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Abstract 

For older adults with disabilities and aphasia, timely care remains challenging, 

particularly during the 8-h nocturnal period, creating a need for stable non-invasive EEG 

interfaces for assistive brain-computer interface (BCI) applications. Asynchronous 

steady-state visual evoked potential (SSVEP)-based control provides a practical strategy for 

nighttime assistive care, but its performance is largely constrained by the electrode interface. 

Here, we developed a comb-shaped, silicone-scaffolded PVA/SA/PEDOT:PSS hydrogel 

electrode for stable overnight EEG acquisition on hair-bearing scalp regions. The PVA/SA 

network provided soft and compliant contact, while PEDOT:PSS improved interfacial charge 

transfer. The comb-shaped silicone scaffold further enhanced conformal contact and 

effectively suppressed hydrogel dehydration. The electrode maintained stable scalp 

impedance for 8 h and enabled reliable EEG recording on both hairless and hair-bearing scalp 

regions. When used in an asynchronous SSVEP-based intelligent assistive care system, it 

achieved 100% triple-blink (three consecutive blinks) detection accuracy for system 

activation and 97.3 ± 0.4% SSVEP classification accuracy for command selection, with 

stable performance throughout the 8-h monitoring period. Cytotoxicity assays indicated no 

obvious cytotoxicity under the tested conditions, and comfort evaluations supported good 

wearability. This hydrogel electrode provides a promising approach for non-invasive and 

reliable overnight EEG acquisition and shows potential for BCI-assisted nighttime care. 

Introduction 

With global population aging and persistently high stroke incidence, the rising 

prevalence of disabilities and aphasia is placing mounting pressure on long-term care[1–3]. 

These pressures are particularly acute during the nocturnal period, when sustained caregiving 

over an 8-h window places substantial physical demands on caregivers. Such demands can 

make timely responses to patients' needs more difficult, thereby increasing psychological 

stress on patients[4–6]. Brain-computer interface (BCI) technology, particularly non-invasive 

steady-state visual evoked potential (SSVEP)-based paradigms, represents a promising 

strategy for nighttime assistive care[7–10]. SSVEP-BCI systems can acquire and decode 

electroencephalography (EEG) signals to generate control commands for assistive devices, 

thereby enabling self-care tasks and reducing reliance on continuous overnight 

supervision[11–13]. The primary challenge is to achieve high-quality EEG acquisition with both 

overnight stability and wear comfort. 

A stable, low-impedance skin-electrode interface is essential for high-quality EEG 

acquisition during 8-h overnight monitoring[13–16]. Traditional wet electrodes utilize electrolyte 

gels to establish stable ionic conduction pathways, enabling low interfacial impedance and 

high signal-to-noise ratio (SNR)[17, 18]. However, the fluid nature of wet electrodes poses a risk 

of short circuits between adjacent electrodes, while prolonged skin contact increases the risk 



of skin irritation[19, 20]. Furthermore, the rapid dehydration of the electrolyte induces interfacial 

instability and progressive signal degradation, limiting their reliability and suitability for 

continuous nocturnal EEG monitoring[20, 21]. Composed of conductive materials such as 

metals, fabrics, and polymers, dry electrodes exhibit high, pressure-dependent impedance, 

leading to excessive noise and signal distortion[22–24]. While increased headband pressure can 

modestly reduce interfacial impedance, it significantly compromises wearer comfort, which 

undermines long-term wearability and high-fidelity EEG acquisition[24, 25]. Semi-dry 

electrodes represent an intermediate strategy between wet and dry electrodes, with electrolyte 

stored in a porous or capillary matrix to sustain hydration at the skin-electrode interface[26, 27]. 

However, semi-dry electrodes still face practical challenges for prolonged monitoring, 

including limited electrolyte supply, gradual interfacial deterioration, and difficulty in 

maintaining stable and comfortable skin contact.  

Hydrogel-based electrodes offer an attractive alternative by immobilizing the electrolyte 

within a crosslinked polymer network, enabling uniform and sustained ionic conduction with 

minimal leakage[28, 29]. Their low modulus and inherent softness facilitate conformal skin 

contact and suppress interfacial micro-slip, improving signal stability and wear comfort[29–31]. 

However, hydrogels are prone to persistent dehydration due to continuous water evaporation 

and migration under dynamic use conditions, leading to material stiffening and progressive 

signal degradation over time[32, 33]. Various strategies have been explored to mitigate 

dehydration. Incorporating hygroscopic salts can effectively prevent dehydration and 

hardening while maintaining high conductivity[32–34]. However, high salt concentrations may 

cause skin irritation, osmotic stress, and corrosion of integrated metal circuits, compromising 

device reliability[28]. Alternatively, water-organic solvent binary systems reduce free water 

content and increase evaporation enthalpy, effectively suppressing dehydration[34, 35]. 

