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Haowen Yuan,a Huyan Shen,a Zhou Liang*d and Yao Li *a

Brain–computer interfaces (BCIs) provide promising prospects for the field of healthcare and rehabilitation,

presenting significant advantages for humanity. The development of electrodes that exhibit satisfactory

performance characteristics, including high electrical conductivity, optimal comfort, and exceptional

stability, is crucial for the effective implementation of electroencephalography (EEG) recording in BCI

systems. The present study introduces a novel EEG electrode design that utilizes a composite material

consisting of reduced graphene oxide (RGO) and polyurethane (PU) sponge. This electrode is

characterized by its low impedance, stability, and flexibility. This work offers a high level of comfort while

in touch with the skin and is designed to be user-friendly. Due to its notable moisturizing capacity,

adaptable structure, and the presence of conductive RGO networks, the RGOPU semi-dry electrode

exhibits a skin-contact impedance of less than 5.6 kU. This value is equivalent to that of a wet electrode

and lower than that of a commercially available semi-dry electrode. The stability tests have

demonstrated the outstanding electrical and mechanical performance of the material, hence confirming

its suitability for long-term EEG recording. Additionally, the RGOPU semi-dry electrode demonstrates

stable recording of EEG data and accurate detection of action potentials. Furthermore, the correlation

coefficient between the RGOPU semi-dry electrode and wet electrodes exceeds 0.9. Additionally, it

acquires electroencephalogram signals characterized by high signal-to-noise ratios (SNRs) in the context

of alpha-wave and steady-state visual evoked potential (SSVEP) tests. The accuracy of the BCI is similar

to that of wet electrodes, indicating a potential capability for sensing EEG in BCI applications.
1. Introduction

The brain–computer interface (BCI) facilitates a direct means of
contact between the human brain and a computer system,
bypassing the need for physical muscular activity. It has the
capability to continuously monitor brain activity and acquire
prociency in both physical andmental conditions by analyzing
electroencephalography (EEG) signals, which are low-intensity
bioelectrical signals generated by the brain.1–3 Due to its supe-
rior attributes, this technology has found applications in
various domains, including health monitoring,4,5 disease diag-
nosis,6,7 and rehabilitation.8 These applications have
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signicantly contributed to human well-being and enhanced
everyday living. The collection of EEG signals from participants
is a fundamental component of a complete BCI system, with
EEG electrodes serving as a pivotal element in this process.9

Consequently, the optimization of EEG electrodes holds
signicant signicance in the advancement of Brain–Computer
Interface (BCI) systems.

EEG electrodes can be classied into wet, dry, and semi-dry
electrodes, according to the amount and type of electrolyte
added.10,11 The utilization of conventional wet electrodes,
specically those composed of Ag/AgCl, has been extensively
employed in the eld of electroencephalogram (EEG) sensing.
This is mostly due to their favourable characteristics, including
low impedance upon contact with the skin and the ability to
capture high-quality EEG data. Nevertheless, the utilization of
conductive gel in wet electrodes has the potential to cause
discomfort among users and may elicit allergic reactions.12 In
addition, the process of preparing wet electrodes is character-
ized by its time-intensive nature and the requirement for skilled
personnel. Consequently, the development of dry electrodes has
emerged as a comfortable and convenient alternative to wet
electrodes, obviating the need for gel application. However, the
presence of signicantly elevated contact impedance and an
RSC Adv., 2024, 14, 34415–34427 | 34415

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra05560h&domain=pdf&date_stamp=2024-10-28
http://orcid.org/0000-0002-5552-2282
https://doi.org/10.1039/d4ra05560h
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05560h
https://rsc.66557.net/en/journals/journal/RA
https://rsc.66557.net/en/journals/journal/RA?issueid=RA014046


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/4
/2

02
5 

4:
59

:4
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
unreliable electrode/scalp interface imposes limitations on
their capacity to provide high-quality EEG recording. Li et al.
fabricated a novel printable Ag/AgCl dry electrode array with
exible tines. This dry electrode was exible and able to pierce
into the scalp and absorb sufficient sweat as electrolytes to
reduce the skin-contact impedance, although its value was
much higher than that of wet electrodes.13 The creation of semi-
dry electrodes, which possess both low contact impedance and
a comfortable user experience, has resulted in the amalgam-
ation of the benets offered by these two electrode types. In
contrast to wet electrodes, these electrodes are affixed to the
scalp using a minimal quantity of electrolyte solution (such as
saline) rather than conductive gel. This modication is inten-
ded to enhance conductivity,14 while also reducing the risk of
allergic reactions and simplifying the cleaning and operational
processes. Nevertheless, the inclusion of electrolyte leads to
rapid evaporation, hence causing a substantial rise in imped-
ance. In addition, several semi-dry electrodes, despite exhibit-
ing satisfactory stability and mechanical performance, are
frequently associated with discomfort. The integration of many
required performance characteristics, such as low contact
impedance, great comfort, outstanding stability, and high
mechanical qualities, is a challenge for semi-dry electrodes.

In order to address these challenges, researchers have
undertaken endeavors to innovate novel variants of semi-dry
electrodes. In their study, Duan et al. proposed a strategy of
synthesizing semi-dry electrodes by employing hydrophilic
material to form a stable ionic conductive interface for low skin-
contact impedance, excellent convenience, and high comfort.15

They found that materials with high moisture-retaining, exi-
bility, and high ionic conductivity were candidates for being
embedded into a dry electrode.16 These ndings inspire the
development of semi-dry electrodes. Wan et al. successfully
produced a exible hydrogel by combining polyvinyl alcohol
and polyacrylamide in a double-network structure to form a new
type of semi-dry electrodes. This electrode demonstrated supe-
rior mechanical strength and enhanced capacity for electrolyte
loading and unloading compared to traditional hydrogel elec-
trodes. However, it should be noted that the skin-contact
impedance of this electrode was rather high, as reported by
the authors.17 Li et al. further improved this type of semi-dry
electrodes by physical/chemical crosslinking the two polymers
during the preparation of its coupling material. Due to the
strong crosslinking, the electrode was robust, and self-adhesive
to the scalp with excellent compliance. The steady saline release
was also ensured, leading to stable electrode potentials and
reduced skin-contact impedance. Nevertheless, the problem of
unsatised skin-contact impedance of polymer electrodes has
not been completely solved.18 Chen et al. devised a micro-
seepage semi-dry electrode resembling a pen, utilizing poly-
urethane (PU) sponges.19 These sponges are characterized by
their exible polymer composition and porous structure, which
enables efficient electron transfer and substantial water reten-
tion capacity.19 The electrode in question has a low contact
impedance; however, its fabrication necessitates a high pres-
sure, which is inconvenient. Furthermore, the nonuniform
application of pressure may lead to instability in the impedance
34416 | RSC Adv., 2024, 14, 34415–34427
of skin contact. Hence, it is imperative to enhance the efficacy
and stability of EEG recording over extended periods by further
enhancing the performance of semi-dry electrodes.

