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Abstract: The brain–computer interface (BCI) has emerged in recent years and has attracted great
attention. As an indispensable part of the BCI signal acquisition system, brain electrodes have a
great influence on the quality of the signal, which determines the final effect. Due to the special
usage scenario of brain electrodes, some specific properties are required for them. In this study, we
review the development of three major types of EEG electrodes from the perspective of material
selection and structural design, including dry electrodes, wet electrodes, and semi-dry electrodes.
Additionally, we provide a reference for the current chaotic performance evaluation of EEG electrodes
in some aspects such as electrochemical performance, stability, and so on. Moreover, the challenges
and future expectations for EEG electrodes are analyzed.

Keywords: brain-electrode interface; EEG electrodes; dry electrodes; wet electrodes; semi-dry electrodes

1. Introduction

In 2014, a young paralyzed boy completed a kick-off ceremony with the help of bionics
technology [1]. It shocked many people that a paralyzed child could complete such actions.
The whole system was realized because of the brain–computer interface (BCI).

BCI is a new technology with multidisciplinary connections including materials,
neuroscience, signal processing, and so on. The nervous activity produced by emotion
swings was applied to drive the external application work. The concept of BCI was
proposed by Jacques Vidal in 1973 [2]. Additionally, in 1977, Vidal achieved the utilization
of the brain to directly control the movement of a two-dimensional point in a maze on the
computer screen by ERP (event-related potentials) [3]. The first BCI international meeting
in 1998 led to the proposal of a detailed definition: brain–computer interfaces give their
users communication and control channels that do not depend on the brain’s normal output
channels of peripheral nerves and muscles [4].

BCI was originally designed to facilitate the disabled. Nowadays, BCI can be used
in many fields, including medicine, entertainment, industry, and other applications. The
medical field is currently the largest area where BCI is applied [5–7]. For example, it can be
used as alternative communication and environment control to enable amyotrophic lateral
sclerosis (ALS) patients to communicate [8] or in post-stroke motor rehabilitation [9,10].
Mental illnesses such as depression can also be treated with BCI [11]. In addition, BCI
can also test the difficulty of working in different environments, such as predicting the
difficulty of playing Tetris by EEG activity [12], evaluating the pressure load changes of
surgeons during simple and complex surgical training tasks [13], detecting drivers’ fatigue
degree during driving [14], and evaluating the sustained attention of real word classroom
students [15]. BCI also has some preliminary applications in the field of games [16], such as
using EEG to control archery [17] and the realization of multiplayer online VR racing games
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through BCI [18]. In addition, there are also games combined with medical treatment-based
training systems used to analyze or improve children’s attention deficit and hyperactivity
disorder in the process of reading [19]. As the first BCI application, BCI spellers have
been widely used in recent years, as shown in this review [20]. However, most of these
applications can only be achieved in a laboratory. From these technologies, we can see
countless possibilities and enormous challenges. As shown in Figure 1, the acquisition of
the signal is the first step and the most important part of BCI.

Figure 1. Five components of BCI [21–26].

The quality of the signals directly determines the difficulty of the subsequent work and
the final effect of the whole system. The brain electrodes remain an important technological
challenge and the current focus of BCI research. At present, BCI signal sensor modalities
mainly include implanted microelectrodes, ECoG (electrocorticography), intravascular
electrodes, EEG (electroencephalogram), fMRI (functional magnetic resonance imaging),
fNIRS (functional near-infrared spectroscopy), fTCD (functional transcranial doppler),
MEG (magnetic encephalography), and PET (positron emission tomography) [27]. The
electrical sensor modalities are commonly used at present.

Invasive electrodes were first applied to neurology examinations resulting from their
most perfect signal because they can penetrate specific regions of the brain parenchyma to
measure neuronal electrophysiological activity. The shorter distance between the neurons
and the electrodes suggests better brain electrical signals due to less interference in the
signal transmission path. Therefore, many BCIs in the early stage used invasive electrodes
as electrical signal acquisition methods. The materials used for invasive electrodes have
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developed from metal wire [28–33] to silicon-based microprobes [34–38]. At present, con-
ductive materials located on a substrate made of soft materials with good biocompatibility
especially biomaterials such as alginate, chitosan, collagen, and cellulose have become
the ideal choice [39,40]. The final failure of invasive recording is usually attributed to the
coupling of both abiotic and biotic perspectives [33]. The abiotic factor implies the electrode
will eventually expire. Large variation in electrode impedance and appearance, as well
as structural changes on the electrodes’ recording surface, were observed after several
weeks of implanting. Biotic problems occur even at the very beginning of the implantation,
including, but not limited to, direct lesions or induced inflammation.

At present, although the basic theory, preparation technology, and performance modi-
fication of invasive electrodes have been studied for a long time and several strategies have
been considered to improve microelectrode performance including those that improve the
stability of conducting and insulating materials, the fabrication process and the electrode
integration with the surrounding tissues and their stability and durability are still issues
worth considering. Premature electrode failure and possible neuro-inflammation hinder
their long-term application, especially for the brain–machine interface.

Semi-invasive electrodes for measuring ECoG are also called injectable electrodes,
which are less invasive than intra-parenchymal microelectrodes. Injecting the net-shape
electrodes into a specific position of brain tissue will decrease pain and improve the quality
of the recording signal. The mesh structure makes the electrode softer than traditional
structures such as paper, needle array, and so on. As a result, the electrodes can adhere more
closely to the brain tissue [41–44]. Semi-invasive electrodes overcome some disadvantages
of invasive electrodes; they are less invasive and cause less inflammation. As a result,
they are more suitable as a means of long-term ECoG recording. However, their special
structure brings out some specific problems. The rheological characteristics of semi-invasive
electrodes have been studied, but still not in-depth. Some problems such as the fluidity
of the mesh in the needle and the entanglement of the whole structure after injection
still hinder the practical application. Moreover, even minimally invasive surgery also
scares users.

Factors such as high surgery costs, complicated preparation, and, especially, the great
harm to brain health make the use of these electrodes feasible only in animals or in a
laboratory. For those who do not need to regard BCI as a lifesaver, both invasive methods
and semi-invasive methods are not acceptable. Commercial invasive electrodes for BCI
have been hardly available thus far. The EEG electrodes without invasiveness have become
the type with the best commercial prospects.

In this review, we give an overview of the development of traditional EEG brain
electrode materials and propose an exhaustive, detailed summary of the materials currently
used in brain electrodes. In the light of different structures and working methods, we
classify the EEG brain electrodes into the following types: wet electrodes, dry electrodes,
capacitive electrodes, and semi-dry electrodes. In addition, we review and summarize
some previous evaluation criteria of EEG electrode performance.

2. EEG Electrodes

The non-invasive technique is the commercial signal acquisition method currently
used in BCI. By placing brain electrodes on the surface of the scalp, an electroencephalo-
gram (EEG) can be recorded without invading brain tissue. What follows is that the EEG
signal amplitude will be much smaller than that which was recorded by invasive electrodes
due to the interference caused by the cranium, skin tissue, and hair. Because of its low
trauma, or even non-trauma to the human body, non-invasive electrodes have gradually
become the mainstream application of BCI electrodes. As shown in Figure 2, there are
three main types of non-invasive electrodes including wet electrodes, dry electrodes, and
emergent semi-dry electrodes according to different conditions of use.
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Figure 2. Schematic diagram and invasiveness degree of EEG electrodes, ECoG electrodes and
invasive electrodes.

2.1. Principle of EEG Acquisition

Brain electric activity mainly comes from postsynaptic potentials. The brain electrical
current is generated by the flow of Na+ K+ Ca++ Cl−, leading to the electric dipole. The
electrical activity signal of a single neuron is so weak that only the sum of the electrical
activities of numerous neurons can be detected [45]. EEG is the potential difference between
two electrodes put on the scalp as shown in Figure 3.

Figure 3. Schematic diagram of the EEG acquisition.

A basic EEG acquisition system usually consists of three electrodes including an active
electrode (A), a reference electrode (R), and a grounding electrode (G). The AG potentials
and RG potentials are then connected to a differential amplifier to eliminate environmental
electrical activity. Therefore, EEG not only reflects the electrical activity on where the
active electrode is placed but also the potential difference between the location of the active
electrode and the reference electrode. According to the recommendations of the American
Electroencephalography Society, active electrodes are not randomly placed on the brain
but are based on the international 10–20 system (as shown in Figure 4) [46].
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Figure 4. Electrode placement over scalp according to the international 10–20 system [46].

The amplitude of the scalp EEG is usually less than 100 µV. In daily applications,
although the differential amplifier circuit can remove most of the noise, the residual noise
will still distort the result due to the difference between the electrodes and the limitation
of the amplifier performance. Generally, the desired signal can be separated from the
background noise by averaging signals. However, for applications such as BCI that require
an immediate response, increasing the number of measurement times is not a reliable
choice. After the signal is collected, there will be pre-processing for the signal such as
filtering, but filtering will distort the result in many aspects. For instance, the filter may
change the start and end time of a waveform and may cause the original single-phase
transform to become multiphase. Therefore, it is very important to obtain clear data at the
electrode directly.

In general, contact impedance will directly affect EEG collection. The well-known
resistance is only suitable for the concept of direct current. Additionally, in the acquisition
of an EEG, the potential constantly changes with time, so the inductance and capacitance
will also hinder the current, which is collectively defined as impedance. In the context of
EEG recording, impedance is typically measured by passing a small 10 Hz current closed
to the EEG frequency between two electrodes [47].

Impedance has the following effects on signal acquisition. Firstly, the high impedance
will significantly reduce the common-mode rejection ratio (CMRR), which determines the
ability to suppress the common noise of the working electrode and the reference electrode
caused by lights, video displays, and so on. However, the CMRR can be enhanced by
increasing the input impedance of the amplifier because the larger the input impedance,
the closer the input voltage obtained by the amplifier circuit to the signal source voltage.
However, the input impedance ought not to reach an exceedingly high level because the
current will become susceptible to any electromagnetic disturbances. Therefore, the input
impedance also has a certain adjustment range, and the skin contact impedance should
be reduced as much as possible. Secondly, the high impedance will cause a great drift in
the skin potential. This noise cannot be eliminated by common-mode suppression such
as human body movement and environmental electrical noise. The skin potential of each
electrode’s contact part, in turn, depends on factors such as the thickness of the skin, the
number of sweat glands and hair follicles, and the degree of skin hydration [48,49]. Any
difference in the conductance of the skin will lead to a different voltage offset for each
electrode. Low-contact impedance will condense the skin potential drift and abate the
noise. Figure 5 clearly describes the impedance composition of different electrode–skin
interface models under different EEG electrodes.
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Figure 5. Schematics and corresponding electrode–skin interface models for EEG electrodes.
(a) Wet electrodes, (b) MEMS electrodes, (c) non-contacted electrodes, and (d) common-contact
dry electrodes [50].

2.2. Wet Electrodes

As the name suggests, wet electrodes need a conductive paste dissolved in the stratum
to decrease impedance so that there is better contact between the electrodes and the skin.
Due to the decrease in impedance, the quality of the signal collected by wet electrodes is
much better than that of dry electrodes. In addition, wet electrodes are not sensitive to
motion artifacts. As a result, wet electrodes were called the “gold standard”, and one way
to assess the quality of the signal collected by “homemade electrodes” is to compare it with
the signal collected by wet electrodes to obtain the correlation [51–53].

Wet electrodes have developed for a long time. The most popular materials for wet
electrodes are Ag/AgCl [54–58] because they have wide availability, are sufficiently low
impedance, and have a more stable contact potential consequently giving rise to better
noise behavior than other metals when contacting with the electrolyte. In addition, some
researchers have also taken the gold cup electrode as the comparison object [59–61].

