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SPECIAL ISSUE: Flexible Intelligent Materials

Stable and low-resistance polydopamine methacrylamide-polyacrylamide
hydrogel for brain-computer interface
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ABSTRACT Signal drift and performance instability of
brain-computer interface devices induced by the interface
failure between rigid metal electrodes and soft human skin
hinder the precise data acquisition of electroencephalogram
(EEG). Thus, it is desirable to achieve a robust interface for
brain-computer interface devices. Here, a kind of poly-
dopamine methacrylamide-polyacrylamide (PDMA-PAAM)
hydrogel is developed. To improve the adhesion, dopamine is
introduced into the polyacrylamide hydrogel, through the
amino and catechol groups of dopamine in an organic-in-
organic interface to build a covalent and non-covalent inter-
action. A strong attachment and an effective modulus
transition system can be formed between the metal electrodes
and human skin, so that the peeling force between the PDMA-
PAAM hydrogel and the porcine skin can reach 22 N m−1. In
addition, the stable conductivity and long-term operating life
of the PDMA-PAAM hydrogel for more than 60 days at room
temperature are achieved by adding sodium chloride (NaCl)
and glycerol, respectively. The PDMA-PAAM hydrogel
membrane fabricated in this work is integrated onto a flexible
Au electrode applied in a brain-computer interface. In com-
parison, the collected EEG signal intensity and waveform are
consistent with that of the commercial counterparts. And
obviously, the flexible electrode with PDMA-PAAM hydrogel
membrane is demonstrated to enable a more stable and user-
friendly interface.

Keywords: flexible electronics, dopamine, hydrogels, brain-
computer interface, electroencephalogram

INTRODUCTION
It is challenging to obtain robust data acquisition of electrical
activities of neurons in the brain that control everything from
the routine regulation of muscle movements to intelligent
operations (e.g., memory) and are the main active representa-
tions of information transmission in the neural system [1,2].
Recording the electrical activities accurately has become a sig-
nificant research subject in neuroscience. Implantable electrodes

are widely used in neuroscience research and clinical medicine
[3–6]. Through implantable electrodes, the data acquisition of
electroencephalogram (EEG) can be used to decode gesture
information and precisely control some body actions including
finger movements [7–9]. However, restricted by the dual chal-
lenges of biological compatibility [10,11] and surgical trauma
[12–14], it is difficult to obtain patient-friendly implantable
electrodes for long-term signal monitoring.

Benefiting from advanced flexible techniques, biological
medical devices nowadays are tending to be miniaturized,
lightweight and wearable. Extracorporeal patch-type medical
monitoring devices and electronic devices are booming to
monitor physiological signals such as electrocardiogram (ECG),
electrooculogram (EOG), electromyogram (EMG) and EEG in
real time [15–17]. However, induced by the modulus difference
between rigid metal electrodes and soft human skin, interface
mismatches lead to signal drift and performance instability of
devices. Thus, to achieve an ideal interface effect including good
bonding and high conductivity is of great significance to the
fields of biomedical system intelligent robotics. Particularly, as
the extracranial EEG signals are very weak, it is desirable to
reduce the interface impedance between the electrodes and the
skin to increase the interface stability and improve the comfort
of wearing [18,19]. In addition, most of the electrodes are made
of metal or alloy as a conductive material, resulting in a great
mechanical mismatch with the skin because rigid metal mate-
rials cannot be perfectly conformal to biological tissues [20–23].
Thus, hydrogels are introduced as they are cross-linked poly-
mers with adjustable modulus, exhibiting good compatibility,
mechanical compliance and conductivity [24,25]. The high-
water content of hydrogels provides a moist and ion-rich phy-
siological environment, which can simulate the living environ-
ment of neurons. In recent years, some researchers have
developed the electrodes covered with hydrogel coating to
achieve the electrode-skin contact interface [26–28], and they
also have used hydrogel in skin-like bioelectronic devices, such
as EMG sensors [29], electronic skin [30] and high-elasticity
wearable devices [31]. However, the free water in the hydrogel is
prone to volatilize at room temperature, which leads to the
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increasing interface impedance, signal drift and performance
instability in long-term wearing [32]. Long-term stability of
hydrogel-electrode interface requires hydrogels with excellent
adhesive and water retention properties. A variety of studies
have been carried out to add glycerol to hydrogels to improve
the water retention [33–35] and adding dopamine (DA) to
hydrogels to improve adhesion [36–38]. But there are still few
studies on improving both water retention and adhesion, and
longer water retention time is desired to achieve long-term EEG
monitoring which cannot be realized in the available studies
[39–42]. How to improve the quality of EEG signal collection
and achieve prolonged wearing is the technical bottleneck that
hinders the further development of extracranial brain electrodes.

