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ABSTRACT

Despite global application of EEG both at clinical and research level, main concern towards interfacing
between skin-electrode depends of suitable selection of biomaterial for designing a scalp electrode. So,
this survey effectively demonstrates a comprehensive insight towards design as material of neuro
circuitry scalp electrode. For EEG electrode we need to design a specialized-electrodes as scalp is not
flat and head region consists of hair like unequal platform. So, finger-like small size (less interference of

noise) electrodes are used, for these we need a 3-D flexible printer technology. The Ag/Ag chloride
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1. Introduction
Hans  Berger in 1920’s  introduced  word

Electroencephalography (EEG), also called them as burger
waves. This is main revolution in world of neurology with the
help of only two brain electrodes [1]. The EEG signals are
recorded from brain cells also known as neuron [2]. The most
comprehensive system consists of scalp electrodes, some
filters, signal conditioning amplifiers, A to D converter
(ADC), measuring, analysing and recording device [3]. The
main concern of our survey is on scalp electrodes which is
employed for detecting EEG signals; lies in frequency of 0.5 to
120 Hz, including delta, theta, alpha, beta and gamma waves
and amplitude lie from 1pv to 100 pv [4].

The main elementary component capturing brain signal
directly attached to scalp is known as electrode. The choice of
electrode material is very important in measuring quality of
cortical signal. The traditional electrode is made up of
Ag/AgCl material with electrolyte gel coating on it to reduce
interference and to enhance conductivity. Other electrodes are
semi-dry EEG scalp electrode [5], porous ceramic based,
polyacrylamide/ polyvinyl alcohol super-porous hydrogel
infused semi-dry EEG electrode are developed [6].

coating is employed for enhancing efficiency. All the properties of electrodes are enhanced with
adorable material employed for synthesis. Recent survey covers advanced biomaterials such as
conductive polymers, composites of nanomaterials, flexible substrate enhancing conforming and signal
strength. It also highlights advantages, drawbacks of each material with much improved possible future

The electrolyte infused electrode shows low impedance
due to presence of free charge. The wet (electrolyte infused)
EEG electrode consumes more time as compared to dry
electrode. The gel must be cleaned from hair after cortical
signal recording every time; this process requires additional
time. Sometimes, it captures noise and in long-time EEG
tracing, gel becomes dry and leads to decline in quality of
signal [7]. Additionally, electrolyte gel may cause some
allergic reaction [8].

The dry EEG electrode enables portable type of EEG
device that can be easily taken from one place to another
place. It also allows self-monitoring of cortical signal after
guided training; one can easily perform experiment. Dry EEG
electrodes are comprised of carbonaceous materials, polymers,
oxides and some metals. The potential applications are in field
of cognitive neuroscience for recognition of Alzheimer,
migraine, depression, Parkinson’s whereas, other applications
are in treatment and BCI (Brain Computer Interfacing).

Hinrichs et al., [9] and Raduntz et al., [10] differentiate
performance of dry/wet EEG electrode for neuro application
based on evidence it is cleared that dry electrodes are preferred
over gel-based electrode at level of diagnosis and treatment.
The potential challenges for dry EEG electrodes are SNR
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(Signal to noise ratio), skin-electrode impedance and quality of
EEG signal. The branch of material science working on it to
improve relevant features [11]. The main concern of this

2. Materials, technology and discussions

challenges.

review article is on material used for preparing electrode with
respective pros, cons, cost, real world applications and

Figure 1: Material for dry EEG electrode.

There are numerous methods employed for fabricating EEG electrode; can be classified into metallic, carbon compound
based (carbonaceous), oxides, polymers and miscellaneous as described in flowchart of Figure 1.

From, comparative study of all, described in table 1; we come to reach a point that metals exhibit high conductivity so,
recommended for fabrication of surface cortical electrode. Mainly traditional cortical electrode is known as Ag/AgCI (silver/silver
chloride) electrode. The other property is biocompatible and easy to use.