In fact, conductive gel plays a more important role in wet electrodes. It always
consists of water, an ionic salt, surfactant, thickener, and bactericide/fungicides [62]. Some
researchers have also modified the conductive gel to surmount the defect of inconvenient
use. Pedrosa et al. [63] proposed a novel alginate-based hydrogel as an alternative to
traditional EEG electrolytic gels. Unlike traditional gels, the alginate polymer subsequently
forms a solid hydrogel after being injected into the electrode cavity that exists in most
EEG cap systems, avoiding gel leaking and cleaning procedures. The EEG tests showed no
considerable differences between signals acquired with the hydrogel and the commercial
electrolytic gel during the same signal acquisition in terms of amplitude, signal shape,
power spectral density, and signal-to-noise ratio. Researchers who have used the wet
electrode as their own EEG acquisition method have usually focused on the following
signal processing and signal feature extraction rather than the electrode itself. Therefore,
few articles focus on the improvement of the conductive adhesive. Both in the medical and
BCI fields, wet electrodes are currently the most balanced choice regarding signal quality
and safety. Even though many efforts have been made to improve the performance of dry
electrodes, the quality of the signal recorded by wet electrodes is much better compared to
that collected by a dry electrode.

However, wet electrodes also have many disadvantages: a long-term preparation is
required before use, and the pre-treatment steps include grinding the stratum corneum
and hair removal, which will greatly increase the user’s discomfort. Additionally, some
ingredients, such as propylparaben, were pointed out as leading to the presence of parabens
in breast cancer tumors, which is an endocrine disruptor due to its estrogenic effect [64].
Furthermore, if the distance between the electrodes is too close, the conductive paste will
come into contact and lead to a short circuit [65,66]. Owing to water evaporation as well as
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the self-curing ability of skin tissue, the conductivity of the conductive paste will continue
to decline over time. Nonetheless, wet electrodes are widely used in clinical and scientific
research because of their good signal quality and low invasiveness. The shortcomings of
wet electrodes and the need for professional assistance severely limit their commercial
value in daily life.

2.3. Dry Electrodes

To overcome problems in their daily use, a variety of dry electrodes have been pro-
posed. Dry electrodes are those that do not use any liquid conductive medium between the
skin and electrode surface. However, in fact, the electrode is not completely dry; there will
be some sweat as electrolytes during use. Additionally, depending on the contact methods
with the scalp, there are three kinds of dry electrodes: MEMS electrodes, non-contact
electrodes, and ordinary-contact electrodes.

2.3.1. MEMS Dry Electrodes

MEMS electrodes are different from the invasive electrodes mentioned in Part 1.
The microneedles of MEMS dry electrodes only puncture the stratum corneum, which is
composed of dead cells and does not harm brain tissue. From the equivalent circuits, it
is very clear that the MEMS dry electrodes avoid the impedance caused by the stratum
corneum. Furthermore, since the pin directly pierces the scalp, electrodes will be better
fixed, basically avoiding the generation of motion artifacts.

The bioelectric signal quality obtained by MEMS is better compared to other dry
electrodes, and the electrochemical noise is lower [67]. In addition, this method eliminates
the need for skin treatment and avoids the tedious preparation steps. There are main
three types of microneedle array dry electrodes, including silicon substrate microneedle
array dry electrodes, metal microneedle array dry electrodes, and polymer microneedle
array electrodes.

The silicon processing technique was initially proposed a long time ago, and now
there are three main preparation methods by which to fabricate EEG MEMS electrode
substrates [68–73], including self-stop etching of doped silicon, deep reactive ion etching,
and isotropic and anisotropic reactive ion etching. After the etching, conductive materials
are needed for the signal recording. Some metal particles, such as Ti/Pt [70], Ti/Ag [72],
and Ag/AgCl [73], are distributed on the substrate by electrodeposition or other surface
treatments. Although the manufacturing process of silicon is very mature, it has poor
biocompatibility, and microneedles are brittle, which makes them easily break when they
penetrate the skin. The application of silicon is thus limited.

In addition to silicon-based microneedle array dry electrodes, there are metal micronee-
dle array dry electrodes and polymer microneedle array dry electrodes, both of which
have their own advantages and disadvantages. Metal materials have good mechanical
properties and electrical conductivity, so they can penetrate the cuticle better than poly-
mer materials. Metal microneedle array electrodes materials mainly include Ti/Au [74],
Cu [75,76], stainless steel [77], and IrO2 [78] as their composition can effectively record
bioelectric signals. These materials all have good biocompatibility and are easily obtained.
However, there are still some problems with metal microneedle array electrodes. The rigid
substrate makes it difficult to come into close contact with the skin, so the comfort level
will be poor, and the bad contact will cause unstable signals. The processing technology is
still not perfect, which leads to low processing accuracy. Polymer microneedle array dry
electrodes have the characteristics of good biocompatibility and low cost. Polymers that are
used to prepare microneedle array dry electrodes include PDMS, SU-8, parylene C, epoxy
resin, polymethyl methacrylate, and polyimide [60,79–85]. The surface of the polymer
microneedles prepared from the above materials also needs to ensure electrode conduction
through surface deposition and electroplating metal materials including Au Ag Pt, and Ni,
etc. However, polymer microneedle array dry electrodes also have some disadvantages.
The polymer has a low hardness, and it cannot easily penetrate the stratum corneum.
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At present, a commonly used method is to combine the flexible substrates and the
hard microneedle array. This method can not only ensure that the dry electrode can be close
to the scalp but also allows the microneedle to penetrate the stratum corneum smoothly.
The manufacturing process of microneedle array dry electrodes is becoming increasingly
sophisticated, and its application in bioelectrical signal acquisition is gradually increasing,
but this electrode does not have the features of being lightweight or integrated at present.
In addition, the microneedle piercing the skin will still make users uncomfortable and can
cause a risk of infection. As shown in Figure 6, no matter what kind of MEMS electrode, it
will have a very sharp structure. With the continuous application of new materials and the
constant improvement of the structure, microneedle array dry electrodes will be a good
choice for BCI to collect electrical signals.

Figure 6. Typical MEMS electrodes and capacitive electrodes. (a,b) Silicon-based microneedle array
dry electrodes [68,70]. (c) Metal microneedle array electrodes [74]. (d) Polymer-based microneedle
array dry electrode [81].

2.3.2. Non-Contacted Electrodes

Non-contacted electrodes are similar to capacitive coupling directly to the skin, which
can collect bioelectric signals without touching the skin. Therefore, they are also called
capacitive electrodes. Because of the non-contact performance, capacitive electrodes can
overcome the defect of other electrodes that are only able to be used on hairless sites.

Non-contact electrodes contain a metal plate electrode and an active circuit. The active
circuit must provide an ultra-high input impedance to avoid signal attenuation because
the metal electrode can be viewed as an ultra-small capacitor. The input impedance of
the amplifier should reach a high level that is four orders of magnitude greater than
that of traditional wet electrodes. As a result, this places high demands on the amplifier.
Lee et al. [86] designed a capacitive electrode composed of upper and lower PDMS layers,
a shield plate, an electrode plate, and an adhesive PDMS layer. The electrode plate was
fabricated in five layers: 30 µm polyimide, 30 nm titanium, 10 µm Cu, 30 µm Ni, and
100 nm Au. Additionally, the electrode plate was sandwiched by the PDMS layers. In the
eye-closed and eye-open tests, the alpha rhythm had correlations of 0.91 and 0.83 with
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conventional electrodes. Liu et al. [87] designed a non-contact signal acquisition system
with a diameter of 25 mm and made of a flexible printed circuit. The electrode had a
two-layer structure. The bottom layer was composed of a copper-filled capacitive sensing
plate and a shielding ring to avoid external interferences. The top layer was made of
Cu and connected with the outer ring to improve the shielding outcomes. The electrical
components were placed on the flexible printed circuit board instead of the back of the
non-contact electrode to ensure optimal coupling and comfort. In general, non-contact
electrodes cannot be fixed completely, which results in serious motion artifacts. In this
regard, Chen et al. [88] proposed a non-contact electrode containing an active circuit and a
metal plate made of Cu. The thickness and diameter were 2 mm and 20 mm, respectively.
In addition, the dry electrode had an adaptive mechanical design so that the influence of
motion artifacts could be reduced greatly.

In addition, some researchers have made some improvements regarding lightweight
designs. Alireza et al. [89] proposed a wearable wireless device for EEG monitoring and
analysis. The substrate was made of a four-layer polyimide on which the recording, quan-
tization, and motion artifact removal circuitries were implemented. The whole wearable
solution with the battery weighed 9.2 g. Due to its lightweight design, the electrode could
not only be used in a laboratory but also for ambulatory EEG recording. The eight channels
were sufficient to ensure that brain neural activity could be recorded with a reasonable
spatial resolution.

From the above references, there is no doubt that copper is a commonly used capacitor
material because of its accessibility, good molding property, and good conductivity. The
electrode does not require a strict performance for materials. Compared to wet electrodes,
the correlation between the two electrodes is about 90% and can meet the basic requirements
for application. In addition, from Alireza’s work [89], non-contracted electrodes had the
characteristic of being lightweight (9.2 g). The biggest obstacle to the development of
capacitive electrodes is the motion artifact caused by the high impedance and phase
shift [90].

2.3.3. Common-Contact Dry Electrodes

Common-contact dry electrodes are the most convenient type since they can directly
contact the scalp, but do not penetrate the cuticle or require skin pre-treatment. The
existence of hair will hinder the good contact between the electrode and the scalp, which
usually requires some special structures for the electrodes to make themselves pass through
the hair, such as being finger shaped. For the sake of comfort and high geometric conformity
between the sensor and the irregular scalp surface, there is always a spring structure at the
end of the probe to cushion the pressure on the scalp. Metal with good conductivity and
biocompatibility is usually used for this special structure.

As described by Liao et al. [66] in this article, BeCu was used as the electrode column,
and Au with good biocompatibility was attached to the contact area between the electrode
column and the scalp. A total of 17 probes were next inserted into the thin Cu plate that
served as the flexible substrate of the sensor (Figure 7a). Therefore, a good EEG signal
can be obtained without skin preparation. Similarly, Liu et al. [91] proposed a spring-type
electrode, in which a platinum nanoporous layer was attached to six probes of the electrode
so as to decrease contact impedance and enhance conductivity (Figure 7b). Finally, the
contact impedance of the dry EEG sensors, which were attached to the different sites,
was below 20 kΩ. In the resting-state EEG measurement, the correlations compared to
wet electrodes ranged from 0.8179 to 0.9677. Furthermore, coating conductive materials
on polymer surfaces can take advantage of the softness of polymer and avoid the use
of complex spring structures. Fiedler et al. [92] deposited a conductive TiN layer on a
polyurethane (PU) substrate by using a multiphase DC magnetron sputtering technique
(Figure 7c). Thus, the electrode was able to fit the shape of the brain and keep good
contact with it. The electrode had a specific structure with 36 electrode pins on a single
baseplate. Compared to wet electrodes, the variance of both signals was in the same order
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of magnitude. In addition, finger-shaped electrodes can be obtained by 3D printing. After
the PLA plastic was printed as the mechanical structure, Ag/AgCl ink can be used as a
conductive coating. Because of this special processing method, it holds substantial potential
for personalized healthcare as shown in Figure 7d [93].

To manage thick hair, there are also brush-like electrodes similar to finger-type elec-
trodes. They have been widely studied for some time because of their good performance.
Kitoko’s research [94] provided a method using a reusable silver/silver chloride made
with twelve 2 mm contact posts or bristles for EEG testing (Figure 7e). The results did
not reveal any significant differences between the two electrodes in all six subjects tested
compared to wet electrodes. Grozea et al. [95] proposed a bristle electrode by coating thin
polymer bristles with silver particles. This kind of electrode can provide good contact
with the scalp and good comfort. However, soft bristles are a double-edged sword. The
conductive coatings can very easily to fall off due to the excellent flexibility of the bristles.
Gao et al. [96] designed a novel passive dry pin-shaped electrode consisting of a pedestal
and bristles (Figure 7f). The pedestal of the electrode was made of CNT-filled polydimethyl-
siloxane (PDMS-CNT), while the pins were fabricated from carbon fiber and PU with CNT
doping. For the bristles, the carbon fiber would not easily break off due to the much
higher modulus of elasticity than that of Ag or PDMS. Because of the small contact area
of the pointed dry electrode, the subjects will feel uncomfortable. In addition, the coating
is likely to fall off due to the flexibility of the probe or bristles. Other special structures
that adapt to the shape of the hair and scalp can be made by 3D printing. Lee et al. [97]
printed a reverse-curve-arch-shaped dry EEG electrode consisting of 92.5% Ag and 7.5%
Cu (Figure 7g). The special shape can ensure the electrode overcomes the obstruction
of hair effectively and the shortcomings of the limited contact area and pain induced of
finger-shaped electrodes.