In order to solve this problem, the polydopamine methacry-
lamide-polyacrylamide (PDMA-PAAM) hydrogel is designed
and fabricated in our study to obtain a soft hydrogel-skin
interface. The adhesive strength between the skin and electrode
is effectively upgraded by the DA introduced into the hydrogel.
A covalent and non-covalent interaction is built through amino
and catechol groups of DA in organic-inorganic interface, so
that the strong peeling force between the PDMA-PAAM
hydrogel and the porcine skin can reach 22 N m−1. In addition,
the PDMA-PAAM hydrogel can be conductive by adding
sodium chloride. Glycerol is added as a water retaining agent to
improve the long-term interface stability, so that the PDMA-
PAAM hydrogel can be adhesive for more than 60 days at room
temperature. Applied in a brain-computer interface, the flexible
electrode with PDMA-PAAM hydrogel membrane is demon-
strated to enable similar function as that of commercial coun-
terparts with a more stable interface.

EXPERIMENTAL SECTION

Materials
DA hydrochloride (DA-HCl, 98%), sodium tetraborate (Na2B4-
O7, 99.5%), sodium bicarbonate (NaHCO3, 99.8%), methacrylic
anhydride (94%), tetrahydrofuran (THF, 99%), ethyl acetate
(99%), n-hexane (97%), magnesium sulfate anhydrous (MgSO4,
AR), sodium chloride (NaCl, 99.5%) and sodium hydroxide
(NaOH, 98%) were obtained from Macklin Inc. Acrylamide
(AAM, 99%), ammonium persulphate (APS, 98.5%), N,N-
methylenebisacrylamide (MBAA, AR), glycerol (99%) and tet-
ramethylethylenediamine (TMEDA, 99.5%) were purchased
from Alfa Aesar. All the materials were used as received without
any further purification. Mili-Q purified water (18.2 MΩ) was
used for all synthesis experiments.

Synthesis of dopamine methacrylamide (DMA)
The synthesis procedure for DMA is as follows. Sodium tetra-
borate (5 g) and NaHCO3 (2 g) were dissolved in 100 mL of
deionized water and the oxygen in the system is removed by N2
bubbling for 30 min. DA-HCl (2.5 g, 13.2 mmol) was then
added, followed by dropwise addition of methacrylic anhydride
(2.35 mL, 14.5 mmol) in 25 mL of THF, during which the pH of
solution was kept at about 9. The reaction mixture was stirred at
room temperature with N2 bubbling for 24 h. After the reaction,
the aqueous mixture was washed twice with 150 mL of ethyl
acetate and then the pH of the aqueous solution was reduced to
less than 2 by adding HCl aqueous and extracted three times
with 100 mL of ethyl acetate. Finally, anhydrous MgSO4 was
added to the ethyl acetate layer for drying. After anhydrous

MgSO4 was extracted and filtered out, the volume of the mixture
was reduced to about 20 mL by rotary evaporation. Then
250 mL of n-hexane was added with vigorous stirring and the
suspension was held at 4–6°C for 12 h. The resulting mixture
was pumped and dried to obtain a grey solid product (2.12 g).
Fourier transform infrared (FT-IR) spectroscopy (KBr, cm−1):
3270 (N–H stretching), 1650 (C=CH2 stretching), 1582 (C=O
stretching), 1549 (N–H bending), and 1526 (C–N stretching).
Proton nuclear magnetic resonance (1H NMR) (400 MHz,
dimethyl sulfoxide (DMSO)): δ = 7.92 (t, J = 5.2 Hz, 1H, NH),
6.60 (dd, J = 21.1, 4.8 Hz, 2H), 6.43 (dd, J = 7.9, 1.6 Hz, 1H), 5.61
(s, 1H, C=CH2), 5.30 (s, 1H, C=CH2), 3.22 (dd, J = 14.5, 6.3 Hz,
2H, –CH2–CH2–), 2.56 (dd, J = 15.0, 7.1 Hz, 2H, –CH2–CH2–),
1.84 (s, 3H, –CH3).