Table 1: Different scientific study for preparation of EEG electrode.

Scientist name ' Research ~ Method ' Conclusion

Metals

Mukundan et al., Ag/AgCI electrode Solid state Costly, utilize more Ag (silver) powder.

2019 [12] Use electrochemical method to reduce cost.
Rootare and Powers, = Ag/AgCl electrode Electrolysis Ag- anode, Hcl/Kcl solution are used.

1977 [13]

Griss et al., 2001 Ag/AgCI electrode Mechanical + Mechanical (for coating)

[14] electrochemical merged ~ AgCl (0.9 M) chloride solution used as electrolyte.

Li et al., 2020 [15]

Printable Ag/AgCl electrode

3-D printing technology

Sweat proof electrodes are prepared.

Zhu et al., 2015 [16]

Ag nanowire configured electrode
(AgNWs)

Ag nanowire

AgNWs +poly-dimethylsiloxane. Nanowire have
large surface area and conductivity. High electrical
amplitude than traditional Ag/AgCl EEG electrode.

Zhu et al., 2019 [17]

AgNWs prepared with printing
technology having conductivity=
5.6 x106 sm'*

Electro-hydro dynamic
printing

More intensive EEG signal captured with these
electrodes.

Yang et al., 2012
[18]

Au (gold) coating on PDMS
substrate

Sputtering

~0.2 um Au layer coated, more flexible PDMS
based electrode. AgCl impedance=10-30 KQ, Au
coated=5-10 KQ

Someya et al., 2018
[19]

Au very thin film, dry electrode

Thermal deposition

Au= ~300nm, noise|, impedance |

Kim et al., 2018 [20]

Pt dry EEG electrode

Electro-deposition

NaCl +Hexachloro platinic acid. Pt foil=
electrolyte
Pt electrode impedance=10 KQ

EEG signal acquisition up to 96% (hairy occipital
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Yang et al., 2014
[21]

Sancrott et al., 2007
[22]

Liao et al., 2011 [23]

Carbonaceous material

Silva et al., 2008
[24]

Lee et al., 2014 [25]

Li et al., 2020 [26]

Park et al., 2020 [27]

Mao et al., 2019 [28]

Sivasankar et al.,
2019 [29]

Oxides material
Correia et al., 2012
[30]

Kidmose et al., 2019
[31]

Polymers

Lee et al., 2018 [32]

Miki et al., 2015 [33]

Lee etal., 2009 [34]
Lee etal., 2010 [35]

Jiang et al., 2016
[36]

Chen et al., 2016
[37]

Bergeler et al., 2018
[38]

Miscellaneous

Lin et al., 2014 [39]

Fonseca et al., 2009
[40]

Haueisen et al., 2015
[41]

Park et al., 2012 [42]

Lee etal., 2016 [43]

Ag/Ti EEG electrode

Multilayer EEG electrode
prepared with Cu, Pb and Au

BeCu non-magnetic alloy used for
making EEG electrode, Au probe
coated

CNTs are designed for EEG
examination

Flexible dry EEG electrode is
prepared by combining CNS with
PDMS

rGO (graphene oxide) material
used to established EEG electrode
Nylon with rGO (graphene oxide)
mixed to form flexible dry EEG
electrode

rGO based dry EEG electrode

rGO based dry EEG electrode

Iro (iron oxide) coated Si substrate
electrode

Ear dry EEG electrode (Iro+Ti
substrate)

PDMS dry EEG electrode+ CNTs

SU-8 coated with silver (Ag) and
film of parylene for fabrication of
needle type EEG electrode

PI (Polyimide-based EEG
electrode

PI +Ti+ Au combined electrode
formed

Micro needle EEG electrode with
PLGA +Ti+ Au coating

PEDOT +dry electrode

PEDOT +dry electrode

Dry EEG electrode +Si conductive
semiconductor

Tixn coated EEG electrode
Ti/Ti N dry EEG electrode

Capacitive EEG electrode
Polyolefine (PF) foam on PU
(Poly-Urethane) + Ni+Cu
(Copper)