Besides the finger shape of pure metal, some methods are similar to conductive silica
gel, in which conductive fillers are mixed into the matrix. Compared with the former, this
method has a lower cost, and the comfort will be better due to the low modulus of the
polymer substrate. There is no need for a complicated spring structure to adapt to the
curvature of the scalp, but the flexibility of the material itself can adapt to the shape of the
skull. Specifically, Krishnan et al. [98] embedded carbon fiber into silicone foam owing to
the biocompatibility and chemical inertness, which are appealing for use in EEG systems.
Considering the conductivity, hardness, flexibility, and ease of fabrication, Chen et al. [99]
mixed an ethylene propylene diene monomer matrix with different additives such as
carbon, stainless fibers, and carbon nanotubes. The skin electrodes’ impedance for 50%
carbon content was about 10-fold higher than that of conventional wet electrodes, and the
polymer electrodes containing 45% carbon had the best compromise between electrical
and mechanical properties. The polymer electrodes showed nearly the same correlation
and coherence as the wet electrode signals, but due to the high impedance, a lower SNR
was obtained.

In addition, there are some new textile EEG electrodes, also named “textrodes”,
that have gradually proved their feasibility in EEG acquisition due to their flexibility,
stackability, and washability [61]. The initial use of textile electrodes was for neonatal
monitoring systems. For long-term EEG detection in newborns, the electrodes should not
stimulate the sensitive skin of infants. However, any type of the former electrodes will
inevitably bring about a pressure point. Therefore, textile electrodes came into being. These
were originally used with a conductive paste, which suggests that they do not deviate
from the category of “wet electrodes”. There are two electrodes proposed. The first one
was knitted using a yarn containing 78% polyamide and 22% elastomer. The fabric was
plated with 99% pure silver. The second one was made of 15% nylon, 30% silver-plated
conductive fibers, 20% Spandex, and 35% polypropylene. The material was knitted and is
similar to a terrycloth. However, the author did not consider the performance of the dry
electrode after the conductive paste had dried [100]. Similarly, Kumar et al. [101] carried
out the same research. Polyethylene terephthalate (PET) fabric was used as a substrate with
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a copper coating on it. The fabric layer encloses foam to ensure comfort for users. The SEM
images show a very uniform deposition of copper on the fabric leading to good conductivity.
However, electroless copper plating was carried out through multistep processes, including
pre-treatment, sensitization, activation, electroless copper plating, post-treatment to stop
copper reduction, rinsing, and drying. Lin et al. [102] proposed a dry foam-based electrode
for long-term EEG measurement by selecting urethane material as the matrix covered with
0.2 mm thick taffeta material made using electrically conductive polymer fabric. Finally, all
surfaces were coated with Ni/Cu to establish electrical contact. The foam structure allowed
high geometric conformity between the electrode and irregular scalp surfaces to maintain
low skin–electrode interface impedance. Silver and copper are very popular among coating
materials. In addition to pure metal particle coatings (Figure 7h–j), there are also some
ideas using graphene coating [103] for ECG and polyaniline PANI [104].

With the development of integration, there are still some dry electrodes only focusing
on the hairless area, which are more lightweight. For example, Li coated Ag/AgCl onto a
polyacetylimide substrate by screen printing [105]. Jiang et al. [106] used the electrically
conductive composite of Ag flakes and PDMS on the silicon substrate. This method of
conductive material attached to the thin flexible substrate is usually used in the hair-free
area of the forehead, which can achieve the same performance as that of wet electrodes.
With the development of the production process, some circuits including amplifiers and
capacitors can be integrated into the substrate. At present, researchers can even combine
other functions with EEG electrodes. For example, Lee et al. [107] mixed silver nanowire
and carbon nanotubes into PDMS (polydimethylsiloxane), forming an elastomeric con-
ductive electrode that also acted as an earphone (Figure 7l). Kappel et al. [108] adopted a
thermal iridium oxide film (TIROF) formed on an etched Ti surface as an electrode, and
inserted it into holes in a soft earpiece as shown in Figure 7m.
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Flexible and composite materials are a current development trend in dry electrodes.
These properties can maintain the electrodes’ high geometric conformity with the irregular
scalp surface and are more portable. By this method, EEG acquisition and other func-
tions can be integrated, which can also release the potential of BCI application as much
as possible.

2.4. Semi-Dry Electrodes

Recently, many researches have focused on the combination of dry electrodes and
wet electrodes. Wet electrodes need long-term preparation and even hair-removal treat-
ment before EEG recording and can cause discomfort during the measurement. For dry
electrodes, the electrolyte between the scalp and electrodes is only provided by sweat and
moisture in the air. The lack of electrolytes leads to a high impedance, so there is still a
gap in the signal quality between dry electrodes and wet electrodes. A semi-dry electrode
overcomes the shortcomings of a dry electrode and a wet electrode. The electrode itself
contains electrolytes and gradually releases them during use. The electrolytes permeate
the stratum corneum and reduce impedance. Semi-dry electrodes avoid long preparation
times and high impedance.

In 2013, Mota et al. [109] first proposed the concept of semi-dry electrodes. The
polymer-based electrode can release a small amount of a moisturizing agent (30 µL) from a
reservoir inside the electrode. Thermoset PU coated with an Ag/AgCl chemically deposited
layer was chosen to prototype the electrode concept. The experiments showed that the
signal quality of semi-dry electrodes is comparable to that of wet electrodes. However,
there are still some problems with them. Semi-dry electrodes need to apply pressure to
promote the release of electrolyte liquid, and it is difficult for each electrode to achieve
uniform pressure. Thus, the uncontrollable release of electrolyte liquid will result in an
unstable signal. Like bristle electrodes, the Ag/AgCl layer of semi-dry electrodes can
easily to fall off due to the constant pressure. Li et al. [110] proposed a ceramic-based
semi-dry electrode and solved this problem. The electrode was composed of five porous
Al2O3 ceramic pillars, a built-in reservoir, and a sintered Ag/AgCl electrode. Due to the
capillary of the porous ceramics, the saline solution can be released continuously at the
rate of 10~20 µL/h, which leads to a more stable property.

To make the electrolytes more evenly distributed in each electrode, Hua et al. [111]
designed a flexible, multi-layer, semi-dry electrode consisting of three layers: the electrode
body layer, the reservoir layer, and the foam layer. At the bottom of the reservoir, there
are five leakage holes which are 0.25 mm in diameter so that the electrolyte solution can
flow into the foam. The foam layer stores the electrolyte so it does not rapidly drain. The
electrode body layer was made of flexible conductive composite materials with PDMS as
the distributed matrix and silver nanoparticles as the conductive filler. The conductive
foam was coated with Cu and Ni nanoparticles to obtain good electrical conductivity.
The structure was suitable for EEG monitoring in some hairy areas, and the correlation
with wet electrode signals could reach about 94.25% and 90.65%, respectively, in static
and dynamic EEG monitoring. In a recent study, the combination of a bristle electrode
and a semi-dry electrode was carried out by Gao et al. The bristle was fabricated using a
hydrophilic material so that water could spread from the roots to the top [112]. Similarly,
Xing et al. [113] proposed a micro-seepage electrode with five components. There are
flexible and elastic brush pen-like tips made of PU that pass through the hair and contact
the scalp. After contact with the scalp and with little pressure, the tip can transport
electrolytes that were stored in a cavity made of a polymer sponge. Furthermore, this study
investigated the contact impedance of the electrode concerning contact pressure on the
occipital area. Under different pressures, the contact impedances ranged from 25 kΩ to
8 kΩ (@ 10 Hz) and from 0.3 N to 10 N.

The abovementioned semi-dry electrodes were made using some special structures,
but they all had some common problems including complex molding processes and large
volumes. Besides this method, there are some other approaches such as conductive sponges
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or conductive gels. To reduce the volume of an electrode, Peng et al. [114] proposed a novel
electrode consisting of a thin piece of porous Ti as a signal and a reservoir made by PDMS
for storage of the electrolytes. Resulting from the excellent mechanical performance and
biocompatibility, porous Ti is widely used in medical fields. The electrode was the same
size as a coin. Lin et al. [115] coated silver nanowires on a melamine sponge with a PVB
solution as an accessory ingredient for the adhesion between the melamine sponge and Ag
nanowires and the protection of the exposed Ag nanowires. Besides low contact impedance
(<10 kΩ) and a high BCI accuracy of the new electrode (86%) compared to that of wet
electrodes (88%), the flexible sponge framework and self-locking Ag nanowires combined
to give the new electrode remarkable mechanical stability. The method of preparing a
conductive sponge is similar to that of the “textrode” mentioned above, in which the
conductive material is coated on a soft substrate, but the sponge has better water storage
performance, so the conductive sponge can realize the dual functions of water storage
and conductivity. In addition, the soft structure of the sponge can give electrodes better
geometric conformity with the scalp. Therefore, it is a very promising way for sponge
structures to be coated with conductive materials.

The above semi-dry electrodes all had a reservoir to store the electrolyte solution or
water. Another method for semi-dry electrodes is to store as many electrolytes as possible
in the electrode body. Toyama et al. [116] proposed a solid-gel electrode that was made of
CMC sodium salt, calcium chloride dihydrate, glycerol, and pure water. CaCl2 and glycerol
are water-absorbing materials that provide a superior wettability of the solid gel. For
the electrodes to pass through the hair, Qin et al. [65] proposed a finger-shaped electrode
composed of an ionic hydrogel, which was a polyacrylamide (PAAm) hydrogel containing
NaCl. The contact impedance was far from that of the wet electrodes (17.4 kΩ to 4.2 kΩ).
However, the soft ionic hydrogel-based electrodes had a similar performance to that of the
conventional wet gel electrodes in terms of the short-circuit noise, EEG signal quality, and
the SSVEP user-centered test.

A common feature of semi-dry electrodes is that they reduce skin contact impedance
through the storage and release of electrolytes as shown in Figure 8. Since they have
only recently been developed, there is still much room for improvement, such as how to
ensure that the electrodes can easily pass through the hair and release electrolytes, but still
maintain a good sense of comfort.

Figure 8. Typical semi-dry electrodes. (a,b) Semi-dry electrodes with a electrolyte reservoir [112,113];
(c,d) ionic hydrogel electrodes [65,116]; (e,f) sponge-based electrodes [111,114].
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3. Evaluation Methods for EEG Electrodes

Table 1 shows performance comparisons of some EEG electrodes. Skin contact
impedance and correlation are important performance evaluation criteria, and are currently
the most common performance that can be directly compared. But many other properties
that should be paid attention to. In this chapter, we provide a reference for the current
chaotic performance evaluation of EEG electrodes in some aspects.

Table 1. Materials, structures, and properties of some EEG electrodes.

Electrode Type Materials (Structure) Contact Impedance Correlation Ref.