Preparation of hydrogels
Taking 0.4 wt% DMA content as an example, the preparation
process of the hydrogel is as follows: DMA powder (0.004 g) was
added into NaOH solution (pH 11, 10 g) and magnetically
stirred at 400 r min−1 for 3 h at room temperature to achieve the
oxidation of DMA. Then, AAM (2.5 g), APS (0.1 g), MBAA
(0.003 g) and TMEDA (20 μL) were added to the DMA solution
at room temperature under stirring. After 5 min stirring, the
stirrer was removed and the DMA and AAM were polymerized
to form PDMA-PAAM hydrogel. FT-IR (cm−1): 3335, 1602 (N–
H stretching), 2932 (C–H asym stretching), 1649 (C=O
stretching), 1418 (N–H bending), and 1119 (NH2 rocking).

To prepare hydrogels with glycerol and NaCl, the obtained
hydrogels were first dried at 40°C, and then soaked in glycerol
and NaCl aqueous solution. In order to investigate the effect of
glycerol on the water loss rate of hydrogels, the rectangular
shaped dried hydrogels (40 mm × 40 mm × 1 mm) were soaked
in glycerol aqueous solution with different glycerol contents (0,
10, 20, 30, 40, and 50 wt%) until completely swollen. And then
they were removed from the solution, drained with qualitative
filter paper on the surface to squeeze out the solvent, and placed
in an oven (20°C, 40% relative humidity). The weight of the
sample was recorded at regular intervals, and the weight loss was
calculated from the ratio of the measured weight at time t (Wt)
to the initial weight (W0). Three parallel experiments were
conducted for each experimental condition, and the average data
were used.

In the conductivity experiments, the contents of glycerol were
designed to be 20 wt%. The rectangular shaped dried hydrogels
(40 mm × 40 mm × 1 mm) were soaked in glycerol and NaCl
aqueous solution with different NaCl contents (0.05, 0.10, 0.15,
0.20, and 0.24 g mL−1) until completely swollen. And then they
were removed from the solution, drained with qualitative filter
paper on the surface to squeeze out the solvent, and placed in an
oven (20°C, 40% relative humidity). The resistance signal of the
sample was recorded at regular intervals. For each experimental
condition, three parallel experiments were conducted and the
average data were used.

Cytotoxicity test for hydrogels
To obtain the cytotoxicity of the PDMA-PAAM hydrogels, a
square PDMA-PAAM hydrogel (0.5 mm × 0.5 mm × 500 μm)
and a PAAM hydrogel (0.5 mm × 0.5 mm × 500 μm) were
immersed separately into human HacaT cell culture solutions
for 24 h. The cells were then dyed using a Calcein-AM/PI double
stain kit (Calcein-AM from Aladdin, propidium iodide (PI)
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from Solarbio). Fluorescent images of dyed viable and dead cells
were captured using a fluorescence microscope (Olympus IX51,
Olympus Corporation).

The cell viability was evaluated by the CCK8 assay simulta-
neously. HacaT cells seeded in a 96-well plate were cultivated in
100 μL of dulbecco’s modified Eagle medium (DMEM) con-
taining 10% foetal bovine serum (FBS) for one night at 37°C
under a humidified 5% CO2 atm. Subsequently, 20 μL of PAAM
hydrogel or PDMA-PAAM hydrogel dispersed in 100 μL of
DMEM was added to each well, and the cells were incubated for
another 24 h in the dark. Then, the medium was replaced with
110 μL of the fresh CCK8 (CCK:DMEM = 1:10). After 0.5 h of
incubation, the optical density (OD) was measured at 450 nm
with a microplate reader model. The average value of the
experiments was collected, and the cell viability can be obtained
as follows:
Cell viability (%) = (ODsample/ODblank) × 100,
where ODblank was obtained in the absence of PAAM hydrogel or
PDMA-PAAM hydrogel, and ODsample was obtained in the
presence of PAAM hydrogel or PDMA-PAAM hydrogel.

Instruments and measurements
A Perkin Elmer RX1 spectrometer produced by Thermo Cor-
poration was adopted to record attenuated total refraction FT-IR
spectroscopy (ATR FT-IR) at frequencies from 500 to
4000 cm−1. 1H NMR (1H, 400 MHz) spectra were obtained on a
Bruker AV400 spectrometer using DMSO-d6 as the solvent.

Tensile and compression tests were conducted to investigate
the mechanical properties of the hydrogels by using an in-situ
biaxial fatigue testing system (IPBF-300L, China) at room tem-
perature. The hydrogel samples were molded into dumbbell
shapes (gauge length of 20 mm, width of 5 mm, and thickness of
1 mm).