Capacitive EEG electrode
CNTs+PDMS

Parylene C insulated layer

Electroplating (Cu),

laser deposition (Au Pb),
thermal deposition (Au)

Non-magnetic Au
deposition

PECVD (Plasma-
Enhanced Chemical
Vapour Deposition)
2-step dispersion
approach

Hummers

Hummers

Laser pattering

Electrochemical
exfoliating

Sputtering

Thermal deposition

High energy sonication

Fabrication with coating

Dip coating

Light-cured

DC magnetron
sputtering

Separation of charge in

two capacitor plate

Coating
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lobe and forehead region)

Ag=400 nm thick

Ti=15 nm thick (adhesive)

Average correction level=92% and shows half
impedance than traditional Ag/AgCl
Au=sonm

SNR = lower

Amplitude= lower (as compared to traditional)
Low impedance shown due to BeCu alloy.
Correction= 98% (standard wet electrode)

Brush like 50 nm CNTSs biocompatible to human
scalp skin. Diminished/ reduced skin-electrode
impedance by improving quality of brain signals
Shows less impedance, good signal quality
compared to traditional Ag/Ag Cl with better
mechanical performance, biocompatibility and
comfort for subject

Shows good mechanical, good signal quality with
signal correction above 75%

Shows high biocompatibility due to presence of
rGO in electrode

More biocompatible, low impedance electrode
formed
More biocompatible, low impedance electrode
formed

Iro oxoides show low impedance as compared to
traditional Ag/AgCI

IrO2shows very negligible impedance and quality
of signal improved

Power and performance of this electrode is less as
compared to traditional Ag/AgCI

Low impedance, high power invasive type
penetrating electrode

Conductivity improved

tenhanced (more improved conductivity, extreme
good biocompatibility

Biocompatible + conductive, impedance |, extra
gel and skin preparation not required, invasive
Conductive. Biocompatible, suitable for bioelectric
activity

Low impedance, good stable signal, high
conductivity, reusable, non-invasive

Subjects comfort, contact impedance? and PSD
(Power Spectral Density) with Si electrode is less
than traditional Ag/AgCl

Low noise

Peak is high in Ti/TiN based electrode acquired
EEG signal, no change in impedance

Low impedance, perfect for hairy scalp, signal
improved

Improved EEG signal, no change in impedance,
easy to apply, reusable
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The method of preparation is different for distinct
electrode; for making a perfect electrode that is described well
in table 1. Some methods for metal cortical electrode are solid
state [12], electrolysis [13], mechanical+ electrochemical [14],
3-D printing technology [15], silver nano wires [16],
electrohydrodynamic printing [17], sputtering [18], thermal
deposition [19] and electroplating laser deposition [22].
Whereas; for carbon containing electrode most precise
methods are PECVD (Plasma Enhanced Chemical Vapour
Deposition) [24], hummers [26], [27], laser pattering [28],
electrochemical exfoliating [29] and sputtering [30]. The
polymers are highly recommended for making electrode of
scalp as flexible nature with good biocompatibility. So, it is
used for recording bioelectric signal other than EEG also such
as EMG and ECG. The methods used are high energy
sonication [32], full-cured [35], light-cured [38]. Similarly,
some other EEG electrode materials such as Si coated
electrode, Ti/TiN dry EEG electrode, CNTs+PDMS are
prepared by DC magnetron sputtering [41], capacitive
separation of charge [42] technique.