The proposal suggests a way for incorporating a conductive
material onto a exible sponge substrate to create a semi-dry
electrode that exhibits favourable performance in BCI
systems. The introduction of a exible substrate guarantees
optimal comfort and effective scalp contact of the semi-dry
electrode. Additionally, the incorporation of a conductive
substance addresses the challenge of impedance reduction,
hence resolving the limitations encountered in prior electrode
developments. In order to enhance the efficiency of the appli-
cation, it is imperative to uphold the mechanical functionality,
stability, and cost-effectiveness of electrodes. The application of
silver nanowires (AgNWs) as conductive materials in semi-dry
electrodes has been extensively employed owing to their
exceptional exibility and high conductivity.20,21 Still, the
limited adherence to the substrate and the inadequate corro-
sion resistance of these materials pose challenges for their use
in prolonged applications. The amalgamation of many
constituents can also lead to elevated expenses, intricacies in
preparation, and potentially diminished efficacy. Hence, there
is an immediate need to identify a more appropriate and effi-
cient conductive material for sponge matrix composites. The
utilization of reduced graphene oxide (RGO) as a novel
conductive material has been suggested due to its comparable
electrical conductivity, improved electrochemical stability, and
enhanced adhesive property. Additionally, it should be noted
that RGO exhibits mechanical durability and exibility,
possesses favourable biocompatibility, and may be easily
synthesized using inexpensive raw ingredients.22 Furthermore,
the RGO material exhibits a conductive solid network, resulting
in the formation of a resilient and highly conductive framework
when combined with a sponge substrate. This combination
enables the establishment of a stable and low-impedance
interface between the scalp and electrode. In general, reduced
graphene oxide (RGO) exhibits considerable potential as
a viable option for implementation as a semi-dry electrode
when utilized in conjunction with exible substrates, such as
polyurethane (PU) sponges.

The objective of this study is to create a composite material
consisting of reduced graphene oxide (RGO) and polyurethane
(PU) sponge (referred to as RGOPU) using a cost-effective and
easily scalable method. This involves connecting RGO to a ex-
ible PU sponge framework to produce a exible electrode that
operates in a saline-based semi-dry environment (as shown in
Fig. 1a and b). The RGOPU composite is formed by integrating
the benecial properties of both the PU sponge and RGO,
resulting in a robust interfacial bond between the two compo-
nents. The RGOPU serves as a coupling material when
absorbing saline and is attached with Ag/AgCl disks to fabricate
a semi-dry electrode. This novel semi-dry electrode variant
demonstrates the capability to attain a diminished contact
impedance, ensuring a user experience characterized by
comfort, convenience, mechanical prociency, and steadfast-
ness. Due to the presence of conductive reduced graphene oxide
(RGO) networks, the so and porous structure, and the solid
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of (a) the RGOPU preparation and (b) the
application of the saline-based RGOPU semi-dry electrode as an EEG
electrode in the BCI system.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/4
/2

02
5 

4:
59

:4
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
moisturizing capability of polyurethane (PU) sponges,20,21,23

RGOPU semi-dry electrodes exhibit exibility and demonstrate
reduced skin-contact impedance and enhanced stability
compared to previously established semi-dry electrodes. Due to
their exceptional characteristics, it is anticipated that they
would achieve a commendable electroencephalogram (EEG)
sensing capability comparable to that of wet electrodes,
rendering them highly suitable for integration into brain–
computer interface (BCI) systems.
2. Experimental
2.1. Reagents and raw materials

Flake graphite (CP, 99%) was purchased from the XF Nano
Material Technology Co., Ltd (Nanjing, China). Sodium chloride
(NaCl, AR, $99.5%) was supplied by Shanghai Lingfeng
Chemical Reagent Co., Ltd (Shanghai, China). Potassium
permanganate (KMnO4, AR, $99.5%), sulfuric acid (H2SO4, AR,
96%), ammonium chloride (NH4Cl, AR, $99.5%), urea
(CH4N2O, AR, $99.0%), acetic acid (C2H4O2, AR, $99.5%), and
ethanol (C2H6O, AR, $99.7%) were purchased from China
National Medicines Co., Ltd (Beijing, China). Hydrazine hydrate
(N2H4$H2O, AR, 80%) and lactic acid (C3H6O3, AR, 85–90%)
were obtained from Beijing InnoChem Science & Technology
Co., Ltd (Beijing, China). Commercially available PU sponges
and waterproof glue were used in the experiments.
2.2. RGOPU preparation and electrode assembly

The PU sponge (density = 32.9 kg m−3) was cut into cylindrical
shapes (diameter: 11 mm; height: 18 mm) and washed with
deionized water and ethanol several times. Then, 2 g of gra-
phene oxide (GO, 2.5 wt%, prepared by the modied Hummer's
method),24 10 mL of deionized water and 2.5 mL of ethanol
($99.7%) were mixed, followed by adding 300 mL of hydrazine
hydrate (N2H4$H2O, 80%). The mixture was stirred for 20 min
(speed = 500 rpm), followed by ultrasonic dispersion for
20 min. The PU sponge was dropped into the distribution,25

squeezed several times to ensure complete immersion, and
sonicated for 30 min in an ultrasonic bath. The system was
placed in a water bath on a heating plate at 90 °C for 12 h. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
reduced conductive sponge was washed with deionized water
and ethanol several times, then placed in a vacuum drying oven
at 80 °C for 12 h to obtain the nal sample. Other types of
RGOPU were prepared for comparison by changing the
reducing agents and the amount of GO.

The external holder for the RGOPU electrode was a hollow
polyethylene cylinder with inner and outer diameters of 10 mm
and 12 mm, respectively. The interior of the cylinder was an
ellipsoidal conductive Ag/AgCl disc with an embedded signal
transmission line. A waterproof glue was applied around the
RGOPU and solidied at 25 °C for 24 h before the RGOPU was
placed inside a hollow cylinder. A PU electrode with the same
shape and size as the RGOPU electrode was fabricated following
the above process for comparisons.

2.3. RGOPU characterization

The compositions and structures of the physical phases were
conrmed using XRD (Rigaku D/max2550VL, Japan) and micro-
Raman spectroscopy (IR, Renishaw in Via Qontor, UK). The
morphology of the samples was characterized using SEM (FEI
Quanta 250, USA). Elemental analysis was conducted using XPS
(AXIS Ultra DLD, UK). FT-IR measurements were conducted
using a Thermo Fisher Nicolet 6700 spectrophotometer.

2.4. Mechanical and electrical stability test

The exibility and mechanical stability of the RGOPU were
measured at 25 °C using a universal material testingmachine in
a cyclic compression mode combined with a computer-
controlled electrochemical workstation (CHI 660E, CH Instru-
ment, China) using a two-electrode system.

2.5. Skin-contact impedance test

Five healthy young adults were recruited. The saline was added
to the RGOPU and PU to form semi-dry electrodes. Two iden-
tical electrodes were placed near the selected locations with
a distance of 2.5 cm, and the contact impedance was measured
with a computer-controlled electrochemical workstation (CHI
660E, CH Instrument, China) using a two-electrode system.