The adhesive properties of the hydrogels were tested by a 90°
peeling experiment on a strength analyzer (KEXING HAK-
3516B, China) with a speed of 8 mm min−1. The hydrogel
samples were molded into rectangular shapes (length of
150 mm, width of 20 mm, and thickness of 1 mm). The defor-
mation of the hydrogel along the peeling direction was limited
due to a rigid polyethylene terephthalate (PET) film bonded to
the back of the hydrogel. The hydrogel was tested by the peeling
experiment at porcine skin after being pressed by an object with
200 g for 10 min at room temperature. For the tests at Au
electrode, the hydrogels were pressed to a copper plate with Au
deposition, due to the exfoliation of Au on PDMS. For each
hydrogel sample, 3–5 specimens were tested and the average
data was used.

The resistance signals were collected by a digital multimeter
(Keysight 34461 A, USA). The EEG signals were recorded and
analyzed by a Blackrock’s Cerebus electrophysiological signal
collection system. Flexible Au electrodes here were fabricated by
a micro electromechanical system (MEMS) process with PDMS
as the substrate. The Au electrode was attached to the human
auricle with the PDMA-PAAM hydrogel membrane to a robust
interface between the electrode and skin. The subjects were
ordinary and healthy male adults. During the test, the EEG
signals were collected from the subjects after 5 min of relaxation
time during which their eyes were closed, and the collection time
was 5 min. The sampling rate of all experiments was set to
1000 Hz, and an analog filter was applied with a frequency band
of 0.5–200 Hz.

RESULTS AND DISCUSSION

Design and synthesis of DMA and PDMA-PAAM hydrogel
To prepare tough, adhesive and conductive hydrogels, DMA,
glycerol and NaCl were successfully introduced into the PAAM
hydrogel system as functional components. The reaction pro-
cesses of DMA and PDMA-PAAM are illustrated in Fig. 1a, b,
respectively. FT-IR was used to corroborate the successful graft
of double bond on DA (Fig. 1c), where some notable peaks
appear in the spectrum of DMA in contrast to that of DA
including a peak at 1650 cm−1 from stretching vibrations of
C=CH2 group, a peak at 1582 cm−1 from stretching vibrations of
C=O group, a peak at 1549 cm−1 from bending vibrations of N–
H in the amide group, and a peak at 1526 cm−1 from stretching
vibrations of the C–N group. And the copolymerization of DMA
and AAM was proved by the FT-IR spectra in Fig. 1d, where the
spectrum of PDMA-PAAM changes with some notable peaks
disappearing in contrast to that of AAM including a peak at
1673 cm−1 from stretching vibrations of C=CH2 group, and
peaks at 1000–675 cm−1 from out-of-plane bending vibrations of
C=CH2 group.

Under alkaline conditions, DA is first oxidized to DA-quinone
followed by intramolecular cyclization via 1,4-Michael-type
addition to yield leucodopaminechrome [43–45]. For DMA,
intramolecular cyclization is prevented because the amino group
is linked to the double bond. Therefore, DMA is oxidized to DA-
quinone under alkaline conditions. Due to the trace content of
DMA in the hydrogel, the characteristic peak of DA-quinone
cannot be found in the FT-IR spectrum.

A two-step method was applied to prepare the PDMA-PAAM
hydrogel as illustrated in Fig. 2. Initially, AAM monomer,
MBAA (chemical cross-linker), TMEDA (curing catalyst) and
APS (initiator) are completely dissolved in oxidized DMA
solution, and the PDMA-PAAM hydrogel is formed in situ via
the radical polymerization of DMA and AAM monomers.
Subsequently, the obtained hydrogels are dried in 40°C, and then
soaked in glycerol and NaCl aqueous solution to make glycerol
replace part of water, which improves the long-term stability of
the hydrogel through the hydrogen bonds between water and
glycerol. Furthermore, the addition of NaCl provides ions for the
hydrogel, endowing the PDMA-PAAM hydrogel with ionic
conductivity.

Mechanical properties
To investigate the mechanical properties of the PDMA-PAAM
hydrogel, a series of tensile and compression experiments were
conducted. Fig. 3a shows the stress-strain curves for the PDMA-
PAAM hydrogel with different DMA contents, which indicates
that the mechanical properties of the PDMA-PAAM hydrogel
are significantly influenced and can be tailored by controlling
the content of DMA. With the increase of DMA content, the
propagation at break decreases, indicating that the addition of
DMA has an adverse effect on the generation of PAAM cross-
linking network. The catechol group in DA can capture free
radicals of the system during AAM polymerization, which hin-
ders the propagation of polymer molecular chain [46,47].
Therefore, an effective polymer network cannot be formed,
resulting in poor mechanical properties of the PDMA-PAAM
hydrogel.