3. Conclusions and future perspectives

EEG electrodes are main component of brain signal
examination to monitor the bioelectric activity of neural
system. It is recommended for heath surveillance and neural-
computer interfacing. Dry electrodes are best alternative to
traditional wet EEG electrodes that requires more time, skin
allergy/ irritation with gel, long-term limitation. The setup of
wet electrode system is also complex. The advancement in
field of material engineering aids revolution in electrode
designing mainly in polymer, CNTs, graphene oxide, metal-
based electrode that enhances cortical signal quality, also aids
comfort to patient and reusable biocompatible characteristics.
Microneedle electrode formation diminished the artefacts.

Irrespective, of advantages these electrodes are associated
with challenges in reducing skin-electrode impedance, cost,
stability issue, long time durability and biocompatibility. If we
consider future perspective the main focus should be on
fabrication of multifunctional biocompatible materials suitable
for hair containing structure of scalp; in order to maintaining
proper management of conductivity.

The upcoming technology of artificial intelligence can be
utilized while designing electrode using 3-D printing
technology for soft and self-healed electrode materials for
enhancement in durability and making long-time monitoring
comfortable. The design should be like that electrode must be
less invasive and bio-inspired by maintaining safety. The
wireless EEG setup is demand of upcoming generation, which
is light-weight, portable, cost effective, consumes very less
time and power by reducing noise level. In this end,
collaboration between various discipline such as material
engineering, artificial intelligence, clinicians, scientist, neuro
technology and nano technology is essential to improve

limitation by proving real wired adoption.

Authors’ contributions

All authors contributed equally to the conception, design,
experimental work, data analysis, interpretation of results, and
preparation of the manuscript. All authors reviewed and
approved the final version of the manuscript for publication.

Conflicts of interest
The author declares no conflict of interest.

Funding
This research received no external funding.

Data availability
No new data were created.

References

[1] L.F. Haas, Neurological stamp: Egas Moniz (1874-1955),
J. Neurol. Neurosurg. Psychiatry 74 (2003) 653.

[2] T. Scrimali, Neuroscience-Based Cognitive Therapy, Wiley
Online Books (2012). Available at:
https://onlinelibrary.wiley.com/doi/book/10.1002/97811199
43297.

[3] F. Cincotti, D. Mattia, F. Aloise, S. Bufalari, L. Astolfi,
High-resolution EEG techniques for brain—computer
interface applications, J. Neurosci. Methods 167 (2008) 31—
42,

[4] V.N. September, T. Hasib, V. Vengadasalam, Analysing
gamma frequency components in EEG signals: A
comprehensive extraction approach, Int. J. Adv. Comput.
Sci. Appl. 2 (2023) 1-10.

[5] G.Li, S.Wang, Y.Y. Duan, Towards gel-free electrodes: A
systematic study of electrode-skin impedance, Sens.
Actuators B Chem. 241 (2017) 1244-1255.

[6] N.A. Alba, R.J. Sclabassi, M. Sun, X.T. Cui, Novel
hydrogel-based preparation-free EEG electrode, |IEEE
Trans. Neural Syst. Rehabil. Eng. 18 (2010) 415-423.

[7] B.A. Taheri, R.T. Knight, R.L. Smith, A dry electrode for
EEG recording, Electroencephalogr. Clin. Neurophysiol. 90
(1994) 376-383.

[8] Y.Fu,J.Zhao, Y. Dong, X. Wang, Dry electrodes for
human bioelectrical signal monitoring, Sensors 20 (2020)
3651.

[9] H. Hinrichs, M. Scholz, A.K. Baum, W.Y.K. Julia,
Comparison between a wireless dry electrode EEG system
with a conventional wired wet electrode EEG system for
clinical applications, Sci. Rep. 10 (2020) 5218.

[10] T. Raduntz, Signal quality evaluation of emerging EEG
devices, Front. Physiol. 9 (2018) 98.

[11] J.H. Ho, S. Cheon, P. Hong, J.H. Park, J.W. Suk, D.H. Kim,
J.T. Han, J.H. Cho, Highly skin-conformal polymer
electrodes for EEG applications, Adv. Funct. Mater. 29
(2019) 1900025.