Nevertheless, organic solvents tend to increase interfacial impedance by raising viscosity and 

lowering ion mobility[32]. Surface modification strategies, such as applying ultrathin 

biomimetic or gradient hydrophobic coatings, can suppress water escape by acting as a 

physical barrier[36, 37]. Yet, such coatings may suffer from reliability issues under practical 

conditions involving curved scalp geometry and dynamic deformation, potentially leading to 

mechanical failure such as cracking or delamination[37, 38]. Encapsulation provides another 

effective strategy for enhancing hydration stability by physically blocking water vapor 

migration[39, 40]. However, hydrogel-based encapsulation may hinder conformal contact on 

hair-bearing scalp due to microscopic curvature and hair topography, limiting its suitability 

for reliable nocturnal EEG monitoring[41–43]. Constructing double-network hydrogels with 

dense hydrogen-bond crosslinks can improve hydration retention[35]. Nevertheless, higher 

effective crosslink density often densifies the network, compromising conductivity through 

restricted ion mobility and hindering wearable conformity due to increased stiffness and 

reduced extensibility[32]. Consequently, designing hydrogel electrodes that simultaneously 



provide sustained hydration, stable electrochemical interfacing, scalp conformability, and 

unobtrusive comfort remains a significant challenge for continuous nocturnal EEG 

monitoring. 

In this work, we developed a comb-shaped, silicone-scaffolded PVA/SA/PEDOT:PSS 

hydrogel electrode for stable overnight EEG acquisition on the hair-bearing scalp (Fig. 1). 

The PVA/SA network was designed to provide soft mechanical compliance and support 

interfacial hydration. PEDOT:PSS was incorporated as a conductive phase to promote 

efficient interfacial charge transfer while largely preserving the hydrogen-bonded matrix. The 

 

Fig. 1 Schematic illustration of the hydrogel electrode for EEG acquisition. 

The figure illustrates the fabrication process of the comb-shaped silicone scaffold and the 

PVA/SA/PEDOT:PSS hydrogel, along with the physical crosslinking network of the hydrogel and a 

scanning electron microscopy (SEM) image of the actual network structure. The electrode is fixed on 

the scalp with gauze for EEG signal acquisition, and the recorded signals are transmitted via Wi-Fi for 

SSVEP-based BCI control. 



comb-shaped silicone scaffold improved conformal contact with the hair-bearing scalp and 

helped maintain stable hydration during overnight wear. Consequently, the electrode 

maintained stable scalp impedance for 8 h and enabled reliable EEG recording in both 

hairless and hair-bearing scalp regions. When used in an asynchronous SSVEP-based 

intelligent assistive care system, it achieved 100% triple-blink detection accuracy and 97.3 ± 

0.4% SSVEP classification accuracy, demonstrating its potential for nighttime assistive BCI 

applications. 

Results 

1. Preparation and characterization of the hydrogel electrode 

To achieve stable EEG recording on the hair-bearing scalp for 8-h overnight monitoring, 

we fabricated a comb-shaped, silicone-scaffolded PVA/SA/PEDOT:PSS hydrogel electrode. 

The PVA/SA network was formed through freeze-thaw-induced physical association, 

primarily mediated by hydrogen bonding. Fourier-transform infrared (FTIR) spectroscopy 

yielded evidence consistent with physical crosslinking between PVA and SA (Fig. 2a). 

Gaussian fitting of the characteristic absorption bands revealed systematic peak shifts and 

pronounced band broadening in the PVA/SA hydrogel. In the hydroxyl stretching region 

(3000-3600 cm-1), Gaussian fitting showed that the -OH band center blue-shifted from 

3295.87 ± 0.55 cm-1 for PVA to 3330.51 ± 10.07 cm-1 for PVA/SA, while the full width at half 

maximum (FWHM) increased from 317.97 ± 2.36 cm-1 to 361.97 ± 6.53 cm-1 (Fig. 2b). The 

blue shift and band broadening were consistent with SA-induced changes in the 

hydrogen-bonding microenvironment of PVA hydroxyl groups, suggesting a broader 

distribution of hydrogen-bond strengths and increased network heterogeneity. 

Correspondingly, in the asymmetric carboxylate stretching region (1550-1650 cm-1), the 

-COO- band center shifted from 1595.23 ± 0.24 cm-1 for SA to 1638.30 ± 2.02 cm-1 for 

PVA/SA, while the FWHM increased from 77.52 ± 3.77 cm-1 to 112.80 ± 7.44 cm-1 (Fig. 2c). 

Consistent with the trend observed for the -OH band, the blue shift and broadening of the 

-COO- band indicated a perturbed carboxylate environment in PVA/SA, further supporting 

SA-induced restructuring of local noncovalent interactions within the network. No new FTIR 

bands attributable to covalent bond formation were detected, consistent with a predominantly 

physically associated PVA/SA network mediated by noncovalent interactions. 

To optimize the electrochemical impedance of the PVA/SA hydrogel for EEG 

bioelectronic interfacing, PEDOT:PSS was incorporated as a conductive phase. The 

PEDOT:PSS concentration was systematically varied, and the impedance response was 

quantified by electrochemical impedance spectroscopy (EIS). Across the 0-10 wt% 

PEDOT:PSS range, the impedance magnitude at 10 Hz (|Z| at 10 Hz) exhibited a 

non-monotonic dependence on composition, reaching a minimum at approximately 5 wt%, 

accompanied by a phase shift toward 0° (Fig. 2d). Accordingly, within the narrower 4.0-6.5 



wt% composition window, statistical analysis of multiple independent samples confirmed that 

the 5.5 wt% formulation exhibited the lowest mean |Z| at 10 Hz (Fig. 2e). Further analysis 

showed that the |Z| at 10 Hz of the 5.5 wt% formulation was significantly lower than that of 

the adjacent lower-concentration formulation, whereas the difference relative to the adjacent 

higher-concentration formulation was not statistically significant (Fig. S1). Consistent with 

this result, the impedance magnitude spectra showed that the 5.5 wt% formulation maintained 

the lowest impedance across the measured frequency range, with the clearest separation at 

low frequencies (Fig. 2f). Equivalent-circuit fitting using an R(QR) model (Fig. S2) indicated 

that the pronounced impedance reduction was primarily attributed to a marked decrease in the 

charge-transfer resistance (Rct), from ~1.12 × 106 Ω in the undoped sample to ~1.37 × 104 Ω 
in the 5.5 wt% formulation (Fig. S3). On this basis, the 5.5 wt% formulation was selected for 

Fig. 2 Characterization of the PVA/SA/PEDOT:PSS hydrogel. 

