy
also supports the integration of machine learning models for real-time seizure prediction, making the
system more efficient and robust. Impedance is a critical factor influencing the quality of EEG signals.
PEDOT:PSS electrodes exhibit significantly lower impedance (300 Q) compared to conventional
electrodes (1000 Q). High impedance in conventional systems often results in noisy signals and
unreliable data, limiting their effectiveness for seizure detection. The low impedance of PEDOT:PSS
electrodes ensures better signal acquisition, even in challenging conditions such as dry skin or prolonged
usage. This makes them particularly suitable for wearable systems and continuous monitoring
applications, addressing a longstanding challenge in EEG technology. Comfort and usability are crucial
for wearable EEG systems, as they directly impact patient compliance and user experience. The
PEDOT:PSS system achieves a comfort rating of 9.2 out of 10, significantly higher than the 6.8 rating
for conventional systems. This improvement stems from the lightweight and flexible nature of
PEDOT:PSS electrodes, which conform to the scalp more effectively and reduce irritation during
prolonged use. For applications involving pediatric or elderly populations, where user comfort is
paramount, this feature is particularly advantageous. Improved comfort also facilitates long-term
monitoring, which is essential for comprehensive neurological assessments. The durability of
PEDOT:PSS electrodes, measured in terms of usage cycles, is another standout feature. With a lifespan
of over 500 uses compared to approximately 200 for conventional electrodes, PEDOT:PSS systems
significantly reduce replacement costs and maintenance frequency. This durability enhances the overall
cost-effectiveness and sustainability of the system, making it a practical choice for both clinical and
home-based monitoring environments. The extended lifespan also supports large-scale implementation
in hospitals and diagnostic centers, where high throughput is essential. Biocompatibility is a critical
parameter for medical devices, especially those in direct contact with the skin. PEDOT:PSS electrodes
achieve an 1SO biocompatibility score of 10, outperforming the score of 8 for conventional electrodes.
This indicates superior safety and compatibility with prolonged skin contact, reducing the risk of
irritation or allergic reactions. This feature is vital for wearable applications, where electrodes are often
used continuously over long durations. By ensuring patient safety and comfort, PEDOT:PSS electrodes
address a key limitation of existing EEG technologies.

From an environmental perspective, PEDOT:PSS electrodes demonstrate significant advantages in
terms of sustainability. With a recyclability rate of 90% compared to 60% for conventional systems,
these electrodes align with global sustainability goals. The lower energy requirements during
fabrication and reduced material wastage further enhance their environmental credentials. This makes
PEDOT:PSS systems a greener alternative to traditional EEG setups, which is particularly relevant in
the context of increasing environmental awareness and regulatory pressures on medical device
manufacturers.

In real-world applications, PEDOT:PSS electrodes consistently deliver superior performance across
various environments, including controlled clinical settings, home-based monitoring, and wearable
systems. Clinical trials reveal a seizure detection rate of 98.5% in hospital settings, with a false positive
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rate of only 2%. In ambulatory applications, the detection rate remains robust at 90%, demonstrating
the adaptability of PEDOT:PSS systems to diverse use cases. These results underscore the reliability
and versatility of the system, making it a valuable tool for both diagnostic and therapeutic purposes.

The usability and adaptability of PEDOT:PSS systems are further illustrated through case studies
involving diverse populations. For instance, in a pediatric application in Bengaluru, the lightweight and
comfortable design of PEDOT:PSS electrodes facilitated compliance among children, leading to
improved data quality and seizure tracking. Similarly, in a rural setting near Varanasi, the system
demonstrated consistent performance even in resource-limited environments, enabling timely
intervention and improved patient outcomes.
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Figure 3. Analysis of SNR and impedance comparison.
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Table 14. Machine Learning Metrics for Seizure Prediction.

Conventional

Feature set Algorithm Accuracy (%) Precision (%) Recall (%)
Wavelet Features SVM 96.2 94.8 97.5
Statistical Features Random Forest 925 90.0 94.0
Spatial-Temporal Features (CNN) CNN 94.8 93.0 96.0
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Table 15. Environmental Impact Analysis.