[12] K.K. Mohammed et al., Fabrication of Ag/AgCl electrode
for detection of electric field in marine environment, IOP

(@FOoH

Copyright: © 2026 by the authors. Licensee Research Plateau Publishers, India
This article is an open access article distributed under the terms and conditions of the
Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).



https://creativecommons.org/licenses/by/4.0/
https://onlinelibrary.wiley.com/doi/book/10.1002/9781119943297
https://onlinelibrary.wiley.com/doi/book/10.1002/9781119943297

Conf. Ser. Mater. Sci. Eng. 561 (2019) 012054.

[13] H.M. Rootare, J.M. Powers, Preparation of Ag/AgCI
electrodes, J. Biomed. Mater. Res. 11 (1977) 633-635.

[14] P. Griss, P. Enoksson, T.-L.H. P., M. P., S. Ollmar, G.
Stemme, Micromachined electrodes for biopotential
measurements, J. Microelectromech. Syst. 10 (2001) 10-16.

[15] G. Li et al., Towards emerging EEG applications: A novel
printable flexible Ag/AgCl dry electrode array for robust
recording of EEG signals at forehead sites, J. Neural Eng.
17 (2020) 026001.

[16] A.S. Myres, H. Huang, Y. Zhu, Wearable silver nanowire
dry electrodes for electrophysiological sensing, RSC Adv. 5
(2015) 11627-11632.

[17] Q. Qin, J. Li, S. Yao, C. Liu, H. Huang, Y. Zhu,
Electrocardiogram of a silver nanowire based dry electrode:
Quantitative comparison with the standard Ag/AgCl gel
electrode, IEEE Access 7 (2019) 20789—-20800.

[18] L.F. Wang, J.Q. Liu, B. Yang, C.S. Yang, PDMS-based low
cost flexible dry electrode for long-term EEG measurement,
IEEE Sens. J. 12 (2012) 2898-2904.

[19] R.A. Nawrocki, N. Matsuhisa, T. Yokota, T. Someya, 300-
nm imperceptible, ultraflexible, and biocompatible e-skin fit
with tactile sensors and organic transistors, Adv. Electron.
Mater. 2 (2016) 1500452.

[20] D.Y. Kim, Y. Ku, JW. Ahn, C. Kwon, H.C. Kim, Electro-
deposited nanoporous platinum electrode for EEG
monitoring, Sensors 18 (2018) 1-13.

[21] L. Hsu, S. Tung, C. Kuo, Y. Yang, Developing barbed
microtip-based electrode arrays for biopotential
measurement, Sensors 14 (2014) 12370-12386.

[22] M. Matteucci et al., Micropatterned dry electrodes for
brain—computer interface, Microelectron. Eng. 84 (2007)
1737-1740.

[23] L. Liao et al., Design, fabrication and experimental
validation of a novel dry-contact sensor for measuring
electroencephalography signals without skin preparation,
Sensors 11 (2011) 5819-5834.

[24] G. Ruffini et al., First human trials of a dry
electrophysiology sensor using a carbon nanotube array
interface, Sens. Actuators A Phys. 144 (2008) 275-279.

[25] J.H. Lee, S.M. Lee, H.J. Byeon, J.S. Hong, K.S. Park, S.H.
Lee, CNT/PDMS-based canal-typed ear electrodes for
inconspicuous EEG recording, J. Neural Eng. 11 (2014)
046014.

[26] Z. Li, W. Guo, Y. Huang, K. Zhu, H. Yi, H. Wu, On-skin
graphene electrodes for large area electrophysiological
monitoring and human-machine interfaces, Carbon 164
(2020) 377-385.

[27] P.S. Das, S.H. Park, K.Y. Baik, J.W. Lee, J.Y. Park,
Thermally reduced graphene oxide-nylon membrane based
epidermal sensor using vacuum filtration for wearable
electrophysiological signals and human motion monitoring,
Carbon 158 (2020) 386-393.