To further confirm the effect of DMA on polymerization, the
gelation experiments with DMA contents of 0.4, 0.45, 0.5, 0.6,
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0.8, and 1.0 wt% were performed. The results are shown in
Fig. S1. When the content of DMA is 0.4 wt%, AAM can poly-
merize effectively to form gel. When the content of DMA is 0.45
and 0.50 wt%, viscous fluids are formed in the system. When the
content of DMA is greater than 0.50 wt%, AAM monomers will
not be polymerized and the system remains to be liquid with low
viscosity. The gelation experiments showed that DMA hinders
the propagation of polymer molecular chain, and further reduces

the mechanical properties of hydrogels. However, when the
DMA content is 0.4 wt%, the failure of the PDMA-PAAM
hydrogel occurs at the elongation of 600%, indicating that the
PDMA-PAAM hydrogel with 0.4 wt% DMA exhibits good
mechanical properties.

Tensile tests in Fig. 3b show that the stress-strain curves
coincide basically when the PDMA-PAAM hydrogel with DMA
content of 0.3 wt% is stretched to 1000% at different strain rates,

Figure 2 Schematic diagram of the hydrogel synthetic progress including the in-situ polymerization to form the PDMA-PAAM hydrogel and immersion of
the hydrogel in glycerol and NaCl aqueous solution to improve long-term stability and conductivity.

Figure 1 Reaction process for the synthesis of (a) DMA and (b) PDMA-PAAM along with their chemical structures; FT-IR spectra of (c) DA, DMA and
(d) AAM, PDMA-PAAM.
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indicating that the strain rate of the PDMA-PAAM hydrogel has
no inertia. In the hydrogel system, the polymer molecular chain
is in a water-rich environment, and the water molecules absorb
part of the energy during loading. In the rapid loading, the
molecular chain still has enough space and timely structural
rearrangement. Therefore, the mechanical response curves of
hydrogels are very close under fast and slow loading conditions.

The energy hysteresis behavior and the self-recovery ability of
the PDMA-PAAM hydrogel were studied by the successive
cyclic loading-unloading tests at different strains. As shown in
Fig. 3c, the dissipated energy of the hydrogel significantly
increases with the strain from 200% to 1000%. As the strain
increases, more cross-linked bonds are destroyed, dissipating a
large amount of energy and leading to the extension of recovery
time.

The cyclic hysteresis loop can characterize the failure char-
acteristics of materials. According to the hysteresis loop in
Fig. 3d, the tensile loading curve and the unloading curve
basically coincide, indicating that no damage occurs in the
process of stretching and the PDMA-PAAM hydrogel maintains
good elastic recovery ability. In addition, after 50 cycles, the
loading-unloading curve of the PDMA-PAAM hydrogel still
maintains a good coincidence, indicating that within this strain
range, the PDMA-PAAM hydrogel has a good anti-cyclic load-
ing ability. In the compression state, the unloading curve lags
behind the loading curve, but it can still recover to the initial
state in this period of time as shown in Fig. 3e. Within 50 cycles,
the convergence degree of hysteresis loop of the PDMA-PAAM
hydrogel is high, indicating that the material can be restored to
the initial state in time within this loading frequency, and the
PDMA-PAAM hydrogel has good compression resilience.

The above mechanical tests show that the PDMA-PAAM

hydrogel has good mechanical properties. In addition, the
mechanical properties of PAAM hydrogel are applied as a
control (Fig. S2), which has similar stress-strain curves and
cyclic hysteresis loop, indicating that the addition of DMA has
little effect on the mechanical properties of hydrogels in the
range of gelation. To collect physiological signals, flexible elec-
trodes need to deform as the skin deforms. The mechanical
stability of the interface material is beneficial for keeping the
stability of the electrode in the process of repeated peeling and
pasting. Therefore, the PDMA-PAAM hydrogel is an excellent
interface material for physiological signal electrodes.