(a) FTIR spectra of PVA, SA, and PVA/SA hydrogel. (b) Peak position and FWHM of the O-H stretching 

band (3000-3600 cm-1) for PVA and PVA/SA hydrogels. (c) Peak position and FWHM of the asymmetric 

-COO- stretching band (1550-1650 cm-1) for SA and PVA/SA hydrogels. (d) Impedance at 10 Hz for 

hydrogels with PEDOT:PSS concentrations ranging from 0 to 10 wt%. (e) Impedance at 10 Hz for 

hydrogels with PEDOT:PSS concentrations ranging from 4.0 to 6.5 wt%. (f) Representative impedance 

spectroscopy of hydrogels with different PEDOT:PSS concentrations. (g) Raman spectra of the 5.5 wt% 

hydrogel in dry and hydrated states. (h) Deconvolution of the Raman spectra in the PEDOT fingerprint 

region. 



all subsequent characterization and performance evaluation. 

Raman spectra of the 5.5 wt% hydrogel collected over 800-1800 cm-1 revealed 

characteristic PEDOT fingerprint bands in both the dry and hydrated states (Fig. 2g). Spectral 

deconvolution further showed a hydration-associated redistribution of vibrational intensities, 

characterized by an enhanced symmetric Cα-Cβ stretching mode and a reduced asymmetric 
component (Fig. 2h). This spectral evolution was consistent with an increased proportion of 

quinoid-like segments in the PEDOT chains under hydrated conditions, suggesting 

hydration-associated modulation of the polymer conformation. The O-H stretching band 

(3000-3800 cm-1) was further deconvoluted for hydrogels with and without PEDOT:PSS (Fig. 

S4). The closely matched component area fractions indicated that incorporation of 

PEDOT:PSS largely preserved the hydrogen-bonding network of the PVA/SA matrix. 

Combined with the impedance analysis, these results suggested that hydration-associated 

structural modulation of PEDOT:PSS may have contributed to the reduced interfacial 

charge-transfer resistance without substantially disrupting the hydrogel network. 

To address interfacial mismatch caused by hair obstruction and scalp curvature, we 

engineered the hydrogel into a comb-shaped array of four independently compliant tines. 

These tines interdigitated with hair and conformed to local scalp topography, thereby 

improving contact consistency in hair-bearing scalp regions (Fig. 1). For stable overnight 

EEG acquisition, we fabricated a monolithic silicone-hydrogel composite. This was achieved 

by patterning comb-like grooves in a silicone scaffold and casting the hydrogel in situ, 

forming hydrogel tines mechanically interlocked with the silicone skeleton. The silicone 

scaffold reinforced the overall geometry and served as a water-vapor barrier that mitigated 

hydrogel dehydration, thereby stabilizing the skin-electrode interface for 8-h overnight 

monitoring. 

2. Mechanical characterization of the hydrogel electrode 

Mechanical properties were characterized under monotonic tensile loading to assess the 

soft, conformal mechanical compliance of the hydrogel (Fig. 3a). Uniaxial tensile tests 

showed that PVA hydrogels exhibited a Young’s modulus of 74.2 ± 2.2 kPa and a fracture 
strain of 371.9 ± 23.8%, whereas PVA/SA hydrogels exhibited a markedly reduced Young’s 
modulus of 25.8 ± 3.0 kPa (an approximately 65% decrease) while maintaining a high 

fracture strain of 387.8 ± 48.8% (Fig. 3b). The ultimate tensile strength decreased from 945.9 

± 306.2 kPa for PVA to 236.2 ± 45.4 kPa for PVA/SA, and toughness decreased from 1.271 ± 

0.501 MJ m-3 to 0.391 ± 0.170 MJ m-3 (Fig. 3c). This pronounced softening, achieved without 

ionic crosslinking, was consistent with the formation of a reversible network governed by 

physical entanglements and dynamic hydrogen bonding. 

As shown in Fig. 3d, incorporation of PEDOT:PSS endowed the hydrogel with high 

deformability under tensile loading. The Young’s modulus was reduced to 5.9 ± 0.9 kPa, 



approximately 92% lower than that of the pure PVA hydrogels, while the fracture strain 

increased to 439.8 ± 51.7% (Fig. 3b). The ultimate tensile strength and toughness further 

decreased to 116.6 ± 61.2 kPa and 0.190 ± 0.133 MJ m-3, respectively (Fig. 3c). These results 

indicated that incorporation of the conductive phase maintained high deformability while 

significantly reducing the modulus, which was favorable for conformal contact on 

hair-bearing scalp regions. Cyclic deformation was then characterized to assess the 

mechanical stability of the hydrogel under repeated deformation (Fig. 3e). Cyclic tensile tests 

for 100 cycles (10-80% strain) demonstrated that the PVA/SA/PEDOT:PSS hydrogel 

maintained a high elastic recovery of 0.834 ± 0.012 and a low energy loss coefficient of 0.166 

± 0.012 (Fig. 3f). The loading-unloading curves remained highly consistent with the 

first-cycle response (r = 0.997 ± 0.0009), indicating excellent cyclic stability (Fig. 3g). 