2.6. EEG signal test

Ten healthy young adults (with an average age of 26) with short
haircuts were recruited. According to the standard protocol
methods for EEG acquisition,26 each subject was positioned
with an EEG cap aer their hair was wiped with saline. The
ground and reference electrodes were clamped to their ears. The
saline was added to the RGOPU to form a semi-dry electrode,
and the electrodes were installed on the EEG cap and stabilized
for several minutes before the test started. The EEG signals were
recorded with a type of amplier, an iRecorder W16 (Shanghai
Idea-Interaction Tech., Co., Ltd), and transmitted to computers
for further analysis. During the test, the subjects followed the
instructions to open, close, and blink their eyes. Among these
instructions, the pattern of eyes open/closed (EO/EC) was
allowed to be repeated several times, referring to the pattern of
Riekkinen et al.27 For the SSVEP test, referring to the previously
RSC Adv., 2024, 14, 34415–34427 | 34417
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Fig. 2 Chemical structure and composition of RGOPU. (a) Raman
spectra of the RGOPU, GOPU, and PU. (b) XRD spectra of the GOPU
and RGOPU. (c) XPS full-spectrum and (d) C 1s high-resolution spectra
of the GOPU and RGOPU.
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reported patterns,28,29 the subjects were asked to gaze at targets
at different frequencies with 1 min interval for rest in four test
sessions. The frequency of the target in each test session was 8,
10, 12, and 15 Hz, respectively. The subjects were further asked
to follow the random instructions on the screen to gaze for 5 s at
one of four targets placed in different locations ashing at
a specic frequency (among the above four frequencies).30 This
process was repeated 40 times with each target appearing 10
times.31 The four targets with different frequencies were kept
ashing during the test.

2.7. EEG signal processing

The EEG signals collected during the test were ltered by the
band-pass lter with signals at the frequency of 1–50 Hz le.
The signal data were further processed and analyzed in MAT-
LAB with a type of processing tool EEGLAB.

The correlation coefficient of EEG signals was calculated in
eqn (1):32

Correlation coefficient ¼ cov ðx1; x2Þffiffiffiffiffiffiffiffiffiffiffiffi
sx1sx2

p (1)

where x1 and x2 are the signals recorded by the RGOPU semi-dry
electrodes and Ag/AgCl wet electrodes, respectively, cov(x1,x2) is
the covariance between these signals, and s is the variance of
the signal amplitude.

Referring to the denition of Duan et al.,26 the signal-to-noise
ratio (SNR) was calculated in eqn (2):

SNR ¼ 20� log10

�
mean

�
SRsignal

�
meanðSRnoiseÞ

�
ðdBÞ (2)

where SRsignal is the spectra response of the signals that are
required from the frequency-domain spectra, and SRnoise is the
spectra response of the noise hindering the study, which is
usually the background of the signals.

The classication accuracy of the EO/EC pattern was ob-
tained by a traditional machine learning method of linear
discriminant analysis (LDA). In addition, the classication
accuracy of BCI systems in the SSVEP paradigm was calculated
based on the canonical correlation analysis (CCA), referring to
the method proposed by Isabelle Merlet et al.33 In CCA algo-
rithm, the correlation coefficient is calculated as the formula
mentioned above, but the two signals used for the calculation
turn into X and Y, where X refers EEG signals recorded by the
samples and Y is the reference signals generated by the
computer according to the relevant parameters. The main
mathematical principle is shown in eqn (3) and (4):32

Y ¼

8>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>:

sinð2pfntÞ
cosð2pfntÞ

«

sinð2pNhfntÞ
cosð2pNhfntÞ

9>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>;

; t ¼ 1

f
;

2

f
/

T

f
; Nh ¼ 5 (3)
34418 | RSC Adv., 2024, 14, 34415–34427
Correlation coefficient ¼ covðX ; Y Þffiffiffiffiffiffiffiffiffiffiffiffi
sXsY

p (4)

where Nh is the number of harmonics, fn refers to the nth
stimulus frequency, T is the total time-points of EEG data, f is
the sampling rate, and t is the time of each time-point calcu-
lated by the T and f.

The frequency corresponding to the maximum correlation
coefficient is the recognized response frequency of EEG signals.
The identied response frequency was compared with the
frequency of stimuli to obtain the accuracy.

The information transfer rate (ITR) was used to assess the
EEG sensing performance of electrodes, which was calculated in
eqn (5):34

ITR ¼
�
log2 N þ P log2 Pþ ð1� PÞlog2

�
1� P

N � 1

��
60

T
(5)

where N is the number of the classes of stimulus targets, P is the
target recognition accuracy, T is the average time for response,
usually referring to the data length.19,35

2.8. Ethical approval

Before the study, an informed written consent from all partici-
pants or next of kin was obtained. The procedures in this study
were approved by the local ethics committee of Shanghai Jiao
Tong University (Grant No. I20230152I), and was conducted in
accordance with the Declaration of Helsinki 2004.

3. Results and discussion
3.1. Characterization of RGOPU

X-ray photoelectron spectra (XPS), X-ray diffraction (XRD) and
Raman spectroscopy were used to verify the presence of RGO in
the synthesized materials. Fig. 2a shows the Raman spectra of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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the graphene oxide (GO)/PU sponge composite (GOPU), RGOPU,
and PU, with the typical D and G bands of carbonmaterials near
1312 cm−1 and 1600 cm−1 for RGOPU. The ratio of ID/IG, which
reects the density of lattice defects in carbon materials,
increased from 0.63 in GOPU to 1.19 in RGOPU, indicating that
the GOPU is well converted into the RGOPU. No characteristic
peaks of PU were detected on the RGOPU sample, demon-
strating that the surface of the PU sponge is almost fully covered
by RGO. The XRD patterns of GOPU and RGOPU are compared
in Fig. 2b. The GOPU pattern shows a high-intensity charac-
teristic diffraction peak at 11°, which does not appear in that of
RGOPU. A peak at approximately 25° in the RGOPU pattern
accounts for the graphite-like structures in the (002) plane,
indicating the presence of RGO. Fig. 2c shows the XPS full-
spectrum of the GOPU and RGOPU. A decrease in the oxygen
level for the RGOPU is observed following the reduction of
hydrazine hydrate. The C–O peak in the RGOPU is signicantly
reduced. The C]C peak is increased in the XPS C 1s spectra in
Fig. 2d. These observations suggest that the RGOPU is
successfully prepared from the complete reduction of GOPU.
The conjugate structure of the atomic layer is recovered,
allowing the extension of the electron cloud to the whole system
for enhanced conductivity. The Fourier-transform infrared (FT-
IR) spectra of RGOPU and RGO are shown in Fig. S1.†

The scanning electron microscopy (SEM) images in Fig. 3
reveal the morphology and highly porous structure of the
RGOPU at a micron scale. Compared with the SEM images of
the PU sponge in Fig. S2,† the surface of the RGOPU is not
smooth and covered by a large amount of RGO coatings that are
attached to the PU sponge skeleton in sheets with solid adhe-
sion, like tiles. The spacious and thick PU sponge skeleton
ensures the sufficient attachment of plentiful RGO coatings,
which is good for low impedance. The RGO sheets are con-
nected to form three-dimensional networks through the PU
sponge skeleton. Due to the high pore density of the PU sponge
used for composition, the networks of RGO are relatively dense.
Fig. 3 (a–d) SEM images of the RGOPU.