Adhesive properties
The adhesion property of the hydrogel is a very important index,
which directly determines the interface stability. Porcine skin is
selected for the in vitro experiments due to its very similar
characteristic to human skin. The PDMA-PAAM hydrogel
exhibits excellent adhesiveness to the porcine skin due to the
catechol groups in DA, which can mimic the adhesion
mechanism of mussel. As shown in Fig. 4a, there are a lot of
catechol groups from DMA, which can form chemical interac-
tions with sulfydryl and amino groups on the surface of biolo-
gical tissues [48–50]. Furthermore, the amide groups on the
surface of biological tissues can form hydrogen bonds with
amido groups from AAM and hydroxy groups from DMA.

To evaluate the adhesive properties of the PDMA-PAAM
hydrogel, a 90° peeling test was performed to measure the
peeling force between the hydrogel and the porcine skin, and the
results are shown in Fig. 4b. It is found that the content of DMA
significantly influences the adhesive strength. With the increase
of DMA content, the adhesive peeling force of the PDMA-
PAAM hydrogel increases, but the increasing trend slows down.

Figure 3 Mechanical properties of the PDMA-PAAM hydrogel. (a) Stress-strain curves for the PDMA-PAAM hydrogel with different DMA contents.
(b) Tensile properties for PDMA-PAAM-0.3 at different strain rates. (c) Cyclic tensile loading-unloading curves under different strains. (d) Continuous cyclic
tensile loading-unloading curves at 750% strain without resting time after each cycle (the inset image shows the stretch-recover process). (e) Typical successive
loading-unloading compression tests of the PDMA-PAAM hydrogel at 230% strain without resting intervals (the inset image shows the compress-release
process).
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As the previous experimental results show that the increase of
DMA content reduces the elongation at break of the hydrogel,
by considering the mechanical and adhesion properties simul-
taneously, the cyclic peeling tests were performed on the PDMA-
PAAM hydrogel with DMA contents of 0.2 and 0.3 wt%,
respectively. As shown in Fig. 4c, twenty-time cyclic peeling tests
of the PDMA-PAAM hydrogel were performed on the porcine
skin. The adhesive strength almost remains after 20 times of
peeling process, indicating that the PDMA-PAAM hydrogel has
stable adhesion property.

In addition, the adhesive experiment of PDMA-PAAM to Au
electrode was performed on a copper plate with Au deposition,
due to the exfoliation of Au on PDMS. As shown in Fig. S3a, the
peeling force is 60 N m−1 when the content of DMA is 0.4 wt%,
suggesting good adhesion of the PDMA-PAAM hydrogel to the
Au electrode. And the adhesive strength is stable with twenty-
time cyclic peeling tests, as shown in Fig. S3b.

Long-term stability and conductivity
The long-term stability of the PDMA-PAAM hydrogel is
demonstrated by its weight at different time intervals as shown
in Fig. 5a. At the beginning of exposure, each sample loses
weight rapidly. However, the weight loss of the PDMA-PAAM
hydrogel decreases obviously after the addition of glycerol. The
hydrogel remains moist after a prolonged storage in normal
conditions for 60 days, attributed to the effective water retention

through glycerol-water interactions. When the content of gly-
cerol is greater than 20 wt%, the final PDMA-PAAM hydrogel
holds more water. In comparison, the PDMA-PAAM hydrogel
without glycerol quickly loses its weight, close to its original
water content after 2 days, and finally becomes a dried copoly-
mer.

However, the addition of glycerol decreases the adhesive
strength of the PDMA-PAAM hydrogel. It may be due to that
the water absorption of glycerol leads to the formation of a water
film at the interface, which hinders the formation of chemical
bonds and hydrogen bonds, failing to form effective adhesion.
According to the previous description, under the consideration
of the mechanical properties and adhesion properties, different
glycerol content experiments were carried out for the hydrogels
with the DMA content of 0.3 wt%. As shown in Fig. 5b, with the
increase of glycerol content, the peeling force decreases slightly,
but when the glycerol content is 50 wt%, the peeling force can
still reach 12.9 N m−1, indicating the remarkable adhesive
property. And the adhesive curve of PDMA-PAAM on the Au
electrode has the similar trend, as shown in Fig. S3c.

The PDMA-PAAM hydrogel possesses high conductivity due
to the addition of NaCl which provides ions in the hydrogel. As
shown in Fig. 5c, the resistance of the PDMA-PAAM hydrogel
decreases with increasing NaCl concentration. When the con-
centration exceeds 0.1 g mL−1, the resistance remains stable at
about 20 kΩ cm, indicating the saturation of ions in the

Figure 4 (a) Schematic depiction of the adhesion mechanism. (b) Peeling curves of the PDMA-PAAM hydrogel on porcine skin (the inset images show the
peeling process). (c) Twenty-time cyclic peeling tests of the PDMA-PAAM hydrogel on the porcine skin.
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hydrogel. With the increase of storage time, the resistance
increases gradually and tends to be stable, as shown in Fig. 5d. In
the early stage, the water volatilization slows the flow of ions in
the hydrogel, so the resistance increases. With the stability of
water content in the system, the resistance also tends to be
stable.