[28] L. Mao et al., Morphologically modulated laser-patterned
reduced graphene oxide strain sensors for human fatigue

RP Materials: Proceedings

recognition, Smart Mater. Struct. 29 (2019) 015009.

[29] V. Sivasankar, E. Senthilkumar, R. Vivekananth, R.A.
Kalaivani, T. Sivakumar, Electrochemically exfoliated
graphene for nanosensor applications, J. Nanosci.
Nanotechnol. 19 (2019) 7097-7104.

[30] N.S. Dias, J.P. Carmo, P.M. Mendes, J.H. Correia, A low-
power/low-voltage CMOS wireless interface at 5.7 GHz
with dry electrodes for cognitive networks, IEEE Sens. J. 11
(2011) 755-762.

[31] S.L. Kappel, M.L. Rank, H.O. Toft, M. Andersen, P.
Kidmose, Dry-contact electrode ear-EEG, IEEE Trans.
Biomed. Eng. 66 (2019) 150-158.

[32] J.H. Kim et al., Simple and cost-effective method of highly
conductive and elastic carbon nanotube/
polydimethylsiloxane composite for wearable electronics,
Sci. Rep. 8 (2018) 1375.

[33] M. Arai, Y. Nishinaka, N. Miki, Electroencephalogram
measurement using polymer-based dry microneedle
electrode, Jpn. J. Appl. Phys. 54 (2015) 06FP14.

[34] D.H. Baek, E.J. Lee, J.H. Moon, J.H. Choi, J.J. Pak, S.H.
Lee, Polyimide-based multi-channel arrayed electrode for
measuring EEG signal on the skull of mouse, Proc. IEEE
Eng. Med. Biol. Soc. (2009) 7022-7025.

[35] D.H. Baek et al., A dry release of polyimide electrodes
using Kapton film and application to EEG signal
measurements, Microsyst. Technol. 17 (2010) 7-14.

[36] L. Ren, Q. Jiang, K. Chen, Z. Chen, C. Pan, L. Jiang,
Fabrication of a micro-needle array electrode by thermal
drawing for bio-signals monitoring, Sensors 16 (2016) 908.

[37] H. Zhang et al., A motion interference-insensitive flexible
dry electrode, IEEE Trans. Biomed. Eng. 63 (2016) 1136—
1144.

[38] N.V. De Camp, G. Kalinka, J. Bergeler, Light-cured
polymer electrodes for non-invasive EEG recordings, Sci.
Rep. 8 (2018) 12815.

[39] Y.H. Yu, SW. Lu, L. De Liao, C.T. Lin, Design,
fabrication, and experimental validation of novel flexible
silicon-based dry sensors for electroencephalography signal
measurements, IEEE J. Transl. Eng. Health Med. 2 (2014)
1-9.

[40] L.T. Cunha, P. Pedrosa, C.J. Tavares, E. Alves, F. Vaz, C.
Fonseca, The role of composition, morphology and
crystalline structure in the electrochemical behaviour of
TiNx thin films for dry electrode sensor materials,
Electrochim. Acta 55 (2009) 59-67.

[41] P. Fiedler et al., Multichannel EEG with novel Ti/TiN dry
electrodes, Sens. Actuators A Phys. 221 (2015) 139-147.

[42] H.J. Baek, H.J. Lee, Y.G. Lim, K.S. Park, Conductive
polymer foam surface improves the performance of a
capacitive EEG electrode, IEEE Trans. Biomed. Eng. 59
(2012) 3422-3431.

[43] S.M. Lee et al., Self-adhesive and capacitive carbon
nanotube-based electrode to record electroencephalograph
signals from the hairy scalp, IEEE Trans. Biomed. Eng. 63
(2016) 138-147.

Page | 85



	1.  Introduction

