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Fig. S1. Influence of glycerol content on dehydration and electrical impedance properties of
biogels. (A) Dehydration properties of biogels with different glycerol contents. (B) Schematic
illustration of the electrical impedance measuring setup. (C, D) Initial electrical impedance
spectroscopy test results of biogels with different glycerol contents. (E, F) Electrical impedance
spectroscopy test results of such biogels after 24 h.

The recipes for biogels with different glycerol contents are listed in Table S1. To measure the

electrical impedance of the biogels with different glycerol contents, biogels with a rectangular

shape and thickness of ~1.0 mm were painted on two patterned Au electrodes on a polyimide (PI)
sheet (Fig. SIB), and an LCR meter (E4980AL, KEISIGHT) was connected to the Au electrodes

to record the impedance.
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Fig. S2. Influence of NaCl content on electrical impedance of biogels. (A, B) Electrical
impedance spectroscopy test results of biogels with different NaCl contents. (C, D) Skin contact
impedance spectroscopy test results with biogels containing different NaCl contents as interfaces.
(E) Photo of painted biogel with 3 M NaCl after being kept for 48h, showing some

crystallization of NaCl in the biogel matrix. All of the concentration of NaCl was calculated
based on deionized water volume.

The intrinsic impedances of biogels with different NaCl contents were measured using the same
measuring setup shown in Fig. S1B. The recipes for the biogels with different NaCl contents are
listed in Table S1. Although the biogel with a higher NaCl content showed higher ionic
conductivity (lower intrinsic impedance, Fig. S2A), some NaCl dissolved out from the biogels

with higher NaCl content after being kept for 48 h, which is consistent with the previous
observation (39).
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different days.

To investigate the biodegradability of the as-developed gelatin-based biogel, a simulated
biodegradation experiment was conducted by placing a pre-formed biogel film on soil. The
morphological changes of the biogel were checked by the naked eye and were captured by a
camera every day. As shown in Fig. S3, the biogel film began to degrade on the soil on the first
day and the soil was completely degraded after 3 days, because of the microbial corrosion of the
gelatin (40).
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Fig. S4. Inferior mechanical interaction of commercial EEG gel with electrodes.
Photographs of detached stiff and flexible Ag/AgCl electrodes from the commercial EEG
adhesive gel on the skin when pulling these electrodes.
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Fig. S5. Superior mechanical interaction of painted biogel with hairy scalp to commercial
EEG paste/gel. Photographs showing Ag/AgCl electrode state when pulling these electrodes
from the painted biogel, commercial EEG paste and commercial EEG adhesive gel on the hairy
scalp.
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Fig. S6. Swelling properties of biogels. Swelling ratio of biogels based on 175 Bloom gelatin,
300 Bloom gelatin and 300 Bloom gelatin with Na3Cit after swelling in DI water for 48 h.

To analyze the relative degrees of cross-linking in the biogel, swelling experiments were
performed to determine the biogel swelling ratio as calculated by dividing the weights of the
fully swollen biogels by the weights of dry biogels. A decreased swelling ratio indicates
increased levels of cross-linking in the gel matrix (4/). The biogels were pre-swollen by
immersing them in DI water at room temperature for 48 h. The fully swollen samples were
weighed after the excess surface water was removed with a filter paper. The swollen biogels
were then kept in a vacuum chamber for 48 h to achieve fully dry samples, and the weights of the
dry samples were measured.
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Fig. S7. Rheological property of biogels. (A) Rheological characterization of biogels based on
175 g Bloom gelatin, 300 g Bloom gelatin and 300 g Bloom gelatin with Na3Cit at a temperature
sweep from 10 to 75 °C, showing their transition between elastic gel state and viscous liquid
state. (B) The corresponding tand (G"/G’) calculated from the data in (A).

To verify their transition from a solid-like gel state to a viscous liquid state, the rheological
properties of the biogels (Biogel-175 g Bloom, Biogel-300 g Bloom and Biogel-300 g Bloom
with NazCit formulation) in response to temperature changes during the heating process were
characterized (Fig. S7A and S7B). During the heating process, both the storage modulus G’ and
loss modulus G” for all of the biogels decreased continuously with increasing temperature (Fig.
S7A), and the corresponding tand (G"/G’) increased beyond one at above 45 °C for the biogels
(Fig. S7B), indicating their transition from viscoelastic gel to viscous liquid at high temperature.
The high transition temperature of the optimized biogel from solid-like viscoelastic gel to
viscous fluid would make it possible for this biogel to work at the regions of normally hot
weather.
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Fig. S8. Mechanical, electrical, and adhesive characteristics for biogels. (A) Stress—strain
curves of five biogel samples at ambient temperature. (B) Biogel-skin interfacial adhesion force
for five on-skin painted biogels. (C) Electrode-hairy scalp impedance spectra for five on-skin
painted biogel samples. (D) Biogel-electrode interfacial adhesion force for five on-skin painted

biogel samples.
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Fig. S9. Mechanical durability of biogel. Cyclic tensile loading—unloading curves of the
optimized biogel at ambient temperature, showing its mechanical robustness. The dark blue

curve refers to the first tensile loading—unloading cycle.