The silicone exhibited a Young’s modulus of 36.47 ± 1.86 kPa and a fracture strain of 
231.37 ± 14.51% (Fig. S5). This modulus hierarchy, combined with the ultrasoft conductive 

hydrogel, mechanically buffered external loading and reduced stress transmission to the 

 

Fig. 3 Mechanical properties of the hydrogel electrodes. 

(a) Representative stress-strain curves of PVA, PVA/SA, and PVA/SA/PEDOT:PSS hydrogels. (b) 

Young’s modulus and fracture strain of PVA, PVA/SA, and PVA/SA/PEDOT:PSS hydrogels. (c) Ultimate 

tensile strength and toughness of PVA, PVA/SA, and PVA/SA/PEDOT:PSS hydrogels. (d) Photographs 

of PVA/SA/PEDOT:PSS hydrogel manually stretched to different lengths, demonstrating its high 

deformability. (e) Cyclic tensile loading-unloading curves of the PVA/SA/PEDOT:PSS hydrogel over 100 

cycles. (f) Elastic recovery and energy loss coefficient of the PVA/SA/PEDOT:PSS hydrogel over 100 

cycles. (g) Correlation coefficient between each cycle and the first cycle during cyclic tensile testing. 



interface during wear. Cyclic tensile tests over 100 cycles showed stable viscoelastic behavior. 

The elastic recovery decreased slightly from 0.863 ± 0.019 to 0.820 ± 0.010, while the 

energy loss coefficient increased from 0.137 ± 0.019 to 0.180 ± 0.010. The cyclic curves 

remained highly consistent with the first-cycle response (r ≥ 0.998). These results indicated 

controlled energy dissipation and reliable shape recovery, supporting wearable conformability 

and structural durability during use. 

3. Hydration retention of the hydrogel electrode 

To evaluate the water retention capacity of the electrodes during 8-h overnight 

monitoring, we measured the mass change of three electrode types at 25 °C and 50% relative 

humidity (Fig. 4a).  The commercial gel and the hydrogel without silicone scaffold were 

 

Fig. 4 Hydration retention performance of the hydrogel electrodes. 

(a) Mass retention of commercial gel, hydrogel without silicone scaffold, and comb-shaped hydrogel 

with silicone scaffold for 8 h. (b) Mass after 8 h and completely dried mass of the three electrode types, 

excluding the mass of the silicone scaffold. (c) Contact angles of the three electrode types at 0 h, 4 h, 

and 8 h. (d) Near-infrared hydration imaging of the three electrode types, where redder colors indicate 

higher water content. The white scale bar represents 1 cm. The color bar indicates water content, with 

red representing 100% water content and blue representing 0% water content. (e) Raman spectra of the 

comb-shaped hydrogel with silicone scaffold at 0 h, 4 h, 8 h, and after complete drying. (f) Integrated 

area ratio of the O-H stretching band to the polymer backbone peak, reflecting the water content. (g) 

Water retention per unit area of the three electrode types over 8 h.  



both square-shaped (1 cm × 1 cm × 1 mm), while the hydrogel with silicone scaffold had a 

comb-shaped geometry with a smaller contact area (less than 50% of the square-shaped 

electrodes). The commercial gel electrode lost mass rapidly, retaining only 25.0% of its initial 

mass after 8 h, which was not significantly different from its completely dried mass (23.7%, 

p > 0.05), indicating complete dehydration (Fig. 4b). In contrast, the hydrogel without 

silicone scaffold exhibited superior water retention during the first 4 h, with remaining masses 

of 76.4% and 49.9% at 2 and 4 h, respectively. This behavior likely arose from its higher 

initial water content (solid content: 15.9% vs. 23.7% for the commercial gel) and greater 

surface hydrophilicity (initial contact angle: 0.3° vs. 7.1° for the commercial gel) (Fig. 4c). 

After 4 h, the water loss rate accelerated, and the remaining mass dropped to 19.4% at 8 h, 

which remained significantly higher than its completely dried mass (15.9%, p ≤ 0.05). 
Near-infrared hydration imaging revealed edge curling and uneven water distribution as 

dehydration progressed (Fig. 4d), suggesting that deswelling shrinkage and increased exposed 

area contributed to the accelerated water loss. 

The hydrogel with silicone scaffold exhibited excellent water retention, retaining 67.3% 

of its initial mass at 8 h (Fig. 4a). This was further supported by Raman spectroscopy, which 

semi-quantitatively assessed water content using the integrated area ratio of the O-H 

stretching band to the polymer backbone peak, yielding values of 22.27 at 0 h, 10.52 at 8 h, 

and 0.236 after complete drying (Fig. 4e-f). After normalization to the active hydrogel area, 

the area-normalized retained mass percentage at 8 h was 12.97% cm-2 for the comb-shaped 

electrode, which was 3.4 times that of the hydrogel without silicone scaffold (3.83 % cm-2) 

and 11.0 times that of the commercial gel (1.18 % cm-2) (Fig. 4g). Its contact angle at 8 h was 

7.6°, substantially lower than that of the hydrogel without silicone scaffold (11.8°) and the 

commercial gel (20.5°) (Fig. 4c). These results demonstrated that the silicone scaffold served 

as an effective physical hydration barrier, thereby mitigating hydrogel dehydration and 

providing a stable interfacial hydration environment for overnight EEG monitoring. 