© 2024 The Author(s). Published by the Royal Society of Chemistry
The porous structure of the PU sponge is well preserved without
destroying from RGO coatings and can be clearly observed on
the RGOPU. The efficient covering of RGO coatings lays a solid
foundation for the electrical and mechanical properties and
stability of the RGOPU composite.
3.2. Electrical & mechanical properties and stabilities

The high electrical conductivity of electrodes benets the
reduction of their skin-contact impedance and the high quality
of EEG signals recorded. The impedance of RGOPU in dry and
saline-based states is shown in Fig. S3a.† The dry RGOPU
exhibits an impedance of 3504 U, owing to the three-
dimensional conductive networks of RGO in combination
with the rapid electron transport channels from its porous
structure.36,37 Compared with other types of RGOPU prepared
with NaBH4 or vitamin C (VC) as reducing agents, RGOPU
prepared by hydrazine hydrate possesses a much lower
impedance (Fig. S4†). This is because the reduction by hydra-
zine hydrate can achieve the C/O as high as possible with less
oxygen content (Fig. S5†), beneting the reconstruction of the
conjugate structure and improving the electrical conductivity.
When saline was added, the impedance drops to 241.4 ± 2.8 U.
The rapid ion diffusion and electron transport inside the semi-
dry electrode reduce the charge transfer resistance and the
internal resistance. The synergistic effect of the ionic conduc-
tion and the electronic conduction of RGO networks endows the
saline-based RGOPU with a low impedance. The impedance of
the saline-based PU with the same shape and size is tested, and
its value is 1351 ± 33 U, further indicating the advantage of the
RGO.

Excellent chemical and electrical stabilities are also required
for EEG electrodes, which lead to stable contact with the skin in
practical applications. The chemical stability of RGOPU in
saline was tested. In Fig. S6,† the impedance of RGOPU kept
high stability with only 4.55% increase in saline aer 6 d. Fig. 4a
shows the variations in impedance of RGOPU over time at the
25 °C and 60 °C temperatures. The impedance of the RGOPU
remains stable at 25 °C, with only an 8% increase aer 6 d,
showing satisfying electrical stability. At 60 °C, there was an
approximately 50% increase in impedance aer 6 d, while the
rise of impedance gradually slowed down, and the impedance
tended to keep stable.

Considering the complexity of the physicochemical condi-
tions in human bodies, especially the inuence of sweat with
a certain pH value, we tested the impedance changes of RGOPU
aer long-term immersion in articial sweat with different pH
values to simulate practical applications. Although the pH value
of human sweat is usually in the range of 4.5–6,12 we expanded
the test range of pH to 2.2–7.5 to simulate the extreme condi-
tions. As shown in Fig. 4b, the impedance of RGOPU remains
constant for 7 d at pH of 5.9 and 7.5. When the pH is decreased
to 4.3, the impedance increases by approximately 25% aer 7 d.
These results demonstrate good chemical stability of RGOPU
under a typical human physiological environment.

The electrical stability of the RGOPU in saline is shown in
Fig. 4c. The saline-based RGOPU kept fairish electrical stability
RSC Adv., 2024, 14, 34415–34427 | 34419
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Fig. 4 Electrical and mechanical properties and stabilities of RGOPU.
(a) Variations in the impedance at different temperatures (25 and 60 °
C). (b) Variations in the impedance after long-term immersion in the
artificial sweat with different pH values (2.2, 4.3, 5.9 and 7.5). (c)
Electrical stability of the saline-based RGOPU. (d) Result of the dehy-
dration rate test for the saline-based RGOPU at room temperature in
600 min. (e) Open-circuit potential of RGOPU in saline in 10 min. (f)
Potential drift of RGOPU in the saline. (g) Elasticity (pressure vs.
compression) of RGOPU at compression ratios from 20% to 70%. (h)
Changes in the impedance of the RGOPU semi-dry electrode during
approximately 10 000 compression cycles at 20%, 40%, and 60%
compression ratios.
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with the impedance increasing from 242 U to 312 U aer 1 h. In
addition to the stable conductive networks, its strong moistur-
izing ability also enhances the great improvement of electrical
conductivity made by saline. The dehydration rate test veried
the strong moisturizing ability of the RGOPU. The dehydration
rate of the electrode was less than 8.2 wt%, aer placement in
saline at room temperature for 10 h (Fig. 4d).38 During the test,
the saline was absorbed by the RGOPU and well retained in its
porous sponge structure, ensuring a long-term low impedance.
On a structural level, its moisturizing solid ability is mainly
contributed by the highly porous sponge structure.12 To prove
that, the dehydration rate of saline-based RGOPU composite
with different pore densities is compared in Fig. S7.† The
RGOPU prepared in this work with a high pore density (H-
RGOPU) manifested the lowest dehydration rate.

Fig. 4e displays the open circuit potential (OCP) of RGOPU
semi-dry electrodes. The saline-based RGOPU semi-dry elec-
trode exhibits a low and steady potential with an average equi-
librium potential value of 3.894± 0.995 mV (repetition number:
5) and a small likely dri of ±2.22 × 10−6 V s−1 (Fig. 4f). This
indicates that the RGOPU semi-dry electrode has a low imped-
ance and outstanding polarization voltage stability, which helps
to reduce the noise interference to the EEG signals and
enhances the signal quality. The OCP values of the PU semi-dry
electrodes are shown in Fig. S8,† where higher potentials
(average: 7.56 ± 0.889 mV, repetitons: 5) are obtained, showing
the great advantages of RGO for enhancing electrical
conductivity.

The cyclic voltammetry (CV) curve of saline-based RGOPU
measured by a two-electrode system in Fig. S9† shows a linear
34420 | RSC Adv., 2024, 14, 34415–34427
trend, which means that RGOPU possesses a nearly constant
impedance and superb electrochemical stability in saline under
the applied potential range of −0.2 V to 0.2 V.

For practical applications, EEG electrodes are oen
compressed at different levels. Therefore, exibility and
mechanical stability are two important properties for EEG
electrodes, which may lower the contact impedance, optimize
the user experience, and prolong their service life. This study
aims to ensure that the RGOPU can keep good exibility and
that the conductive RGO coatings adhere tightly to the surface
of PU sponges. To achieve that, a self-assembly reduction
method was used to prepare a composite with a strong bonding
force,39 the outcome of which is illustrated by the results of the
following tests.

The exibility of RGOPU is reected in the results of the
compression tests in Fig. 4g and the experimental photographs
of the compressed RGOPU are displayed in Fig. S10.† As shown
in pressure-compression curves, the compression of RGOPU
returns to less than 10% without fracture aer unloading at
70% compression ratio, despite slight hysteresis. This indicates
that the RGOPU is exible, and has good compression stability.
The so structure of RGOPU also ensures a comfortable expe-
rience for users, which is conducive to its application in BCI
systems.