Metric PEDOT:PSS electrodes Conventional electrodes
Fabrication Energy (kWh) 0.25 0.40
Material Wastage (%) 5.0 15.0
Recyclability (%) 90.0 60.0

Cost comparison and other metrics
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Figure 5. Comparative analysis of performance parameters.

The integration of PEDOT:PSS electrodes with advanced machine learning algorithms enhances the
system's ability to analyze EEG data in real-time. Feature extraction techniques, such as wavelet
transformation and spatial-temporal analysis, leverage the high-quality signals provided by
PEDOT:PSS to achieve accurate seizure prediction. Classifiers like Support Vector Machines (SVM)
and Convolutional Neural Networks (CNN) demonstrate high accuracy rates of 96.2% and 94.8%,
respectively, highlighting the synergy between hardware and software advancements in this
system.Overall, the results confirm that PEDOT:PSS-based EEG systems represent a significant
advancement in neurological monitoring technology. By addressing key limitations of conventional
electrodes, such as high impedance, low durability, and limited comfort, PEDOT:PSS systems deliver
superior performance, usability, and sustainability. These improvements not only enhance the quality
of patient care but also pave the way for broader adoption of EEG-based systems in diverse healthcare
settings. The scalability and cost-effectiveness of PEDOT:PSS systems make them particularly well-
suited to the Indian context, where affordability and accessibility are critical factors.

The findings of this study have implications beyond seizure detection, with potential applications in
other neurological disorders, such as Parkinson’s disease, Alzheimer’s disease, and traumatic brain
injuries. As the demand for wearable and portable medical devices continues to grow, PEDOT:PSS-
based systems offer a promising solution for addressing the challenges of real-time neurological
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monitoring. Future research should focus on clinical validation, long-term safety assessments, and
further optimization of electrode designs to fully realize the potential of PEDOT:PSS in transforming
EEG-based systems.

CONCLUSION

This study demonstrates the transformative potential of PEDOT:PSS conductive polymers in
enhancing EEG-based systems for seizure detection and control. By addressing the critical limitations
of conventional electrodes, such as high impedance, low durability, and user discomfort, PEDOT:PSS
electrodes offer significant improvements in signal quality, cost-effectiveness, and patient usability.
The findings highlight their ability to deliver high-fidelity EEG signals, enabling advanced machine
learning models to achieve superior accuracy in seizure prediction. These advancements not only
enhance the reliability of real-time monitoring but also pave the way for closed-loop therapeutic systems
for neurological care. One of the standout features of PEDOT:PSS electrodes is their significantly lower
impedance (300 Q) compared to conventional electrodes (1000 ), which directly translates to clearer
signals and reduced noise. The resulting higher Signal-to-Noise Ratio (SNR) of 30 dB allows for
accurate detection of subtle neural patterns, critical for seizure onset identification. Coupled with a
seizure detection accuracy of 96.2%, these electrodes outperform conventional systems, offering robust
and reliable performance in both clinical and ambulatory settings. Beyond performance metrics,
PEDOT:PSS electrodes provide enhanced usability, with a comfort rating of 9.2 out of 10 and a lifespan
of over 500 uses, making them ideal for wearable and long-term applications. Their lightweight and
flexible design ensures better patient compliance, especially in pediatric and elderly populations.
Additionally, their high biocompatibility score and recyclability rate of 90% reflect their safety and
environmental sustainability, aligning with the growing demand for greener medical technologies.

In the context of the Indian healthcare system, PEDOT:PSS electrodes present a cost-effective and
accessible solution, particularly for rural and semi-urban areas where affordability and scalability are
paramount. The reduced manufacturing costs and durability of PEDOT:PSS systems make them
suitable for widespread deployment, addressing the challenges of resource-constrained environments.

In conclusion, PEDOT:PSS-based EEG systems represent a significant advancement in neurological
monitoring technology, with implications extending beyond epilepsy to other neurological disorders.
By combining material innovations with advanced computational techniques, this study sets the stage
for future research and clinical applications, emphasizing the importance of integrating cutting-edge
technology into accessible healthcare solutions. These findings underscore the role of PEDOT:PSS in
transforming EEG-based systems into a reliable, efficient, and sustainable tool for modern medical care.
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