4. Electrochemical performance of the hydrogel electrode 

To evaluate the electrochemical stability of the electrodes during 8-h overnight 

monitoring, we measured the impedance magnitude and phase angle at 10 Hz on forearm skin 

(Fig. 5a). At 0 h, the commercial gel exhibited an impedance of 54.7 ± 13.3 kΩ and a phase 
angle of -45.0 ± 4.4°. The hydrogel without silicone scaffold exhibited an impedance of 24.9 

± 6.5 kΩ and a phase angle of -13.2 ± 4.6°. The hydrogel with silicone scaffold exhibited an 

impedance of 23.6 ± 3.3 kΩ and a phase angle of -9.5 ± 3.1°. Both hydrogel electrodes 

exhibited significantly lower impedance and phase angle than the commercial gel (p < 0.01), 

indicating that the PVA/SA/PEDOT:PSS hydrogel system possessed favorable 

ionic-electronic mixed conductivity and supported efficient interfacial charge transfer. The 

reduced phase angle further suggested that the interface approached predominantly resistive 



behavior. At 8 h, the impedance of the commercial gel increased to 654.5 ± 156.2 kΩ. In 

comparison, the impedance of the hydrogel without silicone scaffold increased to 300.4 ± 

104.1 kΩ, while that of the hydrogel with silicone scaffold increased to only 108.9 ± 42.5 kΩ. 
The commercial gel and the hydrogel without silicone scaffold exhibited large fluctuations 

and significant data dispersion, whereas the phase angle of the hydrogel with silicone scaffold 

remained stable. These results indicated that the comb-shaped hydrogel with silicone scaffold 

provided a uniform and stable electrochemical interface, ensuring reliable signal acquisition 

during 8-h overnight monitoring. We further characterized the electrochemical impedance 

spectra of the hydrogel with silicone scaffold at 0, 2, 4, 6, and 8 h (Fig. 5b). Within the 

low-frequency range relevant to EEG signals, both the impedance magnitude and phase angle 

remained stable. 

To further validate the on-scalp performance of the hydrogel with silicone scaffold, we 

measured the impedance at ten EEG recording sites (FP1, FP2, PO5, PO3, POZ, PO4, PO6, 

O1, OZ, O2) (Fig. 5c). Statistical analysis showed no significant differences among sites, and 

the average impedance across the ten sites was 20.1 ± 11.6 kΩ at 0 h (Fig. 5c). These data 

 

Fig. 5 Electrochemical performance of the hydrogel electrodes. 

(a) Impedance at 10 Hz for commercial gel, hydrogel without silicone scaffold, and comb-shaped 

hydrogel with silicone scaffold at 0, 2, 4, 6, and 8 h. (b) Representative impedance spectroscopy of the 

comb-shaped hydrogel with silicone scaffold at 0, 2, 4, 6, and 8 h. (c) Impedance at 10 Hz across ten 

EEG recording sites. (d) Average impedance at 10 Hz across ten EEG sites at 0, 2, 4, 6, and 8 h. (e) 

Impedance at 10 Hz for each EEG site at 0, 2, 4, 6, and 8 h. 



suggested that the electrode provided comparable contact performance across different scalp 

regions, including both hairless and hair-bearing scalp regions. The average impedances at 0, 

2, 4, 6, and 8 h were 20.1 ± 11.6, 19.8 ± 13.6, 29.8 ± 22.1, 31.2 ± 25.4, and 31.2 ± 28.5 kΩ, 
respectively (Fig. 5d). Statistical analysis showed no significant differences among time 

points, supporting good temporal stability during 8-h monitoring. The impedance data for 

each recording site at all time points are shown in Fig. 5e, further supporting spatially 

consistent contact performance and temporal stability on the scalp. 

5. SSVEP-based EEG acquisition and system validation 

We constructed an asynchronous SSVEP-based intelligent assistive care system for 

nighttime assistive monitoring using the comb-shaped silicone-scaffolded hydrogel electrode 

(Fig. 6a). The electrodes were placed at ten EEG recording sites, with FP1 and FP2 used for 

blink detection and the remaining eight sites used for SSVEP signal acquisition. Baseline 

noise levels under resting conditions are shown in Fig. 6b. The average baseline noise levels 

were 8.79 ± 6.27 μV in the hairless region (FP1, FP2) and 8.78 ± 1.96 μV in the hair-bearing 

scalp regions (PO5, PO3, POZ, PO4, PO6, O1, OZ, O2), with no significant difference 

between the two regions (p > 0.05), indicating consistent signal acquisition performance on 

both hairless and hair-bearing scalp regions. The SNRs of blink signals recorded from FP1 

and FP2 were 26.26 ± 2.28 dB and 25.58 ± 2.80 dB, respectively, with representative 

waveforms shown in Fig. 6c. 