We conducted several rounds of compression experiments
on the RGOPU to evaluate its ability tomaintain stability over an
extended period when subjected to pressure. In accordance with
the compression studies previously documented on the appli-
cation of RGO coatings on polymers, a cyclic compressive stress
was imposed on it.40 This assessment was visualized in Fig. 4h.
According to the depicted diagram, when the compression ratio
reaches 20%, the impedance of the RGOPU experiences an
initial fall of around 34%. Subsequently, it maintains a constant
value for a duration of nearly 10 000 compression cycles. The
observed reduction in impedance can be attributed to the
enhanced connectivity of the conductive reduced graphene
oxide (RGO) coatings when subjected to compression. When the
compression ratio is elevated to 40% and even 60%, the
impedance continues to exhibit stability. The ndings indicate
that the RGOPU exhibits exceptional mechanical and electrical
stabilities when subjected to prolonged high compression
ratios, and conrmed the strong stability of RGO coatings on
the PU sponge material.

Its good coating stability comes from the dense, robust and
stable networks formed by connected RGO coatings with high
mechanical strength,41 and most importantly from the strong
adhesion of conductive RGO coatings to PU sponges. The strong
adhesion is supported by the binding force between them
coupled with the thick PU sponge skeleton. The binding force
includes the strong bonding between their groups, which can
resist external pressure without changing. Moreover, the high
exibility of PU sponges also contributes to the mechanical
stability under compression, since PU sponges can buffer
pressure to minimize the coating damage. The mechanical and
electrical stabilities of RGOPU under compression greatly help
maintain stable electrical contact with the skin and improve the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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SNR ratio of EEG signals in practical applications of BCI
systems.

As expected, the RGOPU prepared achieves a good balance
between exibility and coating stability, leading to a stable and
exible electrode/scalp contact interface, even under high
pressure. The RGOPU semi-dry electrode well meets the
requirements of EEG electrodes for excellent electrical and
mechanical properties and stabilities, and is more competent
than other semi-dry electrodes in some aspects.
3.3. Contact analysis

The contact impedance between the EEG electrode and the skin
is vital for acquiring high-quality EEG signals. We applied the
RGOPU semi-dry electrode in the BCI system and compared it
with three commercially available EEG electrodes (Fig. 5a) to
verify that the skin-contact impedance of the RGOPU semi-dry
electrode is lower than the required value. Considering that
hair density is an essential factor affecting the contact between
the electrode and the skin, positions with various hair densities
were selected for comparisons to ensure the accuracy of the
results. As shown in Fig. S11,† Fpz, Pz and Oz are three locations
with different hair densities on one vertical line, covering the
forehead and the hairy area. The impedance results at these
three locations are shown in Fig. 5b. Because one of the two
electrodes placed near the positions is used as the reference
electrode, the impedance value of a single electrode is half of
the measured result.11 The contact impedance positively corre-
lates with hair density. More importantly, the average skin-
contact impedance values of a single saline-based RGOPU
Fig. 5 Contact analysis between the skin and EEG electrodes. (a)
Commercial EEG electrodes: the cotton sponge semi-dry electrode
(left), gold cup wet electrode (center), and pin-shaped claw dry elec-
trode (right). (b) Average contact impedance between electrodes and
the skin at three different locations at 10 Hz. Frequency-impedance
plots in the range of 1–1000 Hz obtained from the EIS of various
electrodes at (c) Fp2 and (d) Cz. (e) Skin-contact impedance of a pair of
RGOPU semi-dry electrodes at Fp2 during 4 h. Measurement
frequency: 10 Hz.

© 2024 The Author(s). Published by the Royal Society of Chemistry
semi-dry electrode at these three positions are less than 5.6 kU
(3.9 ± 0.5 kU at Fpz, 5.4 ± 0.2 kU at Pz, 4.8 ± 0.4 kU at Oz),
which are comparable to those of a wet electrode and much
lower than those of a cotton sponge semi-dry electrode and
a claw dry electrode. The data of skin-contact impedance was
statistically analyzed, and the analysis results are shown in
Table S1.† Besides, the skin-contact impedance value of the
RGOPU semi-dry electrode is less affected by the electrode
position with a variance of only 0.38 across different positions.
This indicates that it can adapt well to the various hair densities
and t the scalp as efficiently as possible by its exibility. The
gap in skin-contact impedance between a single RGOPU semi-
dry electrode and a single PU semi-dry electrode reaches 0.67–
1.5 kU (Fig. S12†), which is attributed to the contribution of
conductive RGO coatings. However, the high water-storage
capacity of PU sponges still makes the skin-contact imped-
ance of the PU semi-dry electrode lower than that of commercial
cotton sponge semi-dry electrode.

The Bode plots of the skin-contact impedance of a pair of
RGOPU semi-dry electrodes and the other three pairs of
commercial electrodes at Fp2 from the electrochemical
impedance spectroscopy (EIS) also demonstrate this (Fig. 5c). At
10 Hz, the skin-contact impedance of a pair of RGOPU semi-dry
electrodes was 6.4 ± 0.03 kU (repetition number: 3), where the
value of a single electrode was 3.2 ± 0.014 kU. As the frequency
changes, the skin-contact impedance of the RGOPU semi-dry
electrode still keeps a lower value than that of the dry and
other two semi-dry electrodes. Even in the hairy area, the
superiority of RGOPU semi-dry electrode in skin-contact
impedance is still observed from the Bode plots (Fig. 5d).

The specic impedance values of electrodes are also ob-
tained by area normalization, referring to the method of Duan
et al.15 As shown in Fig. S13,† a single RGOPU semi-dry electrode
exhibits a low specic impedance (area-normalized impedance)
of 2.77 ± 0.13 kU cm−2 at Fpz and 5.72 ± 0.13 kU cm−2 at Cz at
10 Hz, which is comparable to that of the wet electrode (2.07 ±

0.09 kU cm−2 at Fpz and 2.73 ± 0.2 kU cm−2 at Cz) and much
lower than that of other electrodes.

The result of a long-term contact-impedance test is shown in
Fig. 5e. The skin-contact impedance of a single RGOPU semi-dry
electrode keeps less than 6 kU at the forehead for 4 h, given that
below 40 kU is acceptable for BCI experiments.42 This illustrates
that its service life in high-quality use is signicantly greater
than 4 h when only 1 mL of saline is added as the electrolyte. For
the semi-dry electrodes, it is enough to work efficiently for such
a long time, which meets the standard of EEG electrodes for
practical applications. The addition of saline for RGOPU semi-
dry electrodes is more convenient than the addition of
conductive gel for wet electrodes.