The biogel exhibited a distinct hysteresis loop in the first tensile loading—unloading cycle, which
was contributed to the dissipation of plenty of energy induced by rapid dissociation of the
physical interactions in the biogel network, demonstrating the viscoelastic feature of the biogel.
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Fig. S10. Electrical impedance of biogels. (A-D) Electrical impedance spectroscopy
measurements in the thickness direction of biogels based on 175 g Bloom gelatin, 300 g Bloom
gelatin and 300 g Bloom gelatin with Na3Cit. Inset in (A) shows the impedance measuring setup.

At high frequencies from 10°-10° Hz, the biogels based on 175 g Bloom gelatin, 300 g Bloom
gelatin, and 300 g Bloom gelatin with Na3Cit showed similar low impedances. At the frequencies
below 10? Hz, the optimized biogel showed a lower impedance, as the introduction of NasCit
enhanced the amount of free ions in the biogel matrix.
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Fig. S11. Interfacial adhesion properties between flexible electrodes and commercial EEG
paste/gel, on-skin painted biogel. (A) Schematic illustration showing interfacial adhesiveness
test between flexible Ag/AgCl electrode and gels through a 90° peeling process. (B) Interfacial
adhesion force of on-skin painted biogel-Ag/AgCl electrode interface, commercial EEG paste-
Ag/AgCl electrode interface, and commercial EEG adhesive gel-Ag/AgCl electrode interface.

The gel-electrode interfacial adhesive force was measured using the measurement setup
illustrated in Fig. S11A. The biogel, commercial EEG paste, or commercial adhesive liquid gel
was painted on the forearm skin, and flexible Ag/AgCl electrodes were placed on the painted
biogel/paste/adhesive liquid gel. Then a 90° pulling was applied to the flexible Ag/AgCl while
simultaneously measuring the pulling force.
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Fig. S12. Superior long-term stability of the as-prepared biogel. Relative change of electrical
impedance of painted biogel, commercial EEG paste and commercial adhesive gel after being

kept in the room environment for 24 h.

Relative Change of Intrinsic
Impedance

The electrical impedances of the biogel, commercial EEG paste, and adhesive gel were measured
according to the setup shown in Fig. SIB. The relative impedance change was calculated based
on the initial impedance and impedance after 24 h.
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Fig. S13. ECG recording setup. (A) Schematic illustration showing the electrode placement for
ECG recording in the sedentary state. (B) Photographs (right) showing the electrode position and
experimental setup for ECG recording.

For ECG recording in a sedentary state, three on-skin painted biogel electrodes were placed at
the wrist and ankle positions, as shown in Fig. S13A, and then were connected to a signal-
recording system (Fig. S13B).
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Fig. S14. High-quality ECG recording by on-skin painted biogel electrodes. (A) ECG signals
recorded by on-skin painted biogel electrodes (upper) and commercial gel electrodes (lower). (B)
ECG signals recorded by on-skin painted biogel electrodes after workout-induced sweating
(upper) and after 24 h continuous wearing (lower).
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Fig. S16. Wireless ECG recording by on-skin painted biogel electrodes. (A) Schematic
illustration showing the wireless recording of ECG during office work (left) and raw ECG
signals wirelessly and continuously recorded by painted biogel electrodes during office work
(right). (B) Schematic illustration of wireless ECG recording during strolling (left) and raw ECG
signals continuously recorded while the subject strolls (right). (c) Schematic illustration of

wireless ECG recording during jogging (left) and raw ECG signals continuously recorded while
the subject jogs (right).

For the wireless ECG recording, two on-skin painted biogel electrodes were integrated with a
commercially available wireless module with recording, processing and transmission circuits to
wirelessly monitor the ECG signals during daily activities. Various representative daily activities,
including executing office work, walking, and jogging, were performed for a long period (see
illustration shown in Fig. S16), and the meanwhile ECG signals were continuously monitored by
the painted biogel electrodes with the wireless circuit module. The recorded raw ECG signals
during office work, walking, and jogging are plotted in Fig. S16, which shows distinguishable
informative sub-waves and long-term stability, indicating the capability of the painted biogel to
sufficiently capture ECG signals during normal daily activities.
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Fig. S17. High-quality EMG recording by on-skin painted biogel electrodes. (A) Schematic
illustration showing the electrode placement for EMG recording. (B, C) Photographs showing
the experimental setup for recording EMG signals from flexor carpi radialis (B) and the small-
sized painted biogel electrodes for EMG recording (C). (D, E) EMG signals recorded by pristine
painted biogel electrodes (D) and by biogel electrodes after 24 h continuous wearing (E). (F, G)
EMG signals recorded by small-sized painted biogels when the subject closed and opened the
hand (F) and when the subject flexed and extended the ring finger (G).