MEMS electrodes

Ti/Pt @ Si substrate — 83~86% [70]
Ti/Ag @ Si substrate 12.5 kΩ~20 kΩ (@ 10 hz) 91.63% (@ forehead) [72]

Au/SU-8 @ Ti substrate 40 kΩ (@ 10 hz on the inner forearm) — [74]

Cu 1.9 kΩ (@ 50 kHz on the
inner forearm) — [75]

IrO Lower than Ag/AgCl wet electrode — [78]
Ag flakes in silicone — 97.85% [79]

Ag @ flexible polyimide
organic layer 3 kΩ (@ Fp1) and 2.7 kΩ (@ Cz) — [80]

Non-contacted
electrodes

A layer of 30 µm polyimide,
30 nm titanium, 10 µm Cu,
30 µm Ni and 100 nm Au

— 91% (eye closed) and 83%
(eyes open) [86]

Cu — 92.05% [88]
Cu — — [87]

Common-contact
electrode

BeCu plungers coated with Au 9 kΩ (@ forehead) 16 kΩ
(@ hariy sites)

95.26% (@ forehead) and
91.47% (@ hairy sites) [66]

Spring probes coated with a
platinum nanoporous layer 11.5 ± 4.9 kΩ 81.79~96.77% [91]

PU multpin coated with TiN 65~76 kΩ (@ Fp2) — [92]
Fingered PLA plastic coated

with Ag 3 kΩ (@ 10 hz) 86.2~99.5% [93]

Bristles made of Ag/AgCl 5~10 kΩ — [94]
Bristles coated with Ag 80 kΩ — [95]

Pin-shaped PDMS embedded
with carbon fiber and coated

with Au
13 kΩ~417 kΩ (Average 133 kΩ) >90% at most of the

frequencies [96]

Reverse-curve arch made of
92.5% Ag and 7.5%Cu

70 kΩ (@ forehead) and 125 kΩ
(@ hairy sites) — [97]

Fingered EPDM embedded
with carbon fiber stainless steel
fiber and CNT (finger-shaped)

— 90% [99]

Ti/TiN About 250 kΩ — [53]

PU foam coated with Ni/Cu 7 kΩ~15 kΩ (0.5 Hz~1000 Hz
on the forehead) 95.56% (@ forehead) [17]

TYPE I: A yarn containing 78%
polyamide and 22% elastomer

and plated with 99% pure
silver

TYPE II: 15% nylon, 30% silver
plated conductive fibers, 20%

Spandex and 35%
polypropylene.

— 82~88% [100]

PU foam with electrically
conductive taffeta fabric and

Ni/Cu coating

9 kΩ (@ forehead) and 16 kΩ
(@ hairy sites)

96.14% (@ forehead) and
90.12% (@ hairy sites) [102]

PU foam coated with PANI — — [104]
Ag/AgCl screen printed on a

sweat-absorbable sponge layer
2325 ± 1025 Ω (wet skin) and
36,366 ± 17,286 Ω (dry skin)

90.8 ± 6.2% (dry skin)
96.2 ± 3.2% (wet skin) [105]
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Table 1. Cont.

Electrode Type Materials (Structure) Contact Impedance Correlation Ref.

Semi-dry
electrodes

PAAm hydrogel containing
NaCl 17.4 kΩ 93.65% (@ F10) and

95.64% (@ Pz). [65]

Thermoset PU foam coated
with an Ag/AgCl chemically

deposited layer
— 61~94% [109]

Plungers made of Al2O3
porous ceramic 22.2 ± 8.5 kΩ 93.8 ± 3.7% [110]

Silver nanoparticles
distributed in PDMS matrix

18.18 ± 7.51 kΩ (@ Fpz) and
23.89 ± 7.44 kΩ (@ Oz) 90.65~94.25% [111]

Nylon coated with carbon 15 kΩ 90.89% at FCz, 92.61% at
Cz and 92.62% at Pz [112]

PU foam 25 kΩ to 8 kΩ (@ 10 Hz) from 0.3 N
to 10 N — [113]

Porous Ti 2.4 kΩ on forehead 10 hz 95.55% (semi-dry) and
90.18% (dry) [114]

Melamine foam coated with
Ag nanowires <10 kΩ — [115]

A solid-gel electrode
containing CMC sodium salt,
calcium chloride dihydrate,

glycerol, and pure water.

From 3 to 25 kΩ (typically 10 kΩ) — [116]

3.1. Evaluation of Chemical Characteristics

As most of the literature about brain electrodes is not based on the perspective of
materials, many types of research on BCI do not focus on the electrode itself, but the
electrodes deserve attention. The first problem is the purity of electrode materials. At
present, most brain electrodes are purchased from commercial companies directly, and few
of them are manufactured by BCI researchers, which leads to the failure in explaining the
conductive mechanism from the intrinsic view. The morphology and phase composition
should be determined from the material characterizations of SEM and XPS, etc., and then
the corresponding characterization should be carried out for different materials. The
bonding of the polymer electrode is determined by FTIR and NMR. Raman could be
used to determine the degree of regularity of carbon structures for brain electrodes based
on carbon materials, while for composite materials, TEM characterization of the surface
interface connection and EDS characterization of the uniformity are required.

3.2. Simulation of Actual Application Scenarios

Nowadays, most EEG electrode performance tests still remain in the laboratory with
using the latest prepared electrodes. In the case of the practical application of samples as
products, many complex situations should be considered, including consideration as to
what will take place to the electrodes after long-term use, whether the original performance
can be maintained in the complex environment of the human body, and whether there
should be some special care for some special types of electrodes. These electrodes need to
go through a series of tests from laboratory samples to practical commercial products.

3.2.1. Antioxidant Performance

In the actual application process, since the electrode is exposed to air for a long time, it
is necessary to consider the performance change in the electrode after oxidation. Oxidation
directly deteriorates the intrinsic structure and electrical performance of the electrode. As
a result, good oxidation resistance can not only extend the service life of the electrode
and reduce the cost but also reduce the damage of the electrode to humans. However,
oxidation is usually a relatively long process. To speed up this process, the electrodes
are usually placed in a higher temperature environment for a while before testing their
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final performance, such as changes in impedance and chemical properties, to infer the
oxidation status. Irrespective of the kind of electrode, they need to undergo this kind
of rigorous and extreme testing. The electrode should be put into a furnace with air
atmosphere at a temperature that will not directly damage it, such as 60 ◦C. After a few
days of treatment, the change in its impedance and the change in its surface composition
will show its oxidation resistance.

3.2.2. Sweat Resistance

Human and animal sweating is a physiological phenomenon just like the water
evaporated by the photosynthesis of plants. The main components of sweat are H2O,
sodium chloride, and a small amount of urea, lactic acid, and fatty acids. The pH value
is generally 4.2 to 7.5, which is basically acidic. Some electrode materials may produce
some chemical reactions in an acidic medium, so it is necessary to simulate the situation
of sweat before use. Similar to the test method in Section 3.2.1, the electrode is placed
in the configured artificial sweat, and after a few days of soaking it is observed whether
its performance can be maintained as before. Furthermore, silver, which is widely used
in the field of brain electrodes, will tend to react with sulfur to produce silver sulfide.
Some specific materials are also extremely sensitive to specific ingredients. This is a point
worth noting.

3.2.3. Moisture Retention

For semi-dry electrodes and wet electrodes, long-term endurance has always been
criticized. As time goes by, the conductive paste of the wet electrode and the saltwater
stored in semi-dry electrodes will gradually evaporate, resulting in a great increase in
skin contact impedance. Replenishing water at any time is not in line with it remaining
lightweight. The most ideal state is to use hydrophilic materials to continuously absorb
water vapor and sweat in the air used as electrolytes during use. It is quite difficult
to measure the skin contact impedance of the same electrode at a fixed interval, so the
measurement for the electrode itself may be a good alternative. Under the conditions of a
temperature close to human body temperature (37 ◦C) and suitable humidity, the weight
loss rate or impedance change R − R0/R0 of the salt water electrode can be measured
at different time intervals to determine how long the effectiveness can be maintained in
actual use.

3.2.4. Structural Stability

Some electrodes are manufactured by plating a conductive coating on the substrate.
However, during use, mechanical deformation and friction are very likely to cause these
coatings to fall off. As a result, the break in the conductive path will lead to high
impedance. Therefore, there should be a certain number of cycle stress tests. After that,
the impedance of the electrodes or element detection is required in order to evaluate the
dropped items [115,117]. At present, only few articles mention this.

3.3. Electrochemical Performance
3.3.1. Impedance

The first performance is impedance, including the impedance of electrodes and skin
contact impedance.

The impedance of electrodes may not be as important in practical applications, and it
is meaningless to compare the impedance of different types of electrodes, but the change in
impedance is the intuitive embodiment of the change in electrode properties affected by
the environment. At present, there is no standard method by which to measure impedance.
The more persuasive method is to stick copper foil on both ends of the electrode and then
clamp the fixture on the copper foil. Because the principal component of EEG signals is
below 100 Hz, the test frequency is usually set at 10 Hz.
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Low skin contact impedance is an important guarantee for obtaining better EEG
signals. Skin contact impedance is related to many factors. The contact impedance will
decrease as the area of the electrode contacting the skin increases. Therefore, in the elabora-
tion of impedance values, area normalization should be carried out. The concentration of
the electrolytes used in semi-dry electrodes will have a certain influence on the impedance.
Therefore, during the test, the concentration and type of electrolyte should be specified.
Additionally, one must ensure that the electrolyte concentration is not too high in order
to avoid dehydration of the skin. Due to differences in skin conditions, the impedance
of different tested individuals will also vary greatly, even with several-fold greater dif-
ferences. In addition, there is also a difference in impedance between hair-rich areas and
hairless areas. These factors make it very difficult to formulate standards for skin contact
impedance. Recently, some studies have used artificial models as simulated skin to for-
mulate impedance standards, such as bilayer agarose gels and gelatin [118,119]. Although
these models are incapable of fully simulating the state of the skin, it is still a good start.

3.3.2. Electrode Polarization and Electrochemical Noise

EEG signals have a weak potential of about 1~200 µV. When the metal electrode
contacts the electrolyte, the electrode potential will be generated, which is much bigger
than the EEG amplitude. According to the Nernst equation,

Ehc = E0 +
RT
nF

ln
aox

ared
(1)

E0 is the standard electrode potential relative to the standard hydrogen. For different
electrode materials, E0 is different. If the electrodes of the same materials contact the same
electrolyte, their half-electrode potential Ehc is identical in theory. Therefore, the electrode
potential has no interference on the output of the differential amplifier. However, any
tiny difference between the two electrodes will cause a large offset voltage, which is much
bigger than the EEG. Thus, the composition of the electrodes and electrolytes should be
highly consistent, and the electrodes need a stable potential.

Moreover, electrode polarization is another problem that will cause a great error in
the electrode potential. When the current flows through the electrode/electrolyte interface,
the electrical potential changes from the equilibrium potential to a new electrode potential,
which is related to the current density. The non-polarization performance is necessary
for electrode materials. In addition, the polarization performance of the electrode can be
determined by testing the OCP (open circuit potential) [53,105,110,113]. A smaller potential
drift during use is necessary to obtain good EEG performance, so this part of the electrical
performance should also be taken seriously.

Besides the electrode polarization, electrochemical noise refers to the fluctuation
in electrode potential and current caused by an electrode interface reaction, which will
cause a great impact on the EEG signal. In general, this is usually measured by placing
two electrodes on the polished metal plate [65,112] or the conductive electrolytic gel [63]
to obtain the power spectral density (PSD).

3.4. Mechanical Performance

For MEMS electrodes, it is necessary to ensure that the electrode can pierce the cuticle,
so the material should have a higher modulus and strength. But for the ordinary-contact
electrode, the electrode only needs to ensure that it can pass through the hair and touch
the scalp, so there are no strict requirements for the modulus and strength. For some dry
electrodes, some innovative structures with springs and spongy dry electrodes are used.
They should be tested for thousands of load cycles to prove that they can also guarantee
the same performance as the original ones under long-term and repeated use.

3.5. Biocompatibility

Although EEG electrodes do not directly contact the brain tissue, unlike invasive
electrodes, to ensure minimum harm to the human body, they also need to ensure good
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biocompatibility. Many types of research are only a summary of the biocompatibility of the
material, but in practical applications there is no actual proof of it [53,66,91,108]. Under
the ISO standard, certain materials may be biocompatible, but under the condition of EEG
acquisition, the electrode will inevitably have some subtle changes, which will affect the
human body. EEG electrode materials should be completely harmless to the human body,
and all brain electrode researchers should pay attention to health problems. The conductive
gel of wet electrodes and the electrolyte of semi-dry electrodes should also be considered
in terms of biocompatibility.