The RGOPU semi-dry electrode achieves a stable and low-
impedance efficient scalp/electrode contact interface. On one
hand, the low and stable impedance of the saline-based RGOPU
semi-dry electrode accounts for that. On the other hand, the
addition of saline effectively reduces the contact impedance
between the electrode and scalp. The exible electrode can also
bypass the hair with the support of a porous structure and be
bent to adapt to the shape of the scalp, resulting in efficient
RSC Adv., 2024, 14, 34415–34427 | 34421
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contact with the scalp.43 Its good exibility also helps to
enhance the stability of the contact interface.44

The comfort of the contact between the scalp and the elec-
trode is also guaranteed by the exible structure of the RGOPU
semi-dry electrode, the large contact area and the substitution
of the uncomfortable conductive gel. This type of semi-dry
electrode would not damage the cuticle, protecting the scalp
as much as possible. Moreover, the excellent biocompatibility of
the PU sponge and RGO also ensures the safety of the RGOPU
semi-dry electrode in BCI applications and avoids any adverse
reactions. The facile preparation and using process make the
electrodes convenient to users. Even under pressure, its good
exibility can prevent the scalp from stress, providing
a comfortable user experience.
Fig. 6 EEG recordings of the RGOPU semi-dry electrode. (a) EEG
signals recorded at Fp2 and Cz by the RGOPU semi-dry electrode and
Ag/AgCl wet electrode. (b) Time-domain plot of 5 s EEG signals for
blinking eyes recorded at Fp2 by the RGOPU semi-dry and Ag/AgCl
wet electrodes. (c) The correlation coefficient between EEG signals of
an RGOPU semi-dry electrode and a wet electrode at Fp2 and Cz.
Comparisons of the EEG signals recorded by the RGOPU semi-dry
electrode and Ag/AgCl wet electrode at Cz with (d) EO and (e) EC.
Frequency-domain spectra of EEG recordings for the EO/EC pattern at
Cz recorded by (f) the RGOPU semi-dry electrode and (g) Ag/AgCl wet
electrode. (h) SNR of the alpha-wave recordings of the RGOPU semi-
dry electrode and the wet electrode at different positions (Pz, Cz and
Oz). (i) SNR of the EEG signals for the EC pattern recorded at different
dates by the same RGOPU semi-dry electrode.
3.4. EEG signal quality

Satisfactory EEG sensing performance, based on the properties
and characteristics mentioned above, is the ultimate goal for
the applications in BCI systems.45 To assess the feasibility of the
RGOPU semi-dry electrode and the effect of its excellent prop-
erties on EEG recording, the EEG sensing performance of the
RGOPU semi-dry electrode and the commonly used Ag/AgCl wet
electrode (Fig. S14b†) was compared.46,47 The proposed device
for EEG acquisition with RGOPU semi-dry electrodes is shown
in Fig. S14a.† The skin-contact impedance of Ag/AgCl wet
electrode and RGOPU semi-dry electrode displayed on the
computer screen before the test was very close. The results for
EEG signals collected at different positions by the RGOPU semi-
dry and the wet electrode are shown in Fig. 6a. In the EEG signal
quality test, the RGOPU semi-dry electrode senses EEG signals
similar to wet electrodes. The results show a high degree of
coincidence between the EEG spectra of the two electrodes in
both hairless and hairy regions. The correlation coefficient
between the EEG signals of two electrodes is 0.9810 for the
forehead (Fp2) and 0.9383 for the fuzzy area (Cz). This suggests
that the quality of EEG signals recorded by the RGOPU semi-dry
electrode is almost the same as that recorded by the wet elec-
trode, independent of hair density (Fig. 6c).

The motion test was conducted to assess its ability to detect
action potentials. Fig. 6b shows the EEG signals recorded by the
two electrodes for blinking eyes behavior. Similar action
potentials corresponding to blinking are observed simulta-
neously for two electrodes at 2 s and 4 s. The correlation coef-
cient between 5 s EEG signals of two electrodes is 0.92,
implying that the RGOPU semi-dry electrode accurately detects
the blinking action potentials. The EO/EC paradigm is also
tested in Fig. 6d, e and S15.† It is found that the EEG signals of
EC pattern exhibited a much higher amplitude value within the
frequency range of 8–12 Hz for both two electrodes in the
spectra, compared to those of EO pattern. This is because alpha
waves, mostly at 8–12 Hz, account for the most signicant
proportion of brain waves when people are awake with their
eyes closed, so the frequency of brain waves would decrease to
this range when eyes closed, while returning to the originals
when eyes open.48 There are strong alpha oscillations in EEG
signals of EC pattern recorded by both electrodes at most
34422 | RSC Adv., 2024, 14, 34415–34427
locations (Fig. 6d, e and S15†), which appears as amplitude
bulge at 8–12 Hz and amplitude peaks at approximately 10 Hz in
frequency-domain spectra (Fig. 6f and g). When the subject's
eyes are open, the amplitude bulge within 8–12 Hz disappears.
Although the amplitude peaks of the RGOPU semi-dry electrode
are still weaker than those of the wet electrode, mainly because
of the gap in skin-contact impedance, the RGOPU semi-dry
electrode shows a high average SNR value of 13.4 ± 0.63 dB
(repetition number: 20) in the alpha-wave recordings (Fig. 6h).
Its average SNR value is quite close to that of wet electrodes
(15.3 ± 0.2 dB), demonstrating the high quality of EEG signals
that the RGOPU semi-dry electrode records. The data of SNR
value for alpha-wave recordings of RGOPU semi-dry electrodes
was statistically analyzed, and the analysis results are shown in
Table S2.† The EEG signals of RGOPU semi-dry electrodes were
also compared with those of PU semi-dry electrodes. As shown
in Fig. S16 and S17,† the RGOPU electrode displays higher
amplitude and power than the PU semi-dry electrode when eyes
closed, and had a higher quality of the alpha-wave recordings at
most positions (SNR: 13.4 ± 0.63 vs. 11.2 ± 0.52 dB). The
difference in SNR values between the RGOPU and PU semi-dry
electrodes is very signicant, as the p value is smaller than
0.01 when the level of signicance a = 0.01. RGO networks
improve EEG sensing performance, since they contribute to
a lower skin-contact impedance, and the excellent stability of
RGO coatings also helps to keep that. The classication accu-
racy of EO/EC paradigm was calculated from thirty EO samples
with eyes open and another thirty EC samples. By traditional
machine learning via LDA classiers, the average classication
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05560h


Fig. 7 Results of the SSVEP test. (a) Frequency-domain spectra of EEG
signals recorded at Oz by the RGOPU semi-dry electrode at stimulus

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/4
/2

02
5 

4:
59

:4
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
accuracy was obtained as a high value of 0.95 for RGOPU semi-
dry electrodes. These results indicate that the RGOPU semi-dry
electrode performs excellently in these motion tests, since
different eye movements can be accurately recorded in high
quality by RGOPU semi-dry electrodes. This is of great signi-
cance to monitor brain states in the applications of EEG-based
BCI systems.