The effects of the above functional components on the per-
formance of the PDMA-PAAM hydrogel are summarized as
follows: (1) adding DMA into the system can improve the
adhesive property, but a too high DMA content will reduce the
mechanical properties of the hydrogel. (2) Glycerol can improve
the long-term storage stability, but too much glycerol will lead to
the decline of adhesive property. (3) NaCl is added to improve
the conductivity, but too much NaCl will form a saturated
solution, resulting in no more change of conductivity. Taking
adhesion, long-term stability and conductivity properties into
consideration, DMA content of 0.3 wt%, glycerol content of
20 wt% and NaCl content of 0.10 g mL−1 is finally tailored to be
the optimal scheme for the application experiments.

In addition, the elastic moduli of the hydrogels with various
compositions were calculated through the stress-strain curves,
and the results are shown in Table S1. The elastic modulus of the
hydrogels decreases with increasing DMA contents, suggesting
the decrease of the polymer network density. It is consistent with
the effect of DMA on the mechanical properties of PDMA-
PAAM hydrogels mentioned above. And with the increase of
glycerol and NaCl contents, the elastic modulus of hydrogels
increases slightly, indicating the increase of intermolecular
hydrogen bonds in the hydrogels. The elastic moduli of hydro-
gels with various compositions are all at kPa level, which can

match the elastic modulus of human skin (MPa), avoiding the
signal drift caused by modulus mismatch.

Cytotoxicity tests
Verified by cytotoxicity evaluation, the PDMA-PAAM hydrogels
may have promising application in the direct contact interface
between human skin and devices. The PDMA-PAAM hydrogel
and a reference PAAM hydrogel were both immersed into two
human HacaT cell culture solutions for 24 h. The fluorescent
images in Fig. 6a show the living (green) and dead (red) cells are
dyed by a Calcein-AM/PI double stain assay. The images show
that there are more than 98% of living cells with and without the
presence of PDMA-PAAM hydrogels, suggesting the PDMA-
PAAM hydrogels are biologically safe. The cytotoxicity test was
also conducted using a CCK8 assay. The viability of cells within
the culture solution immersed with the PDMA-PAAM hydrogels
is 98.40%, as shown in Fig. 6b, satisfying the required 70% cell
viability as recommended by United States Pharmacopoeia
(USP) (ISO 10993-5) [47,50,51]. The cytotoxicity tests suggest
that the PDMA-PAAM hydrogels are biocompatible to cells for
long-term skin contact study.

Application in brain-computer interface
Compared with EMG and EOG, EEG signals are weak and
difficult to be monitored. In order to verify the actual effect of
the PDMA-PAAM hydrogel in physiological signal acquisition,
it is applied to a flexible wearable EEG acquisition system. Alpha
waves are the EEG signals from 8 to 13 Hz, representing the
brain activities when the subject is in a wakeful relaxed state with
closed eyes, and the waves are reduced when the subject opens

Figure 5 (a) Weight change of the PDMA-PAAM hydrogel with different glycerol contents as a function of storage time. (b) Peeling curves of the PDMA-
PAAM hydrogel with different glycerol contents on porcine skin. (c) The effect of NaCl content on the resistance of the PDMA-PAAM. (d) The resistance of
the PDMA-PAAM hydrogel as a function of the storage time with the contents of NaCl of 0.10 g mL−1.
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eyes, is drowsy or sleeping [52]. Theta waves are the EEG signals
with a frequency between 4 and 8 Hz, and are usually found in
meditative, drowsy, hypnotic, or sleep states. Detecting the alpha
and theta waves in the EEG is very useful for obtaining the
mental state of the user in the brain-computer interface system.
In this study, EEG signals of alpha and theta waves were col-
lected respectively through traditional electrodes and the flexible
electrode with PDMA-PAAM membrane. And the comparison
was carried out here.