As a proof of concept of the EMG recording by the on-skin painted biogel electrodes, the EMG
signals generated by the brachioradialis muscle during hand closing/opening were recorded by
three painted biogel electrodes placed on the forearm and hand dorsum position (Fig. S17A) and
connected to a signal-recording system (Fig. S17B). Both the freshly painted biogel electrodes
and those electrodes after 24 h of continuous wearing could capture clear and high-quality EMG
signals, and the overall signals recorded by the biogel electrodes after 24 h of wearing showed no
significant differences relative to those monitored by the fresh biogel electrodes (Fig. S17D and
17E). In addition, smaller-sized on-skin painted biogel electrodes (Fig. S17C), could also
effectively detect EMG signals. The EMG signals induced by full hand closing/opening (Fig.
S17F) and relatively low-amplitude EMG signals produced by the flexion/extension of the ring
finger (Fig. S17G) were successfully recorded with high quality by the small-sized painted
biogel electrodes. This result is meaningful for the recording weak EMG signals generated by
various subtle muscle activities.
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Fig. S19. EEG recording by biogel electrodes and commercial EEG paste electrode in the

eyes-open/closed paradigm. (A, B) Power spectral density (PSD) calculated from EEG signals

recorded by the painted biogel electrode during open eyes (A) and closed eyes (B), showing clear

alpha rhythm features at approximately 10 Hz for EEG signals during closed eyes. (C) EEG

signals recorded by the commercial EEG paste electrode in the eyes-open/closed paradigm. (D, E)
PSD calculated from EEG signals in (C) during open eyes (D) and closed eyes (E).
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Fig. S20. EEG recording by small-sized on-skin painted biogel electrods. (A) EEG alpha
rhythms recorded by the painted biogel electrodes with diameter of ~6 mm (upper) and ~4 mm
(lower). (B) PSD calculated from EEG alpha signals in (A). (C) Spectrograms of EEG signals in
the eye open/closed paradigm, showing clear alpha rhythms in the eye-closed state. (D) EEG
signals recorded by the painted biogel electrodes with diameter of ~6 mm (upper) and ~4 mm
(lower) in the eye open/closed paradigm. (E) PSD calculated from eye-open and eye-closed EEG
signals in (D).

The electrodes based on small-sized painted biogels with diameters of ~6 mm and ~ 4mm
showed high-quality EEG alpha rhythm recordings with a clear characteristic alpha rhythm
central peak at 10 Hz (Fig. S20A and 20B). Distinct differences between the EEG signals in the
eyes-open and eyes-closed states were also detected by the small-sized painted biogel electrodes,
which showed that no alpha rhythm in the eyes-open paradigm, and evident alpha rhythms in the
eyes-closed state (Fig. S20C-E).
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Fig. S23. EEG recording by the painted biogel electrode and commercial electrode after
different duration. (A-C) EEG alpha rhythms recorded by the painted biogel electrode (upper,
blue) and commercial EEG adhesive gel electrode (lower, grey) after continuous wearing for 0 h
(A), 1 h (B), and 3 h (C) (left), and their corresponding PSD (right).
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for comparison with the biogel electrode after continuous wearing for different duration.
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Fig. S25. Schematic illustration of the experimental setup for recording SSVEPs induced by
the LED stimulation. For eye-closed and eye-open situations, experiments were conducted in
dark and bright room, respectively.

Based on the experimental setup for the SSVEP recording under LED stimulation (fig. S25), first,
an LED flicker with the frequency of 10 Hz was placed in front of the subject at eye level in a
dark and quiet room with the subject closing his eyes in a relaxed state to see if the EEG alpha
thythm would be synchronized or not. And the distance between the LED and the subject was
adjusted to determine the optimized distance for further SSVEP experiments. Different distances
indicate stimulation with different light intensities; in detail, the light stimulation intensities were
~3740 nW/cm? and ~118 nW/cm? for distances of ~5 cm and ~60 c¢m, respectively. When the
LED flicker was placed too close to the eyes (~ 5 cm), the alpha rhythm was diminished with the
attenuated amplitude and decreased characteristic peak intensity in the PSDA during the LED
stimuli (fig. S26A and S26B); this may be attributed to the increased attention degree induced by
the too intense light. The recorded alpha rhythm showed an augmented amplitude and increased
PSDA peak intensity when the LED flicker was placed at an appropriate distance (~ 60 cm),
indicating that the alpha rhythm was synchronized with the LED stimulation (fig. S26C and
S26D).