3.6. Operation Difficulty and Comfort

For the industrial application of BCI, simple daily operation processes and wearing
comfort are essential. The pre-operative preparation of wet electrodes, including skin
pre-treatment and the application of conductive paste, is very inconvenient in practical
application. This is also an important reason why wet electrodes are gradually being
abandoned by commercial BCI. The closer contact of electrodes will greatly reduce skin
contact impedance, but it will also make the skin feel painful, so researchers should
find a balance between the two factors. Additionally, some researchers have conducted
questionnaire surveys on these subjects to prove that the comfort performance of their
electrodes is acceptable [99,113,120]. I think this is a good start, but there should be a more
objective evaluation system, such as the intensity of pressure on the skin or the total weight
of the EEG collection system.

Most of the properties mentioned above do not have a clear parameter standard, and
the performance of the electrodes cannot be directly compared. However, I think that in the
field of brain electrodes, these properties should be taken into account in the preparation
of electrodes.

4. Challenges for EEG Electrodes and Expectations

For invasive electrodes, if the electrode size is too large, it will compress the nerves,
but reducing the electrode area will cause extremely high impedance. The integrated
design of materials and structures should be studied to avoid an immune response after
implantation. In addition, there is a high risk of infection with invasive/semi-invasive
technology, and surgical implants are expensive and complicated. Safety is still a major
problem for invasive/semi-invasive technology and MEMS dry electrodes.

As the gold standard, the wet electrode has the advantages of low impedance and
non-invasiveness, so it is still in an irreplaceable position in practical applications. The
installation of an electrode cap is a time-consuming preparation procedure requiring
professional skills and a tedious process; consequently, the test environment is limited.
In addition, the gradual evaporation of the conductive gel will affect the stability of the
electrode. The original function of the conductive gel is to pass through the hair so
that the electrode could contact to the scalp directly, but the conductive adhesive will
cause skin irritation, and too much conductive adhesive may form conductive bridges
between adjacent electrodes causing a short circuit. Finally, there will be an uncomfortable
removable after use. Even so, wet electrodes are still the most frequently used methods in
the laboratory.

Dry electrodes have several forms with corresponding advantages, but none of them
need any conductive medium, so the same characteristics save the complicated preparation
work before the acquisition of the EEG signal and the cleaning steps after the acquisition.
An urgent problem of dry electrodes is the reduction of its skin contact impedance. There-
fore, to achieve this goal, increasing the contact pressure has proven to be an effective
method that not only allows the electrodes to pass through the hair but also thins the stra-
tum corneum after squeezing the skin. However, under the premise of ensuring comfort, it
is a difficult to ensure the appropriate modulus to pass through the hair.

Semi-dry electrodes have become a hot spot in current EEG acquisition research, and
they have several forms including specific structures, gels, and sponges/woven. Compared
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with wet electrodes, they do not require cumbersome steps. Compared with dry electrodes,
due to the existing electrolytes, the impedance of the stratum corneum is greatly reduced.
With the emergence of new materials, advanced structures, and improving processing
technology, semi-dry electrodes have the potential to meet the long-term daily monitoring
and measurement requirements.

The materials used for electrodes should also be paid attention to. Good conductivity
and biocompatibility are the most basic requirements. The stability and processability of
materials should not be ignored. In addition to the type of electrode itself and the materials
used, the structure is also very important. Maintaining a high geometric conformity is
essential for collecting good EEG signals. Therefore, it has become a trend to use flexible
materials as substrates, but there are other methods, such as multipin electrodes.

In the preparation process of all the above electrodes, we should also pay attention to
the quality of some aspects of performance. We noticed that in the electrode performance
tests of researchers, most of the emphasis was only on the elaboration of the EEG signal,
while the issues of biocompatibility, electrochemical noise, and so on mentioned in Part 3
should also be taken seriously. In addition, to avoid occasionality, there should be as many
subjects as possible participating in the live tests, and the sensor location should conform
to the international standard.

For patients, medical staff, and digital enthusiasts, the more secure and portable BCI
devices are more acceptable. With the advancement of integration technology, the reception
and processing of EEG signals can be integrated into a smartphone, but the acquisition of
signals still restricts the wide application of BCI. It is believed that with the improvement
of signal acquisition technology, the application of the brain–computer interface will reach
a new stage. The way of life of mankind will also be greatly innovated.

Author Contributions: Writing—original draft preparation and figures preparation, H.Y., J.Y. and
Q.Y.; writing—review and editing, H.Y. and H.L.; methodology, conceptualization, H.Y., C.G. and
Y.L.; supervision and project administration, X.S. and Y.L.; funding acquisition, Y.L. and S.Z. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Key R&D Program of China (2016YFA0202900),
the National Natural Science Foundation of China (51672173, 51801121, 51572169, 51902200 and
52005321), the Key Program for International S&T Cooperation Program of China (2017YFE0113000),
the Science and Technology Commission of Shanghai Municipality (17JC1400700, 18JC1410500,
18520744700, and 19ZR1425300), Shanghai Research Institute of Criminal Science and Technology
(2016XCWZK15), and the Medical-Engineering Cross Research Funding of SJTU (19X190020220).
Engineering Process of Ministry of Education(GCP202107). The Open Project of State Key Laboratory
of Metal Matrix Composites(2021SKLMMC-8).

Acknowledgments: Y.L. would like to thank the support of China Scholarship Council. The authors
also thank the support from Shanghai Idea-Interaction Tech. Co., Ltd.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Nicolelis, M.A.L. Brain-to-Brain Interfaces: When Reality Meets Science Fiction. Cerebrum Dana Forum Brain Sci. 2014, 2014, 13.
2. Vidal, J.J. Toward direct brain-computer communication. Annu. Rev. Biophys. Bio. 1973, 2, 157–180. [CrossRef] [PubMed]
3. Vidal, J.J. Real-time detection of brain events in EEG. Proc. IEEE 1977, 65, 633–641. [CrossRef]
4. Wolpaw, J.R.; Birbaumer, N.; Heetderks, W.J.; Mcfarland, D.J.; Peckham, P.H.; Schalk, G.; Donchin, E.; Quatrano, L.A.;

Robinson, C.J.; Vaughan, T.M. Brain-computer interface technology: A review of the first international meeting. IEEE Trans.
Rehabil. Eng. 2000, 8, 164–173. [CrossRef]

5. Machado, S.; Arauro, F.; Paes, F.; Velasques, B.; Cunha, M.; Budde, H.; Basile, L.; Anghinah, R.; Arias-Carrión, O.; Cagy, M.; et al.
EEG-based Brain-Computer Interfaces: An Overview of Basic Concepts and Clinical Applications in Neurorehabilitation. Rev.
Neurosci. 2010, 21, 451–468. [CrossRef]

6. Moghimi, S.; Kushki, A.; Guerguerian, A.M.; Chau, T. A review of EEG-based brain-computer interfaces as access pathways for
individuals with severe disabilities. Assist. Technol. 2013, 25, 99–110. [CrossRef] [PubMed]

http://doi.org/10.1146/annurev.bb.02.060173.001105
http://www.ncbi.nlm.nih.gov/pubmed/4583653
http://doi.org/10.1109/PROC.1977.10542
http://doi.org/10.1109/TRE.2000.847807
http://doi.org/10.1515/REVNEURO.2010.21.6.451
http://doi.org/10.1080/10400435.2012.723298
http://www.ncbi.nlm.nih.gov/pubmed/23923692


Micromachines 2021, 12, 1521 20 of 24

7. Wang, H.; Yan, F.; Xu, T.; Yin, H.; Chen, P.; Yue, H.; Chen, C.; Zhang, H.; Xu, L.; He, Y.; et al. Brain-Controlled Wheelchair Review:
From Wet Electrode to Dry Electrode, From Single Modal to Hybrid Modal, From Synchronous to Asynchronous. IEEE Access
2021, 9, 55920–55938. [CrossRef]

8. Geronimo, A.; Stephens, H.E.; Schiff, S.J.; Simmons, Z. Acceptance of brain-computer interfaces in amyotrophic lateral sclerosis.
Amyotroph. Lateral Scler. Front. Degener. 2015, 16, 258–264. [CrossRef]

9. Cervera, M.A.; Soekadar, S.R.; Ushiba, J.; Millan, J.D.R.; Liu, M.; Birbaumer, N.; Garipelli, G. Brain-computer interfaces for
post-stroke motor rehabilitation: A meta-analysis. Ann. Clin. Transl. Neurol. 2018, 5, 651–663. [CrossRef]

10. Ramos-Murguialday, A.; Broetz, D.; Rea, M.; Laer, L.; Yilmaz, O.; Brasil, F.L.; Liberati, G.; Curado, M.R.; Garcia-Cossio, E.; Vyziotis,
A.; et al. Brain-machine interface in chronic stroke rehabilitation: A controlled study. Ann. Neurol. 2013, 74, 100–108. [CrossRef]

11. Widge, A.S.; Malone, D.A., Jr.; Dougherty, D.D. Closing the Loop on Deep Brain Stimulation for Treatment-Resistant Depression.
Front. Neurosci. 2018, 12, 175. [CrossRef] [PubMed]

12. Stawicki, P.; Gembler, F.; Volosyak, I. A User-Friendly Dictionary-Supported SSVEP-Based BCI Application. In Proceedings
of the Symbiotic Interaction: 5th International Workshop, Symbiotic 2016, Padua, Italy, 29–30 September 2016; Springer:
Berlin/Heidelberg, Germany, 2017; pp. 168–180.

13. Zander, T.O.; Shetty, K.; Lorenz, R.; Leff, D.R.; Krol, L.R.; Darzi, A.W.; Gramann, K.; Yang, G.-Z. Automated Task Load
Detection with Electroencephalography: Towards Passive Brain–Computer Interfacing in Robotic Surgery. J. Med. Robot. Res.
2017, 2, 1750003. [CrossRef]

14. Hung, S.H.; Chang, C.J.; Chao, C.F.; Wang, I.J.; Lin, B.S. Development of real-time wireless brain computer interface for
drowsiness detection. In Proceedings of the 2010 IEEE International Symposium on Circuits and Systems (ISCAS), Paris, France,
30 May–2 June 2010; pp. 1380–1383.

15. Ko, L.W.; Komarov, O.; Hairston, W.D.; Jung, T.P.; Lin, C.T. Sustained Attention in Real Classroom Settings: An EEG Study. Front.
Hum. Neurosci. 2017, 11, 388. [CrossRef]

16. Coyle, D.; Principe, J.; Lotte, F.; Nijholt, A. Guest Editorial: Brain/neuronal—Computer game interfaces and interaction. IEEE
Trans. Comput. Intell. AI Games 2013, 5, 77–81. [CrossRef]

17. Liao, L.D.; Chen, C.Y.; Wang, I.J.; Chen, S.F.; Lin, C.T. Gaming control using a wearable and wireless EEG-based brain-computer
interface device with novel dry foam-based sensors. J. Neuroeng. Rehabili. 2012, 9, 1–12. [CrossRef] [PubMed]

18. Yeh, S.-C.; Hou, C.-L.; Peng, W.-H.; Wei, Z.-Z.; Huang, S.; Kung, E.Y.-C.; Lin, L.; Liu, Y.-H. A multiplayer online car racing
virtual-reality game based on internet of brains. J. Syst. Archit. 2018, 89, 30–40. [CrossRef]

19. Park, K.; Kihl, T.; Park, S.; Kim, M.-J.; Chang, J. Fairy tale directed game-based training system for children with ADHD using
BCI and motion sensing technologies. Behav. Inf. Technol. 2018, 38, 564–577. [CrossRef]

20. Rezeika, A.; Benda, M.; Stawicki, P.; Gembler, F.; Saboor, A.; Volosyak, I. Brain-Computer Interface Spellers: A Review. Brain Sci.
2018, 8, 57. [CrossRef]

21. Abiri, R.; Borhani, S.; Sellers, E.W.; Jiang, Y.; Zhao, X. A comprehensive review of EEG-based brain-computer interface paradigms.
J. Neural Eng. 2019, 16, 011001. [CrossRef] [PubMed]

22. Ilyas, M.Z.; Saad, P.; Ahmad, M.I. A survey of analysis and classification of EEG signals for brain-computer interfaces. In
Proceedings of the 2015 2nd International Conference on Biomedical Engineering (ICoBE), Penang, Malaysia, 30–31 March 2015;
pp. 30–31.