Fig. 7a shows the schematic diagram of the flexible electrode
with PDMA-PAAM membrane attached to the human auricle
for testing. Fig. 7b shows two periods of EEG signals, of which
alpha and theta waves are measured when the subjects are
approaching their eyes, corresponding to the flexible electrode
with PDMA-PAAM membrane and the traditional electrode
applied at the left and right auricles of the human body
respectively. The spectra of EEG signals measured by both
electrodes show a similar change tendency. The EEG signals is
amplified at 2.5–5.5 s to obtain the EEG signals as shown in
Fig. 7c, from which it can be seen clearly that the alpha and theta
waves of EEG measured by the two electrodes are basically the
same, indicating that the flexible electrode with PDMA-PAAM
membrane can be successfully used for the recording of EEG
signals. As shown in Fig. 7d, frequency-domain signals are
measured under the eye-closed state when the flexible electrode
with PDMA-PAAM membrane is applied at the left auricle of
human body and the traditional electrode is applied at the left
auricle of the human body. Our electrodes show prominent theta
and alpha wave peaks around 4–8 and 8–13 Hz respectively, as

expected for normal EEG activity when the subjects’ eyes are
closed. The time-frequency diagram in Fig. 7e further demon-
strates this conclusion. In the test time of 50 s, the highest
intensity signals are about 5 and 12 Hz, indicating that the sig-
nals are theta and alpha waves of EEG signals.

To demonstrate long-term stable interface for EEG recording,
EEG signals were measured by the Au electrode with PDMA-
PAAM membrane exposed at room temperature for 30 and 60
days, as shown in Fig. S4. The result suggests that the alpha
waves of EEG could still be detected clearly, indicating that the
PDMA-PAAM hydrogel could be used to measure the EEG
signals stably for a long time.

CONCLUSIONS
In summary, a soft and effective hydrogel-skin interface is
achieved by the PDMA-PAAM hydrogel designed and fabricated
in this work. The introduced DMA increases the adhesive
strength through amino and catechol groups of DMA in
organic-inorganic interface to build a covalent and non-covalent
interaction. The PDMA-PAAM hydrogel exhibits excellent
cyclic strain loading resistance and compression resilience. The
good elastic resilience is also demonstrated as the PDMA-PAAM
hydrogel can recover to the initial state when stretched for 50
cycles at 750% strain or compressed for 50 cycles at 230% strain.
In addition, glycerol is added to the hydrogels as a water
retaining agent to improve the long-term stability of the inter-
face, rendering the PDMA-PAAM hydrogel good flexibility and
adhesion for more than 60 days at room temperature. NaCl is
added as a conductive component to ensure the stability of

Figure 6 Cytotoxicity test and demonstration of the applications of hydrogels. (a) Fluorescent images of the dyed viable (green) and dead (red) cells using
the Calcein-AM/PI double stain assay for a blank solution without any hydrogels and solutions with PAAM hydrogels or PDMA-PAAM hydrogels after 24 h
incubation. (b) Cell viability obtained using the CCK8 assay after 24 h hydrogels incubation.
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interfacial impedance. The hydrogel is applied to a Au electrode
as the interface material between the electrode and skin, and the
EEG signals are successfully measured which are similar to that
of commercial electrodes.
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高稳定、低电阻聚多巴胺甲基丙烯酰胺-聚丙烯酰胺
水凝胶及其在脑机接口中的应用
刘兰兰1, 刘亚风4, 唐瑞涛1, 艾骏1, 马寅佶2, 陈颖1,3*, 冯雪2*

摘要 硬质金属电极与柔软人体皮肤之间的界面失效会导致脑机接口
器件的信号漂移和性能不稳定, 影响脑电信号的精确采集. 本研究设计
并制备了一种聚多巴胺甲基丙烯酰胺-聚丙烯酰胺(PDMA-PAAM)水
凝胶. 将多巴胺引入到聚丙烯酰胺水凝胶中, 通过多巴胺的氨基与邻苯
二酚基团在有机-无机界面上建立共价和非共价相互作用提高了界面
粘结力. 金属电极与人体皮肤之间形成了强附着和有效模量过渡体系,
PDMA-PAAM水凝胶与猪皮之间的剥离力达到22 N m−1. 此外, 通过添
加氯化钠和甘油, PDMA-PAAM水凝胶具有稳定的电导率和室温下60
天以上的长期使用寿命. 将本研究制备的PDMA-PAAM水凝胶集成在
柔性金电极上用于脑机接口, 采集到的脑电信号强度和波形与同类商
用产品基本一致, 且PDMA-PAAM水凝胶柔性电极具有更稳定的界面.
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