The system employed a three-class SSVEP paradigm with stimulation frequencies of 9.6 

Hz (emergency call), 12 Hz (toileting assistance), and 14.4 Hz (safety reset). Three 

consecutive blinks were used as the trigger signal, hereafter referred to as a triple blink. Upon 

detecting a triple blink, the system activated flicker stimulation and executed the 

corresponding command based on the recognized frequency. The overall workflow is 

illustrated in Fig. 6a and Video S1. The system achieved 100% triple-blink detection accuracy 

and 97.3 ± 0.4% SSVEP classification accuracy (Fig. 6d), with no significant differences 

among subjects (p > 0.05). As shown in Fig. 6e, the SNR for triple-blink (amplitude-based) 

was 11.81 ± 2.23 dB, while the SNRs for SSVEP (power-based) were 7.52 ± 0.27 dB (9.6 Hz), 

7.25 ± 0.18 dB (12 Hz), and 7.42 ± 0.23 dB (14.4 Hz), with no significant differences among 

the three frequencies (p > 0.05). The corresponding power spectra are shown in Fig. 6f. 

We further evaluated the stability of the electrode during 8-h overnight monitoring. 

Triple blink detection accuracy remained 100% at all time points. SSVEP recognition 

accuracy was 96.8 ± 3.0% (0 h), 98.4 ± 2.2% (2 h), 97.8 ± 2.4% (4 h), 97.3 ± 2.6% (6 h), and 

97.8 ± 2.4% (8 h) (Fig. 6g). As shown in Fig. 6h, triple blink SNRs were 11.81 ± 2.23 dB (0 

h), 11.93 ± 1.62 dB (2 h), 11.05 ± 1.82 dB (4 h), 11.81 ± 2.10 dB (6 h), and 12.30 ± 2.49 dB 

(8 h). SSVEP SNRs were 7.40 ± 0.23 dB (0 h), 7.51 ± 0.41 dB (2 h), 7.48 ± 0.45 dB (4 h), 

7.43 ± 0.42 dB (6 h), and 7.39 ± 0.43 dB (8 h). No significant differences were observed in 



blink or SSVEP SNRs across different time points. These results demonstrated that the 

electrode maintained stable performance during 8-h overnight monitoring. 

Wear comfort was evaluated using a visual analog scale (VAS, 0-10, with 0 indicating no 

discomfort and 10 indicating extreme discomfort). All scores were below 3 (Fig. S6), 

 

Fig. 6 SSVEP-based intelligent assistive care system validation. 

(a) Schematic of the asynchronous SSVEP-based intelligent assistive care system. (b) Baseline noise 

levels in hairless (FP1 and FP2) and hair-bearing scalp regions. (c) Representative blink signals 

recorded from FP1 and FP2. The horizontal black bar represents 1 second, and the vertical black bar 

represents 100 µV. (d) Triple-blink detection accuracy and SSVEP classification accuracy across 

different subjects. (e) SNR for triple-blink detection and SSVEP classification at different frequencies 

across different subjects. (f) Power spectra for SSVEP signals at 9.6 Hz, 12 Hz, and 14.4 Hz. (g) 

SSVEP classification accuracy over 8 h. (h) Triple-blink SNR and SSVEP SNR over 8 h. (i) Cell viability 

of L929 fibroblasts after exposure to different concentrations of hydrogel extract. 



indicating minimal perceived discomfort during 8-h overnight monitoring. Cytotoxicity was 

assessed using the CCK-8 assay. As shown in Fig. 6i, cell viabilities for the 0%, 25%, 50%, 

75%, and 100% extract groups were 100.0 ± 7.8%, 121.0 ± 5.0%, 98.4 ± 6.3%, 97.7 ± 5.4%, 

and 100.0 ± 4.7%, respectively, indicating no obvious cytotoxicity under the tested extract 

conditions. 

Discussion 

Hydrogel electrodes can improve prolonged scalp EEG acquisition due to their soft 

mechanical compliance and electrolyte confinement, which promote conformal contact and 

stable interfacial ionic conduction. However, hydrogel dehydration and unstable contact on 

hair-bearing scalp regions remain important challenges for overnight monitoring. In this work, 

a comb-shaped, silicone-scaffolded hydrogel electrode was developed to address these 

limitations. The hydrogel provided a soft conductive interface, PEDOT:PSS reduced the 

charge-transfer resistance, the comb-shaped structure improved contact in hair-bearing scalp 

regions, and the silicone scaffold suppressed dehydration. 

By integrating material composition and structural design, the proposed electrode 

showed better hydration retention and more stable electrochemical performance. These 

properties were associated with stable scalp impedance and reliable EEG acquisition from 

both hairless and hair-bearing scalp regions over 8 h. The electrode also supported highly 

accurate triple-blink detection and SSVEP classification in our asynchronous SSVEP-based 

assistive care system during overnight use, with good subjective comfort and no obvious 

cytotoxicity. 

These findings suggest that the proposed hydrogel electrode provides a practical strategy 

for stable and comfortable overnight scalp EEG acquisition. The scalp impedance showed no 

significant change over 8 h, further indicating good temporal stability of the electrode-skin 

interface during overnight monitoring. Together with the stable performance in the 

asynchronous SSVEP-based assistive care system, these results support its use in reliable 

overnight assistive BCI applications. 

Materials and Methods 

1. Materials 

Polyvinyl alcohol (PVA, catalog #P139535, 98.0-99.0 mol% hydrolysis, viscosity 

54.0-66.0 mPa·s, Aladdin, China), sodium alginate (SA, catalog #S100128, AR, Aladdin, 

China), poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, catalog 

#P191136, PEDOT:PSS = 1:6, 1.5 wt% dispersion in water, Aladdin, China), potassium 

chloride (KCl, catalog #P301833, 99% purity, Aladdin, China), and silicone elastomer 

(Ecoflex 00-30, Smooth-On, USA) were used. Commercial EEG gel (Easy Gel, ZPTC, China) 

was used as a reference for comparison. All chemicals were used as received without further 



purification. Deionized (DI) water was used throughout all experiments. 