The SNR values of the RGOPU semi-dry electrode in EO/EC
pattern measured at the same position on different dates were
compared to assess the reusability and long-term stability of the
electrode (Fig. 6i). Aer more than two years, the SNR value of
the same electrode at Pz, Cz and Oz had decreased by only 10 ±

4.86% on average, indicating its excellent application
performance.
frequencies of 8, 10, 12 and 15 Hz, respectively (red arrows: funda-
mental frequencies; black arrows: harmonic frequencies). Frequency-
domain spectra of SSVEP recorded by (b) the RGOPU semi-dry elec-
trode and (c) Ag/AgCl wet electrode at Oz at different stimulus
frequencies. Frequency-domain spectra of SSVEP recorded by (d) the
RGOPU semi-dry electrode and (e) Ag/AgCl wet electrode at POz at
different stimulus frequencies. (f) SNR of the EEG recordings of the
RGOPU semi-dry electrode and Ag/AgCl wet electrode at POz in the
SSVEP test. (g) SNR of the EEG recordings of the RGOPU and PU semi-
dry electrodes at Oz in the SSVEP test. (h) Classification accuracy of the
RGOPU semi-dry electrode and the Ag/AgCl wet electrode from 40
SSVEP trials. (i) ITR of the RGOPU semi-dry electrode and the Ag/AgCl
wet electrode.
3.5. SSVEP-based BCI applications

EEG electrodes can also be used to record steady-state visual
evoked potentials (SSVEP), which is the most basic part of BCI
applications. As the most widely used input signals in BCI
systems, SSVEP are produced by a xed-frequency visual icker
stimulus. They usually contain the same fundamentals and
harmonics as the stimulus frequency, as evidenced by an
increase in the EEG amplitude at the corresponding frequency.
Based on the recorded SSVEP, an efficient interaction between
brains and machines can be achieved, and humans can easily
control the devices just through their brains. Therefore, the
SSVEP test was conducted and the results for RGOPU semi-dry,
PU semi-dry, and wet electrodes were compared.

The results of the SSVEP test for RGOPU semi-dry electrodes
at Oz are shown in in Fig. 7a. The sharp peak with the highest
EEG amplitude appears at a frequency that corresponds to the
stimulus, distinctly distinguished from other peaks in each
spectrum of the SSVEP test. This demonstrates that the
frequency of icker stimulus can be precisely detected through
the EEG signals recorded by the RGOPU semi-dry electrode. In
addition to the fundamental frequencies, partial harmonic
frequencies are also recognized, and their amplitudes are not
considerably low. The RGOPU semi-dry electrode recorded
high-quality SSVEP with average SNR values of 20.6 ± 1.1 dB at
8 Hz, 24.9± 0.95 dB at 10 Hz, 25.0 ± 2.1 dB at 12 Hz, and 22.2 ±

1.5 dB at 15 Hz at Oz, outperforming the PU semi-dry electrode
with the average SNR difference between them as high as 2.9 ±

1.47 dB (Fig. 7b, c and f). Their difference shows a high level of
signicance (p < 0.01). This difference in SNR values conrms
the signicant role of RGO networks in enhancing EEG sensing
performance. It is noticed that the quality of SSVEP recorded by
PU semi-dry electrodes still meets the basic application
requirement, indicating the huge effect of exible porous
sponge structure on the applications of semi-dry electrodes.
Accordingly, the superiority of this design is the ideal combi-
nation between the strong RGO networks and exible porous
PU sponges with high water-storage capacity.

The SNR values of harmonics at Oz are also presented in
Fig. S18.† As shown in Fig. 7d and e, the SSVEP recorded by
RGOPU semi-dry electrodes show a spectrum pattern identical
to that of a wet electrode at POz in the test. The SNR values of
© 2024 The Author(s). Published by the Royal Society of Chemistry
the SSVEP for the RGOPU semi-dry electrode almost exceed
those of the wet electrode at POz, indicating the superior quality
of SSVEP they recorded to wet electrodes (Fig. 7g). The SSVEP-
based BCI accuracy was obtained using the CCA method from
the classication accuracy of four targets with different
frequencies in 40 trials with random instructions. The correla-
tion coefficient between multiclass analog signals at multi-
channels during 40 trials within 1.5 s data length is shown in
Fig. S19.† It is seen that the correlation coefficient at the stim-
ulus frequencies is maximum with an average value of 0.56 for
all trials. Based on that, the SSVEP-based BCI accuracy for
RGOPU semi-dry electrodes is calculated as 94.7% for ve
positions (O1, O2, Oz, PO3 and PO4) when the data length is
1.5 s. With the increase of data length, the BCI accuracy
signicantly rises, and when the data length is increased to 3 s,
the BCI accuracy reaches almost 100% (Fig. 7h). The BCI
accuracy for wet electrodes is 91.8% at the data length of 1.5 s,
and it gradually increases to 100% when the data length is 2 s.
ITR was also used to evaluate the EEG sensing performance of
the electrodes. As shown in Fig. 7i, the ITR of the RGOPU semi-
dry electrode in the SSVEP test reaches to the maximum value of
65 bit min−1 when using a 1.5 s data length, while themaximum
ITR value of the wet electrode in SSVEP test is 79 bit min−1. This
indicates that the classication accuracy and ITR value in SSVEP
test of RGOPU semi-dry electrodes are comparable to those of
wet electrodes. Therefore, applying RGOPU semi-dry electrodes
to SSVEP-based BCI systems is feasible as a substitution of
conventional wet electrodes.

The RGOPU semi-dry electrodes can also be applied for long-
haired users to record high-quality EEG signals. The electrode-
RSC Adv., 2024, 14, 34415–34427 | 34423
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Table 1 Comparisons of the skin-contact performance, including skin-contact impedance at 10 Hz, open-circuit potential, potential drift, and
comfort & convenience level, between previously developed semi-dry electrodes, commercially available electrodes, and the RGOPU semi-dry
electrode

Electrode Contact impedance
Open-circuit
potential (mV) Potential dri

Comfort
level

Convenience
level References

PVA/PAM DNH 18 kU 1.27 � 0.17 1.5 � 0.4 mV min−1 High High 17
PAAm/PVA SPH 13.4 � 5.5 kU 1.296 � 0.177 1.63 � 0.63 mV min−1 Medium Medium 9
Micro-seepage 12 kU 222.34 � 2.25 >25 mV min−1 High Medium 19
Passive porous ceramic-
based

21.1–25.7 kU 1.404 (s = 0.203) 2.9 � 1.4 mV min−1 Medium Medium 26

AgPHMS 8–14 kU Unknown Unknown High High 20
Flexible multi-layer 18.18 (�7.51)–23.89

(�7.44) kU
Unknown Unknown High High 49

Alginate hydrogels-
based

18 kU Unknown �1 mV s−1 Medium High 50

Polymer wick-based 37 � 11 kU cm2 Unknown �1 mV s−1 High Medium 51
Ag/AgCl-coated PU 39.5 U cm2 Unknown 1–4 mV s−1 High Medium 14
RGOPU <5.6 (3.9–5.4) kU 3.894 � 0.995 �2.22 mV s−1 High High In this paper

2.77–5.72 kU cm−2
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skin contact impedance before the test is shown as average
values of 3.95± 0.05 kU at Cz, 3.5± 0.1 kU at Pz, and 3.65± 0.05
kU at Oz (repetition number: 6). The EEG signals in EO/EC
pattern and SSVEP from long-haired subjects recorded by the
RGOPU semi-dry electrodes were collected. As shown in
Fig. S20,† the amplitudes and SNR values of these recordings
are almost as high as those from short-haired subjects, which
indicates the universality of RGOPU semi-dry electrodes in
different types of users.