23. Lotte, F.; Bougrain, L.; Cichocki, A.; Clerc, M.; Congedo, M.; Rakotomamonjy, A.; Yger, F. A review of classification algorithms for
EEG-based brain-computer interfaces: A 10 year update. J. Neural Eng. 2018, 15, 31005. [CrossRef] [PubMed]

24. Lotte, F.; Guan, C. Regularizing common spatial patterns to improve BCI designs: Unified theory and new algorithms. IEEE
Trans. Biomed. Eng. 2011, 58, 355–362. [CrossRef]

25. Motamedi-Fakhr, S.; Moshrefi-Torbati, M.; Hill, M.; Hill, C.M.; White, P.R. Signal processing techniques applied to human sleep
EEG signals—A review. Biomed. Signal Process. 2014, 10, 21–33. [CrossRef]

26. Zhang, Y.; Nam, C.S.; Zhou, G.; Jin, J.; Wang, X.; Cichocki, A. Temporally Constrained Sparse Group Spatial Patterns for Motor
Imagery BCI. IEEE Trans. Cybern. 2019, 49, 3322–3332. [CrossRef] [PubMed]

27. Martini, M.L.; Oermann, E.K.; Opie, N.L.; Panov, F.; Oxley, T.; Yaeger, K. Sensor Modalities for Brain-Computer Interface
Technology: A Comprehensive Literature Review. Neurosurgery 2020, 86, E108–E117. [CrossRef]

28. Renshaw, B.; Forbes, A.; Morison, B.R. Activity of isocortex and hippocampus: Electrical studies with micro-electrodes.
J. Neurophysiol. 1940, 3, 74–105. [CrossRef]

29. Worrell, G.A.; Gardner, A.B.; Stead, S.M.; Hu, S.; Goerss, S.; Cascino, G.J.; Meyer, F.B.; Marsh, R.; Litt, B. High-frequency
oscillations in human temporal lobe: Simultaneous microwire and clinical macroelectrode recordings. Brain 2008, 131, 928–937.
[CrossRef]

30. Prasad, A.; Xue, Q.S.; Sankar, V.; Nishida, T.; Shaw, G.; Streit, W.J.; Sanchez, J.C. Comprehensive characterization and failure
modes of tungsten microwire arrays in chronic neural implants. J. Neural Eng. 2012, 9, 56015. [CrossRef]

31. Prasad, A.; Xue, Q.S.; Dieme, R.; Sankar, V.; Mayrand, R.C.; Nishida, T.; Streit, W.J.; Sanchez, J.C. Abiotic-biotic characterization of
Pt/Ir microelectrode arrays in chronic implants. Front. Neuroeng. 2014, 7, 2. [CrossRef] [PubMed]

32. Obaid, A.; Hanna, M.E.; Wu, Y.W.; Kollo, M.; Melosh, N.A. Massively parallel microwire arrays integrated with CMOS chips for
neural recording. Sci. Adv. 2020, 6, eaay2789. [CrossRef]

http://doi.org/10.1109/ACCESS.2021.3071599
http://doi.org/10.3109/21678421.2014.969275
http://doi.org/10.1002/acn3.544
http://doi.org/10.1002/ana.23879
http://doi.org/10.3389/fnins.2018.00175
http://www.ncbi.nlm.nih.gov/pubmed/29618967
http://doi.org/10.1142/S2424905X17500039
http://doi.org/10.3389/fnhum.2017.00388
http://doi.org/10.1109/TCIAIG.2013.2264736
http://doi.org/10.1186/1743-0003-9-5
http://www.ncbi.nlm.nih.gov/pubmed/22284235
http://doi.org/10.1016/j.sysarc.2018.06.004
http://doi.org/10.1080/0144929X.2018.1544276
http://doi.org/10.3390/brainsci8040057
http://doi.org/10.1088/1741-2552/aaf12e
http://www.ncbi.nlm.nih.gov/pubmed/30523919
http://doi.org/10.1088/1741-2552/aab2f2
http://www.ncbi.nlm.nih.gov/pubmed/29488902
http://doi.org/10.1109/TBME.2010.2082539
http://doi.org/10.1016/j.bspc.2013.12.003
http://doi.org/10.1109/TCYB.2018.2841847
http://www.ncbi.nlm.nih.gov/pubmed/29994667
http://doi.org/10.1093/neuros/nyz286
http://doi.org/10.1152/jn.1940.3.1.74
http://doi.org/10.1093/brain/awn006
http://doi.org/10.1088/1741-2560/9/5/056015
http://doi.org/10.3389/fneng.2014.00002
http://www.ncbi.nlm.nih.gov/pubmed/24550823
http://doi.org/10.1126/sciadv.aay2789


Micromachines 2021, 12, 1521 21 of 24

33. Jorfi, M.; Skousen, J.L.; Weder, C.; Capadona, J.R. Progress towards biocompatible intracortical microelectrodes for neural
interfacing applications. J. Neural Eng. 2015, 12, 11001. [CrossRef]

34. Wise, K.D.; Angell, J.B.; Starr, A. An Integrated-Circuit Approach to Extracellular Microelectrodes. IEEE Trans. Biomed. Eng. 1970,
BME-17, 238–247. [CrossRef]

35. Campbell, P.K.; Jones, K.E. A silicon-based, three-dimensional neural interface: Manufacturing processes for an intracortical
electrode array. IEEE Trans. Biomed. Eng. 1991, 38, 758–768. [CrossRef]

36. Hetke, J.F.; Williams, J.C.; Pellinen, D.S.; Vetter, R.J.; Kipke, D.R. 3-D silicon probe array with hybrid polymer interconnect for
chronic cortical recording. In Proceedings of the 1st International IEEE EMBS Conference on Neural Engineering, Capri Island,
Italy, 20–22 March 2003; pp. 181–184.

37. Xu, C.; Lemon, W.; Liu, C. Design and fabrication of a high-density metal microelectrode array for neural recording. Sens. Actuator
A Phys. 2002, 96, 78–85. [CrossRef]

38. Jones, K.E.; Campbell, P.K.; Normann, R.A. A glass/silicon composite intracortical electrode array. Ann. Biomed. Eng. 1992, 20,
423–437. [CrossRef] [PubMed]

39. Yang, J.; Du, M.; Wang, L.; Li, S.; Wang, G.; Yang, X.; Zhang, L.; Fang, Y.; Zheng, W.; Yang, G.; et al. Bacterial Cellulose as a
Supersoft Neural Interfacing Substrate. ACS Appl. Mater. Interfaces 2018, 10, 33049–33059. [CrossRef]

40. Wang, L.; Chen, D.; Jiang, K.; Shen, G. New insights and perspectives into biological materials for flexible electronics. Chem. Soc.
Rev. 2017, 46, 6764–6815. [CrossRef] [PubMed]

41. Lee, J.M.; Hong, G.; Lin, D.; Schuhmann, T.G., Jr.; Sullivan, A.T.; Viveros, R.D.; Park, H.G.; Lieber, C.M. Nanoenabled Direct
Contact Interfacing of Syringe-Injectable Mesh Electronics. Nano Lett. 2019, 19, 5818–5826. [CrossRef] [PubMed]

42. Liu, J.; Fu, T.M.; Cheng, Z.; Hong, G.; Zhou, T.; Jin, L.; Duvvuri, M.; Jiang, Z.; Kruskal, P.; Xie, C.; et al. Syringe-injectable
electronics. Nat. Nanotechnol. 2015, 10, 629–636. [CrossRef] [PubMed]

43. Viveros, R.D.; Zhou, T.; Hong, G.; Fu, T.M.; Lin, H.G.; Lieber, C.M. Advanced One- and Two-Dimensional Mesh Designs for
Injectable Electronics. Nano Lett. 2019, 19, 4180–4187. [CrossRef]

44. Xie, C.; Liu, J.; Fu, T.M.; Dai, X.; Zhou, W.; Lieber, C.M. Three-dimensional macroporous nanoelectronic networks as minimally
invasive brain probes. Nat. Mater. 2015, 14, 1286–1292. [CrossRef]

45. Teplan, M. Fundamentals of EEG Measurement. Meas. Sci. Rev. 2002, 2, 1–11.
46. Nicolas-Alonso, L.F.; Gomez-Gil, J. Brain computer interfaces, a review. Sensors 2012, 12, 1211–1279. [CrossRef]
47. Kappenman, E.S.; Luck, S.J. The effects of electrode impedance on data quality and statistical significance in ERP recordings.

Psychophysiology 2010, 47, 888–904. [CrossRef]
48. Fowles, D.C.; Venables, P.H. The reduction of palmar skin potential by epidermal hydration. Psychophysiology 1970, 7, 254–261.

[CrossRef]
49. Tregear, R.T. Physical Functions of Skin; Academic Press, Inc.: New York, NY, USA, 1966; pp. 1–52.
50. Yao, S.; Zhu, Y. Nanomaterial-Enabled Dry Electrodes for Electrophysiological Sensing: A Review. JOM 2016, 68, 1145–1155.

[CrossRef]
51. Chi, Y.M.; Wang, Y.T.; Wang, Y.; Maier, C.; Jung, T.P.; Cauwenberghs, G. Dry and noncontact EEG sensors for mobile brain-

computer interfaces. IEEE Trans. Neural Syst. Rehabil. Eng. 2012, 20, 228–235. [CrossRef]
52. Li, G.; Wang, S.; Duan, Y.Y. Towards gel-free electrodes: A systematic study of electrode-skin impedance. Sens. Actuators B Chem.

2017, 241, 1244–1255. [CrossRef]
53. Fiedler, P.; Griebel, S.; Pedrosa, P.; Fonseca, C.; Vaz, F.; Zentner, L.; Zanow, F.; Haueisen, J. Multichannel EEG with novel Ti/TiN

dry electrodes. Sens. Actuator A Phys. 2015, 221, 139–147. [CrossRef]
54. Guger, C.; Daban, S.; Sellers, E.; Holzner, C.; Krausz, G.; Carabalona, R.; Gramatica, F.; Edlinger, G. How many people are able to

control a P300-based brain-computer interface (BCI)? Neurosci. Lett. 2009, 462, 94–98. [CrossRef]
55. Merletti, R. The electrode-skin interface and optimal detection of bioelectric signals. Physiol. Meas. 2010, 31. [CrossRef] [PubMed]
56. Tallgren, P.; Vanhatalo, S.; Kaila, K.; Voipio, J. Evaluation of commercially available electrodes and gels for recording of slow EEG

potentials. Clin. Neurophysiol. 2005, 116, 799–806. [CrossRef]
57. Miller, J.W.; Kim, W.; Holmes, M.D.; Vanhatalo, S. Ictal localization by source analysis of infraslow activity in DC-coupled scalp

EEG recordings. NeuroImage 2007, 35, 583–597. [CrossRef]
58. Scanlon, J.E.M.; Townsend, K.A.; Cormier, D.L.; Kuziek, J.W.P.; Mathewson, K.E. Taking off the training wheels: Measuring

auditory P3 during outdoor cycling using an active wet EEG system. Brain Res. 2019, 1716, 50–61. [CrossRef]
59. Kim, D.Y.; Ku, Y.; Ahn, J.W.; Kwon, C.; Kim, H.C. Electro-deposited Nanoporous Platinum Electrode for EEG Monitoring.