2. Preparation of PVA/SA/PEDOT:PSS hydrogel 

Polyvinyl alcohol (PVA, 2.4 g), sodium alginate (SA, 0.3 g), and potassium chloride 

(KCl, 1.15 g) were added to deionized water (20 g) and heated in a 90 °C water bath with 

continuous stirring for 90 minutes to obtain a homogeneous polymer solution. Subsequently, 

PEDOT:PSS dispersion was added at varying concentrations (0-10 wt% relative to the total 

polymer mass) and stirred for an additional 30 minutes. The mixture was then degassed under 

vacuum to remove air bubbles. The resulting solution was cast into molds and subjected to 

three cycles of freezing at -20 °C for 24 h followed by thawing at 25 °C for 6 h. The 

as-prepared hydrogels were stored in a sealed container at 4 °C prior to use. 

3. Fabrication of comb-shaped silicone-scaffolded hydrogel 

The comb-shaped silicone scaffold was designed with four tines to accommodate 

hair-bearing scalp regions. To fabricate the scaffold, Part A and Part B of Ecoflex 00-30 were 

mixed at a 1:1 weight ratio, degassed under vacuum, and poured into a flat mold with an 

initial casting thickness of approximately 0.25 cm. The mold was placed in an oven at 60 °C 

for 1 h to obtain a fully crosslinked silicone sheet. A CO₂ laser cutter was then used to process 
the cured silicone sheet into a comb-shaped structure. By controlling the laser power and 

scanning path, grooves were ablated in the tines and the base region, while retaining a solid 

silicone layer of approximately 0.03 cm at the bottom and sidewalls of the grooves, thereby 

forming the hydrogel filling cavities. The laser-cut silicone scaffold was ultrasonically 

cleaned with ethanol to remove residual laser ablation debris, followed by ultrasonic cleaning 

with deionized water, and then dried for later use. Subsequently, the PVA/SA/PEDOT:PSS 

hydrogel precursor solution was cast into the cavities of the silicone scaffold. The assembly 

was then subjected to the freeze-thaw cycles to allow the hydrogel to form in situ within the 

cavities, resulting in an integrated silicone-hydrogel composite electrode in which the silicone 

scaffold supports the overall geometry and suppresses water loss, while the contact-facing 

hydrogel remains exposed for scalp contact. The final electrode dimensions were 

approximately 0.6 cm × 0.8 cm, with each tine measuring approximately 0.1 cm × 0.5 cm. 

4. Spectroscopic and morphological characterization 

FTIR spectra were recorded using a Nicolet 6700 spectrometer (Thermo Fisher Scientific, 

USA) in attenuated total reflectance (ATR) mode. Hydrogel samples were freeze-dried prior 

to measurement. Spectra were collected over the range of 400-4000 cm-1 with a resolution of 

2 cm-1 and 10 scans per sample. Gaussian fitting of the hydroxyl stretching region (3000-3600 

cm-1) and asymmetric carboxylate stretching region (1550-1650 cm-1) was performed to 

analyze peak position and full width at half maximum (FWHM). Raman spectra were 

acquired using an inVia confocal Raman microscope (Renishaw, UK) with a 532 nm 



excitation laser. Spectra were collected over the range of 800-1800 cm-1 for PEDOT 

fingerprint bands and 3000-3800 cm-1 for the O-H stretching band. Hydrated samples were 

measured immediately after removal from storage, and dried samples were obtained after 

drying in an oven at 60 °C for 24 h. Spectral deconvolution was performed using 

Gaussian-Lorentzian functions. The morphology of the hydrogel electrode was characterized 

using a scanning electron microscope (VEGA3 SBH, TESCAN, Czech Republic). Samples 

were freeze-dried prior to measurement and sputter-coated with a thin layer of gold to 

enhance conductivity. Images were acquired at an accelerating voltage of 5 kV. 

5. Mechanical characterization 

Uniaxial tensile tests were performed using a universal testing machine (ZQ-990B, 

ZHIQU, China) equipped with a 50 N load cell. Hydrogel samples were cut into 

dumbbell-shaped specimens and tested at a crosshead speed of 20 mm/min until failure. 

Young’s modulus was calculated as the slope of the linear region (0-10% strain). Fracture 

strain was determined at the point of sample rupture, and toughness was calculated as the area 

under the stress-strain curve. Cyclic tensile tests were conducted at a strain amplitude of 

10-80% for 100 cycles, with a loading/unloading rate of 30 mm/min. Elastic recovery was 

calculated as the ratio of recovered strain to applied strain, and energy loss coefficient was 

determined as the ratio of hysteresis loop area to loading work.  

6. Hydration retention measurement 

Water retention of the hydrogels was evaluated by monitoring mass changes over time 

under ambient conditions (25 °C, 50% relative humidity). Three electrode types were tested: 

commercial gel (1 cm × 1 cm × 1 mm), hydrogel without silicone scaffold (same dimensions), 

and comb-shaped hydrogel with silicone scaffold (total area < 50% of the square electrodes). 