Beneting from the low skin-contact impedance supported
by double conduction effect and the stable and efficient
electrode/scalp contact interface, RGOPU semi-dry electrodes
gained a high level in EEG recording and achieved excellent
outcomes in the SSVEP test. Their excellent EEG sensing
performance is comparable to that of wet electrodes and
previously developed semi-dry electrodes, showing a great
potential in BCI applications.
3.6. Comparisons of semi-dry electrodes

The comparisons of the properties between the RGOPU semi-
dry electrode, commercially available semi-dry electrodes and
Table 2 Comparisons of the EEG sensing performance, including correl
SSVEP test, between previously developed semi-dry electrodes and the

Electrode type
Static EEG signal correlation
coefficient with wet electrodes

PVA/PAM DNH 0.91 � 0.06
PAAm/PVA SPH 0.941 � 0.082
Micro-seepage Unknown
Passive porous ceramic-based 0.938 � 0.037
AgPHMS Unknown
Flexible multi-layer 0.9584–0.9425
Alginate hydrogels-based 0.985 � 0.008
Polymer wick-based 0.982 � 0.021–0.996
Ag/AgCl-coated PU 0.650–0.970
RGOPU 0.960 � 0.021

34424 | RSC Adv., 2024, 14, 34415–34427
previously developed semi-dry electrodes, such as the PVA/PAM
DNH semi-dry electrode,17 the polyacrylamide/polyvinyl alcohol
super porous hydrogel (PAAm/PVA SPH)-based semi-dry elec-
trode,9 the micro-seepage semi-dry electrode,19 the novel passive
porous ceramic-based semi-dry electrode,26 the silver-nanowire/
polyvinyl alcohol hydrogel/melamine sponge (AgPHMS) semi-
dry electrode,20 the exible multi-layer semi-dry electrode,49

the alginate hydrogels-based semi-dry electrode,50 the polymer
wick-based semi-dry electrode,51 and the Ag/AgCl-coated PU
semi-dry electrode,14 are shown in Table 1.52

The RGOPU semi-dry electrode has a lower skin-contact
impedance than the other previously developed semi-dry elec-
trodes. It provides a comfortable and convenient user experi-
ence because of its good exibility, the substitution of the
conductive gel and the facile preparation process. It also
maintains excellent mechanical and electrical stabilities, which
results in a relatively low and stable potential.

Except the properties of electrodes, the EEG sensing perfor-
mance, which is the core of our work, is also compared, as
shown in Table 2.

The RGOPU semi-dry electrodes are capable of recording
EEG signals with a remarkable SNR value and the BCI system
ation coefficient with wet electrodes and SNR and BCI accuracy in the
RGOPU semi-dry electrode

SSVEP test

ReferencesSNR (dB) BCI accuracy (%)

Unknown 79.53 17
11–15.5 Unknown 9
27.5 at Oz 100 (>3 s) 19
16.5–22.5 at Oz Unknown 26
Unknown 86 20
Unknown Unknown 49
Unknown Unknown 50
Unknown Unknown 51
Unknown Unknown 14
23.45 at Oz 100 (>3 s) In this paper

© 2024 The Author(s). Published by the Royal Society of Chemistry
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assembled with RGOPU semi-dry electrodes also shows a rela-
tively high accuracy in SSVEP tests among these semi-dry elec-
trodes. Compared with other semi-dry electrodes, RGOPU semi-
dry electrodes exhibit excellent comprehensive performance.
4. Conclusions

Self-assembled RGOPU semi-dry electrodes were used to record
EEG signals. The electrode exhibits excellent conductivity,
stability, and exibility, thereby guaranteeing a good user
experience and long-term suitability. The RGO coatings exhibit
strong adhesion to the exible PU sponge substrate, resulting in
the outstanding durability of RGOPU, particularly following
about 10 000 cycles at a signicant compression ratio. The
open-circuit potentials exhibited by RGOPU semi-dry electrodes
are comparatively low and demonstrate remarkable stability,
with little uctuations in potential over a duration of 500
seconds. This characteristic is conducive to achieving steady
EEG recordings. The skin-contact impedance of a single RGOPU
semi-dry electrode, which can be attributed to the presence of
3D conductive RGO networks, exhibits a signicant moistur-
izing ability. Additionally, the exible and resilient structure of
the electrode supports a stable and efficient skin/electrode
contact interface. Remarkably, this low skin-contact imped-
ance, measuring less than 5.6 kU, is maintained even in areas
with hair. The skin-contact impedance of this electrode is
signicantly lower compared to both PU semi-dry electrodes
and previously established semi-dry electrodes. During a long-
lasting experiment, the device demonstrates the capability to
sustain a consistently low measurement of less than 6 kU in the
forehead region for a maximum duration of 4 hours.

Moreover, owing to the reduced contact impedance,
enhanced exibility, and reliable stability exhibited by the
RGOPU semi-dry electrodes, they are capable of capturing EEG
signals of comparable quality to that of conventional wet elec-
trodes. Additionally, these electrodes demonstrate accurate
detection of action potentials. The correlation coefficient
between the EEG signals obtained from RGOPU semi-dry elec-
trodes and wet electrodes exhibits a correlation larger than 0.9.
The RGOPU semi-dry electrodes attain SNR values of over 10 dB
in alpha-wave recording and SSVEP testing, comparable to or
better than wet electrodes. These properties improve the clas-
sication accuracy of EO/EC and SSVEP patterns for RGOPU
semi-dry electrodes, making them suitable for BCI applications.
In addition, it should be noted that the RGOPU semi-dry elec-
trodes have the advantage of reusability, allowing them to be
utilized over an extended period without experiencing
a substantial decrease in SNR of the EEG recordings. This
characteristic highlights the electrodes' exceptional practicality
and their positive impact on the environment.

Hence, the RGOPU semi-dry electrodes proposed in this
research serve as a pleasant, convenient, and equivalent alter-
native to typical wet electrodes in EEG recording. Our method
for making comfortable and robust semi-dry electrodes with
low contact impedance for EEG-based BCI systems is
revolutionary.
© 2024 The Author(s). Published by the Royal Society of Chemistry
At present, there are still some limitations on semi-dry
electrodes, although their performance is signicantly
improved and exibility and convenience are all considered
when they are designed. For example, it is hard for semi-dry
electrodes to maintain a long-term low skin-contact imped-
ance, and several hours are usually the up limit without
replenishment. The SNR of EEG signals they record and their
BCI accuracy are still lower than that of wet electrodes. In the
future, there will be more composite materials with multiple
advanced characteristics and strong bonding developed utilized
to fabricate semi-dry electrodes for EEG recording, which
consist of electrically conductive and robust coatings and
hydrophilic, water-retaining, and exible polymer substrates.
These electrodes are expected to achieve maximum perfor-
mance and even exceed conventional wet electrodes. Moreover,
some porous materials also become promising for semi-dry
electrodes with substantial water retention capacity, and
remarkable ability to relieve stress and sustained release of
saline.
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