J. Korean Med. Sci. 2018, 33, e154. [CrossRef]
60. Ng, W.C.; Seet, H.L.; Lee, K.S.; Ning, N.; Tai, W.X.; Sutedja, M.; Fuh, J.Y.H.; Li, X.P. Micro-spike EEG electrode and the

vacuum-casting technology for mass production. J. Mater. Process. Technol. 2009, 209, 4434–4438. [CrossRef]
61. Tseghai, G.B.; Malengier, B.; Fante, K.A.; Langenhove, L.V. The Status of Textile-Based Dry EEG Electrodes. Autex Res. J. 2021, 21,

63–70. [CrossRef]
62. Huigen, E.; Peper, A.; Grimbergen, C.A. Investigation into the origin of the noise of surface electrodes. Med. Biol. Eng. Comput.

2002, 40, 332–338. [CrossRef]

http://doi.org/10.1088/1741-2560/12/1/011001
http://doi.org/10.1109/TBME.1970.4502738
http://doi.org/10.1109/10.83588
http://doi.org/10.1016/S0924-4247(01)00766-X
http://doi.org/10.1007/BF02368134
http://www.ncbi.nlm.nih.gov/pubmed/1510294
http://doi.org/10.1021/acsami.8b12083
http://doi.org/10.1039/C7CS00278E
http://www.ncbi.nlm.nih.gov/pubmed/28875205
http://doi.org/10.1021/acs.nanolett.9b03019
http://www.ncbi.nlm.nih.gov/pubmed/31361503
http://doi.org/10.1038/nnano.2015.115
http://www.ncbi.nlm.nih.gov/pubmed/26053995
http://doi.org/10.1021/acs.nanolett.9b01727
http://doi.org/10.1038/nmat4427
http://doi.org/10.3390/s120201211
http://doi.org/10.1111/j.1469-8986.2010.01009.x
http://doi.org/10.1111/j.1469-8986.1970.tb02231.x
http://doi.org/10.1007/s11837-016-1818-0
http://doi.org/10.1109/TNSRE.2011.2174652
http://doi.org/10.1016/j.snb.2016.10.005
http://doi.org/10.1016/j.sna.2014.10.010
http://doi.org/10.1016/j.neulet.2009.06.045
http://doi.org/10.1088/0967-3334/31/10/E01
http://www.ncbi.nlm.nih.gov/pubmed/20853546
http://doi.org/10.1016/j.clinph.2004.10.001
http://doi.org/10.1016/j.neuroimage.2006.12.018
http://doi.org/10.1016/j.brainres.2017.12.010
http://doi.org/10.3346/jkms.2018.33.e154
http://doi.org/10.1016/j.jmatprotec.2008.10.051
http://doi.org/10.2478/aut-2019-0071
http://doi.org/10.1007/BF02344216


Micromachines 2021, 12, 1521 22 of 24

63. Pedrosa, P.; Fiedler, P.; Schinaia, L.; Vasconcelos, B.; Martins, A.C.; Amaral, M.H.; Comani, S.; Haueisen, J.; Fonseca, C. Alginate-
based hydrogels as an alternative to electrolytic gels for rapid EEG monitoring and easy cleaning procedures. Sens. Actuators B
Chem. 2017, 247, 273–283. [CrossRef]

64. Goulart, L.A.; Guaraldo, T.T.; Lanza, M.R.V. A Novel Electrochemical Sensor Based on Printex L6 Carbon Black Carrying
CuO/Cu2O Nanoparticles for Propylparaben Determination. Electroanalysis 2018, 30, 2967–2976. [CrossRef]

65. Sheng, X.; Qin, Z.; Xu, H.; Shu, X.; Gu, G.; Zhu, X. Soft ionic-hydrogel electrodes for electroencephalography signal recording. Sci.
China Technol. Sci. 2020, 64, 273–282. [CrossRef]

66. Liao, L.D.; Wang, I.J.; Chen, S.F.; Chang, J.Y.; Lin, C.T. Design, fabrication and experimental validation of a novel dry-contact
sensor for measuring electroencephalography signals without skin preparation. Sensors 2011, 11, 5819–5834. [CrossRef]

67. Spelman, F.A. Cochlear electrode arrays: Past, present and future. Audiol. Neurotol. 2006, 11, 77–85. [CrossRef]
68. Bai, Q.; Wise, K.D.; Anderson, D.J. A high-yield microassembly structure for three-dimensional microelectrode arrays. IEEE Trans.

Biomed. Eng. 2000, 47, 281.
69. Griss, P.; Enoksson, P.; Stemme, G. Micromachined barbed spikes for mechanical chip attachment. Sens. Actuator A Phys. 2002, 95,

94–99. [CrossRef]
70. Chiou, J.C.; Ko, L.W.; Lin, C.T.; Hong, C.T.; Jung, T.P. Using Novel MEMS EEG Sensors in Detecting Drowsiness Application. In

Proceedings of the IEEE Biomedical Circuits and Systems Conference, London, UK, 29 November–1 December 2006; pp. 33–36.
71. Nakazaki, N.; Takao, Y.; Eriguchi, K.; Ono, K. Molecular dynamics simulations of silicon chloride ion incidence during Si etching

in Cl-based plasmas. Jpn. J. Appl. Phys. 2014, 53, 56201. [CrossRef]
72. Hsu, L.S.; Tung, S.W.; Kuo, C.H.; Yang, Y.J. Developing barbed microtip-based electrode arrays for biopotential measurement.

Sensors 2014, 14, 12370–12386. [CrossRef]
73. Griss, P.; Enoksson, P.; Tolvanen-Laakso, H.K.; Merilainen, P.; Ollmar, S.; Stemme, G. Micromachined electrodes for biopotential

measurements. J. Microelectromech. Syst. 2001, 10, 10–16. [CrossRef]
74. Sun, Y.; Ren, L.; Jiang, L.; Tang, Y.; Liu, B. Fabrication of Composite Microneedle Array Electrode for Temperature and Bio-Signal

Monitoring. Sensors 2018, 18, 1193. [CrossRef] [PubMed]
75. Zhou, W.; Song, R.; Pan, X.; Peng, Y.; Qi, X.; Peng, J.; Hui, K.S.; Hui, K.N. Fabrication and impedance measurement of novel metal

dry bioelectrode. Sens. Actuator A Phys. 2013, 201, 127–133. [CrossRef]
76. Zhou, W.; Ling, W.-S.; Liu, W.; Peng, Y.; Peng, J. Laser direct micromilling of copper-based bioelectrode with surface microstructure

array. Opt. Lasers Eng. 2015, 73, 7–15. [CrossRef]
77. Yan, X.-X.; Liu, J.-Q.; Jiang, S.-D.; Yang, B.; Yang, C.-S. Tapered metal microneedles fabricated by the hybrid process of mechanical

dicing and electrochemical corrosion for drug delivery. Micro Nano Lett. 2012, 7, 1313–1315. [CrossRef]
78. Dias, N.S.; Carmo, J.P.; da Silva, A.F.; Mendes, P.M.; Correia, J.H. New dry electrodes based on iridium oxide (IrO) for non-invasive

biopotential recordings and stimulation. Sens. Actuator A Phys. 2010, 164, 28–34. [CrossRef]
79. Yu, Y.H.; Chen, S.H.; Chang, C.L.; Lin, C.T.; Hairston, W.D.; Mrozek, R.A. New Flexible Silicone-Based EEG Dry Sensor Material

Compositions Exhibiting Improvements in Lifespan, Conductivity, and Reliability. Sensors 2016, 16, 1826. [CrossRef]
80. Stavrinidis, G.; Michelakis, K.; Kontomitrou, V.; Giannakakis, G.; Sevrisarianos, M.; Sevrisarianos, G.; Chaniotakis, N.; Alifragis, Y.;

Konstantinidis, G. SU-8 microneedles based dry electrodes for Electroencephalogram. Microelectron. Eng. 2016, 159, 114–120.
[CrossRef]

81. Mansoor, I.; Liu, Y.; Hafeli, U.O.; Stoeber, B. Fabrication of hollow microneedle arrays using electrodeposition of metal onto
solvent cast conductive polymer structures. In Proceedings of the 2013 Transducers & Eurosensors XXVII: The 17th International
Conference on Solid-State Sensors, Actuators and Microsystems (TRANSDUCERS & EUROSENSORS XXVII), Barcelona, Spain,
16–20 June 2013; pp. 373–376.

82. Luttge, R.; Bystrova, S.N.; Putten, M. Microneedle array electrode for human EEG recording. In Proceedings of the 4th European
Conference of the International Federation for Medical and Biological Engineering, Antwerp, Belgium, 23–27 November 2008;
Springer: Berlin/Heidelberg, Germany, 2009; Volume 22, pp. 1246–1249.

83. Cha, K.J.; Kim, T.; Park, S.J.; Kim, D.S. Simple and cost-effective fabrication of solid biodegradable polymer microneedle
arrays with adjustable aspect ratio for transdermal drug delivery using acupuncture microneedles. J. Micromech. Microeng.
2014, 24, 115015. [CrossRef]

84. Ami, Y. Formation of polymer microneedle arrays using soft lithography. Micro/Nanolith. Mems Moems 2011, 10, 011503. [CrossRef]
85. Zhu, J.; Shen, Q.; Cao, Y.; Wang, H.; Chen, X.; Chen, D. Characterization of out-of-plane cone metal microneedles and the function

of transdermal delivery. Microsyst. Technol. 2012, 19, 617–621. [CrossRef]
86. Lee, S.M.; Kim, J.H.; Byeon, H.J.; Choi, Y.Y.; Park, K.S.; Lee, S.H. A capacitive, biocompatible and adhesive electrode for long-term

and cap-free monitoring of EEG signals. J. Neural Eng. 2013, 10, 036006. [CrossRef]
87. Liu, S.; Liu, X.; Jiang, Y.; Wang, X.; Huang, P.; Wang, H.; Zhu, M.; Tan, J.; Li, P.; Lin, C.; et al. Flexible Non-contact Electrodes for

Bioelectrical Signal Monitoring. In Proceedings of the 2018 40th Annual International Conference of the IEEE Engineering in
Medicine and Biology Society (EMBC), Honolulu, HI, USA, 18–21 July 2018; pp. 4305–4308.

88. Chen, Y.-C.; Lin, B.-S.; Pan, J.-S. Novel Noncontact Dry Electrode With Adaptive Mechanical Design for Measuring EEG in a
Hairy Site. IEEE Trans. Instrum. Meas. 2015, 64, 3361–3368. [CrossRef]

http://doi.org/10.1016/j.snb.2017.02.164
http://doi.org/10.1002/elan.201800549
http://doi.org/10.1007/s11431-020-1644-6
http://doi.org/10.3390/s110605819
http://doi.org/10.1159/000090680
http://doi.org/10.1016/S0924-4247(01)00719-1
http://doi.org/10.7567/JJAP.53.056201
http://doi.org/10.3390/s140712370
http://doi.org/10.1109/84.911086
http://doi.org/10.3390/s18041193
http://www.ncbi.nlm.nih.gov/pubmed/29652837
http://doi.org/10.1016/j.sna.2013.06.025
http://doi.org/10.1016/j.optlaseng.2015.03.011
http://doi.org/10.1049/mnl.2012.0633
http://doi.org/10.1016/j.sna.2010.09.016
http://doi.org/10.3390/s16111826
http://doi.org/10.1016/j.mee.2016.02.062
http://doi.org/10.1088/0960-1317/24/11/115015
http://doi.org/10.1117/1.3553393
http://doi.org/10.1007/s00542-012-1672-0
http://doi.org/10.1088/1741-2560/10/3/036006
http://doi.org/10.1109/TIM.2015.2459531


Micromachines 2021, 12, 1521 23 of 24

89. Dabbaghian, A.; Yousefi, T.; Fatmi, S.Z.; Shafia, P.; Kassiri, H. A 9.2-g Fully-Flexible Wireless Ambulatory EEG Monitoring and
Diagnostics Headband With Analog Motion Artifact Detection and Compensation. IEEE Trans. Biomed. Circuits Syst. 2019, 13,
1141–1151. [CrossRef] [PubMed]

90. Sun, Y.; Yu, X.B. Capacitive Biopotential Measurement for Electrophysiological Signal Acquisition: A Review. IEEE Sens. J. 2016,
16, 2832–2853. [CrossRef]

91. Liu, J.; Liu, X.; He, E.; Gao, F.; Li, Z.; Xiao, G.; Xu, S.; Cai, X. A novel dry-contact electrode for measuring electroencephalography
signals. Sens. Actuator A Phys. 2019, 294, 73–80. [CrossRef]

92. Fiedler, P.; Pedrosa, P.; Griebel, S.; Fonseca, C.; Haueisen, J. Novel flexible dry PU/TiN-multipin electrodes: First application
in EEG measurements. In Proceedings of the International Conference of the IEEE Engineering in Medicine & Biology Society,
Boston, MA, USA, 30 August–3 September 2011; pp. 55–58.