The initial mass (m0) was recorded, and samples were placed on an open bench. At 

predetermined time intervals (0, 2, 4, 6, 8 h), samples were weighed (mt), and the remaining 

mass percentage was calculated. To account for differences in active hydrogel area among 

electrode designs, an area-normalized retained mass percentage was further defined as the 

retained mass percentage divided by the active hydrogel area. The completely dried mass was 

obtained after drying at 60 °C for 24 h. Contact angle measurements were performed by 

depositing a 1 µL DI water droplet on the hydrogel surface. Hydration distribution was 

visualized using near-infrared hydration imaging.  

7. Electrochemical characterization 

Electrochemical impedance spectroscopy (EIS) was performed using an electrochemical 

workstation (CHI660E, CH Instruments, USA) with a three-electrode configuration, where 

the hydrogel electrode served as the working electrode, and two disposable Ag/AgCl ECG 

electrodes (X-1, Liya, China) were used as the reference and counter electrodes. The 



impedance magnitude and phase angle were measured over a frequency range of 1 Hz to 100 

kHz with an AC amplitude of 10 mV. For on-skin measurements, electrodes were placed 

either on the volar forearm or at ten EEG recording sites (FP1, FP2, PO5, PO3, POZ, PO4, 

PO6, O1, OZ, O2) according to the international 10-20 system. Impedance at 10 Hz was 

extracted from the spectra for comparison. Equivalent circuit fitting was performed with an 

R(QR) model. Charge transfer resistance (Rct) was obtained from the fitting results.  

8. EEG acquisition and validation of the SSVEP-based system 

All experiments were approved by the Research Ethics Committee of Tsinghua 

University (No. THU-01-2025-1017). Informed consent was obtained from all participants. 

Ten EEG recording sites (FP1, FP2, PO5, PO3, POZ, PO4, PO6, O1, OZ, O2) were prepared 

according to the international 10-20 system. The comb-shaped silicone-scaffolded hydrogel 

electrodes were applied directly to the scalp without skin preparation. The electrodes were 

fixed on the scalp with gauze to ensure stable contact. Reference and ground electrodes were 

placed on the bilateral mastoids. EEG signals were recorded using a biosignal amplifier 

(NeuSen W, Borui Kang, China) with a sampling rate of 1200 Hz. Signals were bandpass 

filtered (0.5-50 Hz) and a notch filter (50 Hz) was applied to remove power line interference. 

A three-class SSVEP paradigm was implemented with stimulation frequencies of 9.6 Hz 

(emergency call), 12 Hz (toileting assistance), and 14.4 Hz (safety reset). Visual stimuli were 

presented on a 24-inch LCD monitor (refresh rate 144 Hz). Each stimulus was a square 

checkerboard pattern flickering at the designated frequency. Subjects were positioned 50 cm 

from the monitor and instructed to focus on the target stimulus. Three consecutive blinks were 

used as the trigger signal to initiate the SSVEP paradigm. Blink signals were detected from 

the FP1 and FP2 channels.  

The asynchronous SSVEP-based intelligent assistive care system operated as follows: (1) 

The system continuously monitored EEG signals from FP1 and FP2 for triple-blink detection. 

(2) Upon detecting a triple blink, the system activated the flickering stimuli. (3) The subject 

focused on the desired stimulus corresponding to the intended command. (4) The system 

acquired SSVEP signals from the eight occipital and parietal channels (PO5, PO3, POZ, PO4, 

PO6, O1, OZ, O2) and performed frequency recognition. (5) The recognized command was 

then mapped to a predefined assistive function. For the 9.6 Hz emergency call function, an 

odd-numbered detection triggered the alarm, while an even-numbered detection turned it off. 

For the 12 Hz toileting assistance function, odd-numbered detections initiated the first-stage 

assistive sequence, including moving to the toilet, adjusting posture, and completing 

preparation, whereas even-numbered detections initiated the second-stage sequence, including 

toilet flushing, bidet washing, and drying, followed by posture restoration and returning to the 

room. Upon detection of the 14.4 Hz command, the system shut down, all hardware was reset 

to the initial state, and the detection counter was reset to zero. 



9. Comfort evaluation 

Wear comfort was assessed using a visual analog scale (VAS, 0-10, with 0 indicating no 

discomfort and 10 indicating extreme discomfort). Subjects rated their comfort level 

immediately after electrode application and at 0, 2, 4, 6, and 8 h during overnight monitoring.  

10. Cytotoxicity assessment 

Cytotoxicity of the hydrogel electrode was evaluated using the Cell Counting Kit-8 

(CCK-8) assay. Hydrogel samples were extracted in cell culture medium (DMEM with 10% 

fetal bovine serum) at 37 °C for 24 h to obtain 100% extract. Serial dilutions (0%, 25%, 50%, 

75%, and 100% extract) were prepared. L929 mouse fibroblasts were seeded in 96-well plates 

at a density of 1 × 104 cells per well and incubated for 24 h. The culture medium was then 

replaced with the extract solutions, and cells were incubated for an additional 24 h. CCK-8 

reagent (10 µL per well) was added, and after 2 h of incubation, the absorbance was measured 

at 450 nm using a microplate reader. Cell viability was normalized to the control group (0% 

extract), which was set to 100%. 

11. Statistical analysis 

All data are presented as mean ± standard deviation (SD), unless otherwise stated. 

Statistical comparisons were performed using analysis of variance (ANOVA) followed by 

Tukey's post hoc test for multiple comparisons. Two-group comparisons were performed 

using Student's t-test. A p-value < 0.05 was considered statistically significant. 
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