93. Krachunov, S.; Casson, A.J. 3D Printed Dry EEG Electrodes. Sensors 2016, 16, 1635. [CrossRef]
94. Kitoko, V.; Nguyen, T.N.; Nguyen, J.S.; Tran, Y.; Nguyen, H.T. Performance of dry electrode with bristle in recording EEG rhythms

across brain state changes. In Proceedings of the International Conference of the IEEE Engineering in Medicine & Biology Society,
Boston, MA, USA, 30 August–3 September 2011; pp. 59–62.

95. Grozea, C.; Voinescu, C.D.; Fazli, S. Bristle-sensors-low-cost flexible passive dry EEG electrodes for neurofeedback and BCI
applications. J. Neural Eng. 2011, 8, 025008. [CrossRef] [PubMed]

96. Gao, K.-P.; Yang, H.-J.; Wang, X.-L.; Yang, B.; Liu, J.-Q. Soft pin-shaped dry electrode with bristles for EEG signal measurements.
Sens. Actuator A Phys. 2018, 283, 348–361. [CrossRef]

97. Lee, J.S.; Han, C.M.; Kim, J.H.; Park, K.S. Reverse-curve-arch-shaped dry EEG electrode for increased skin–electrode contact area
on hairy scalps. Electron. Lett. 2015, 51, 1643–1645. [CrossRef]

98. Krishnan, A.; Kumar, R.; Venkatesh, P.; Kelly, S.; Grover, P. Low-cost carbon fiber-based conductive silicone sponge EEG electrodes.
In Proceedings of the 2018 40th Annual International Conference of the IEEE Engineering in Medicine and Biology Society
(EMBC), Honolulu, HI, USA, 18–21 July 2018; pp. 1287–1290.

99. Chen, Y.H.; Op de Beeck, M.; Vanderheyden, L.; Carrette, E.; Mihajlovic, V.; Vanstreels, K.; Grundlehner, B.; Gadeyne, S.; Boon, P.;
Van Hoof, C. Soft, comfortable polymer dry electrodes for high quality ECG and EEG recording. Sensors 2014, 14, 23758–23780.
[CrossRef]

100. Lofhede, J.; Seoane, F.; Thordstein, M. Textile electrodes for EEG recording—A pilot study. Sensors 2012, 12, 16907–16919.
[CrossRef] [PubMed]

101. Kumar, N.M.; Thilagavathi, G. Design and Development of Textile Electrodes for EEG Measurement using Copper Plated
Polyester Fabrics. J. Text. Appar. Technol. Manag. 2014, 8, 80–85.

102. Lin, C.T.; Liao, L.D.; Liu, Y.H.; Wang, I.J.; Lin, B.S.; Chang, J.Y. Novel dry polymer foam electrodes for long-term EEG measurement.
IEEE. Trans. Biomed. Eng. 2011, 58, 1200–1207. [CrossRef] [PubMed]

103. Yapici, M.K.; Alkhidir, T.; Samad, Y.A.; Liao, K. Graphene-clad textile electrodes for electrocardiogram monitoring. Sens. Actuators
B Chem. 2015, 221, 1469–1474. [CrossRef]

104. Muthukumar, N.; Thilagavathi, G.; Kannaian, T. Polyaniline-coated foam electrodes for electroencephalography (EEG) measure-
ment. J. Text. Inst. 2015, 107, 283–290. [CrossRef]

105. Li, G.; Wu, J.; Xia, Y.; Wu, Y.; Tian, Y.; Liu, J.; Chen, D.; He, Q. 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. 2020, 17, 026001. [CrossRef]

106. Jiang, Y.; Liu, L.; Chen, L.; Zhang, Y.; He, Z.; Zhang, W.; Zhao, J.; Lu, D.; He, J.; Zhu, H.; et al. Flexible and Stretchable Dry Active
Electrodes with PDMS and Silver Flakes for Bio-potentials Sensing Systems. IEEE Sens. J. 2021, 21, 12255–12268. [CrossRef]

107. Lee, J.H.; Hwang, J.Y.; Zhu, J.; Hwang, H.R.; Lee, S.M.; Cheng, H.; Lee, S.H.; Hwang, S.W. Flexible Conductive Composite
Integrated with Personal Earphone for Wireless, Real-Time Monitoring of Electrophysiological Signs. ACS Appl. Mater. Interfaces
2018, 10, 21184–21190. [CrossRef]

108. Kappel, S.L.; Rank, M.L.; Toft, H.O.; Andersen, M.; Kidmose, P. Dry-Contact Electrode Ear-EEG. IEEE. Trans. Biomed. Eng. 2019,
66, 150–158. [CrossRef] [PubMed]

109. Mota, A.R.; Duarte, L.; Rodrigues, D.; Martins, A.C.; Machado, A.V.; Vaz, F.; Fiedler, P.; Haueisen, J.; Nóbrega, J.M.; Fonseca, C.
Development of a quasi-dry electrode for EEG recording. Sens. Actuator A Phys. 2013, 199, 310–317. [CrossRef]

110. Li, G.; Zhang, D.; Wang, S.; Duan, Y.Y. Novel passive ceramic based semi-dry electrodes for recording electroencephalography
signals from the hairy scalp. A Sens. Actuators B Chem. 2016, 237, 167–178. [CrossRef]

111. Hua, H.; Tang, W.; Xu, X.; Feng, D.D.; Shu, L. Flexible Multi-Layer Semi-Dry Electrode for Scalp EEG Measurements at Hairy
Sites. Micromachines 2019, 10, 518. [CrossRef] [PubMed]

112. Gao, K.P.; Yang, H.J.; Liao, L.L.; Jiang, C.P.; Zhao, N.; Wang, X.L.; Li, X.Y.; Chen, X.; Yang, B.; Liu, J. A Novel Bristle-Shaped
Semi-Dry Electrode With Low Contact Impedance and Ease of Use Features for EEG Signal Measurements. IEEE. Trans. Biomed.
Eng. 2020, 67, 750–761. [CrossRef] [PubMed]

113. Xing, X.; Pei, W.; Wang, Y.; Guo, X.; Zhang, H.; Xie, Y.; Gui, Q.; Wang, F.; Chen, H. Assessing a novel micro-seepage electrode with
flexible and elastic tips for wearable EEG acquisition. Sens. Actuator A Phys. 2018, 270, 262–270. [CrossRef]

114. Peng, H.-L.; Jing-Quan, L.; Tian, H.-C.; Dong, Y.-Z.; Yang, B.; Chen, X.; Yang, C.-S. A novel passive electrode based on porous Ti
for EEG recording. Sens. Actuators B Chem. 2016, 226, 349–356. [CrossRef]

http://doi.org/10.1109/TBCAS.2019.2936327
http://www.ncbi.nlm.nih.gov/pubmed/31443050
http://doi.org/10.1109/JSEN.2016.2519392
http://doi.org/10.1016/j.sna.2019.05.017
http://doi.org/10.3390/s16101635
http://doi.org/10.1088/1741-2560/8/2/025008
http://www.ncbi.nlm.nih.gov/pubmed/21436526
http://doi.org/10.1016/j.sna.2018.09.045
http://doi.org/10.1049/el.2015.1873
http://doi.org/10.3390/s141223758
http://doi.org/10.3390/s121216907
http://www.ncbi.nlm.nih.gov/pubmed/23223149
http://doi.org/10.1109/TBME.2010.2102353
http://www.ncbi.nlm.nih.gov/pubmed/21193371
http://doi.org/10.1016/j.snb.2015.07.111
http://doi.org/10.1080/00405000.2015.1028248
http://doi.org/10.1088/1741-2552/ab71ea
http://doi.org/10.1109/JSEN.2021.3061949
http://doi.org/10.1021/acsami.8b06484
http://doi.org/10.1109/TBME.2018.2835778
http://www.ncbi.nlm.nih.gov/pubmed/29993415
http://doi.org/10.1016/j.sna.2013.06.013
http://doi.org/10.1016/j.snb.2016.06.045
http://doi.org/10.3390/mi10080518
http://www.ncbi.nlm.nih.gov/pubmed/31382695
http://doi.org/10.1109/TBME.2019.2920711
http://www.ncbi.nlm.nih.gov/pubmed/31170063
http://doi.org/10.1016/j.sna.2017.12.048
http://doi.org/10.1016/j.snb.2015.11.141


Micromachines 2021, 12, 1521 24 of 24

115. Lin, S.; Liu, J.; Li, W.; Wang, D.; Huang, Y.; Jia, C.; Li, Z.; Murtaza, M.; Wang, H.; Song, J.; et al. A Flexible, Robust, and Gel-Free
Electroencephalogram Electrode for Noninvasive Brain-Computer Interfaces. Nano Lett. 2019, 19, 6853–6861. [CrossRef]

116. Toyama, S.; Takano, K.; Kansaku, K. A non-adhesive solid-gel electrode for a non-invasive brain-machine interface. Front. Neurol.
2012, 3, 114. [CrossRef] [PubMed]

117. Sang, Z.; Ke, K.; Manas-Zloczower, I. Design Strategy for Porous Composites Aimed at Pressure Sensor Application. Small 2019,
15, e1903487. [CrossRef]

118. Besio, W.; Prasad, A. Analysis of skin-electrode impedance using concentric ring electrode. Conf. Proc. IEEE Eng. Med. Biol. Soc.
2006, 1, 6414–6417.

119. Pinto, A.M.R.; Bertemes-Filho, P.; Paterno, A. Gelatin: A skin phantom for bioimpedance spectroscopy. Biomed. Phys. Eng. Express.
2015, 1, 035001. [CrossRef]

120. Guger, C.; Krausz, G.; Allison, B.Z.; Edlinger, G. Comparison of dry and gel based electrodes for p300 brain-computer interfaces.
Front. Neurosci. 2012, 6, 60. [CrossRef]

http://doi.org/10.1021/acs.nanolett.9b02019
http://doi.org/10.3389/fneur.2012.00114
http://www.ncbi.nlm.nih.gov/pubmed/22826701
http://doi.org/10.1002/smll.201903487
http://doi.org/10.1088/2057-1976/1/3/035001
http://doi.org/10.3389/fnins.2012.00060

	Introduction 
	EEG Electrodes 
	Principle of EEG Acquisition 
	Wet Electrodes 
	Dry Electrodes 
	MEMS Dry Electrodes 
	Non-Contacted Electrodes 
	Common-Contact Dry Electrodes 

	Semi-Dry Electrodes 

	Evaluation Methods for EEG Electrodes 
	Evaluation of Chemical Characteristics 
	Simulation of Actual Application Scenarios 
	Antioxidant Performance 
	Sweat Resistance 
	Moisture Retention 
	Structural Stability 

	Electrochemical Performance 
	Impedance 
	Electrode Polarization and Electrochemical Noise 

	Mechanical Performance 
	Biocompatibility 
	Operation Difficulty and Comfort 

	Challenges for EEG Electrodes and Expectations 
	References