Based on the above alpha rhythm synchronization results, further SSVEP recording by the
painted biogel electrode was carried out, in which the subjects kept their eyes open during LED
stimulation with the LED-eye distance of ~ 60 cm. 12-Hz LED flickering stimulus with different
light intensities were initially conducted to observe the effect of the light intensity on the
synchronization of the EEG. Compared to EEG signals recorded with no LED stimulation, EEG
signals recorded under LED stimulus with different appropriate light intensities of ~32 nW/cm?,
~ 53 nW/cm?, and ~ 118 nW/cm?, showed prominent peaks at 12 Hz in their PSDA with the peak
amplitude increased with the increment of light intensity, indicating the heightened
synchronization of the EEG signals with the light intensity augmentation (fig. S27). Then, a LED
flicker with different frequencies of 4 Hz, 6 Hz, 8 Hz, 10 Hz, 14 Hz, 16 Hz, 18 Hz, 24 Hz, 28 Hz,
36 Hz, and 48 Hz was utilized to see if the EEG rhythm would be accordingly synchronized or
not.
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Fig. S26. EEG alpha rhythms recorded by the biogel electrode before and during LED
stimulation with the frequency of 10 Hz. (A) EEG alpha rhythms recorded by the painted
biogel electrode before and during LED stimulation with the frequency of 10 Hz and the LED-
eye distance of ~ S5cm. (B) PSDA calculated from EEG signals in (A). (C) EEG alpha rhythms
recorded before and during LED stimulation with the frequency of 10 Hz and the distance of ~
60 cm. (D) PSDA calculated from EEG signals in (C).
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Fig. S27. EEG recording by the biogel electrode in the eye-open paradigm without LED
stimulation and during LED stimulation with frequency of 12 Hz and different light
intensity. (A) EEG signals recorded by the biogel electrode with light intensity of ~ 32 nW/cm?,
~ 53 nW/cm?, ~ 118 nW/cm?. (B) PSDA calculated from EEG signals in (A).
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Fig. S28. SSVEPs recorded by the biogel electrode during LED stimulation. (A) SSVEPs
recorded by the painted biogel electrode with the LED stimulation frequency of 4 Hz, 6 Hz, 8 Hz
and 10 Hz. (B) PSDA calculated from EEG signals in (A).
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Fig. S29. SSVEPs recorded by the biogel electrode during LED stimulation. SVEPs recorded
by the painted biogel electrode with the LED stimulation frequency of 14 Hz, 16 Hz, 18 Hz, 20
Hz and 24 Hz. (B) PSDA calculated from EEG signals in (A).
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Fig. S30. SSVEPs recorded by the biogel electrode during LED stimulation. (A) SSVEPs
recorded by the painted biogel electrode with the LED stimulation frequency of 28 Hz, 36 Hz
and 48 Hz. (B) PSDA calculated from EEG signals in (A).
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Fig. S31. Schematic illustration showing the seven-layer CNN model with five 1D
convolutional layers followed by two fully connected layers. Here the time length of the input
illustrated is 3 s and the average classification accuracy is 97.17% for all subjects.

Fig. S31 shows the detailed framework of the CNN model which contains five one-dimensional
(1D) convolutional layers followed by two fully connected layers. This CNN model allows for
the detection of hidden features that cannot be detected by simple filtering, and for the collection
of the relevant activation from previous layers to be classified by the fully connected layer.
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Fig. S32. Schematic illustration showing how to obtain samples from each SSVEP trial for
the convolutional neural network model. 7 refers to the time window, and 4¢ means the time
shift (0.1 s time shift was used).




Table S1. Biogel recipes with varying compositions.

Gelatin Sodium Sodium Citric Acid Glycerol Deionized

(Type-A) Chloride Citrate Water
Biogel-Gly0/4 ]23%01013 0.464 g 0g 0g 0g 4ml
Biogel-Gly1/4 ]23%01013 0.464 g 0g 0g lg 4ml
Biogel-Gly2/4 ]23%01013 0.464 g 0g 0g 2¢ 4ml
Biogel-Gly3/4 ]23%01013 0.464 g 0g 0g 3g 4ml
Biogel-Gly4/4 ]23%01013 0.464 g 0g 0g 4g 4ml
Biogel-Gly6/4 ]23%01013 0.464 g 0g 0g 6g 4ml
Biogel VIV\;;“C:I*S wto ]23%01013 0.145 g 0g 0g g 4 ml
Bi"gell\lgict:‘ 2M ]23%01013 0.464 g Og 0g 3g 4 ml
Bi"gell\lgict:‘ M ]23%01013 0.696 g 0g 0g 3g 4ml
Biogel-175 Bloom ]23%01013 0.464 g 0g 0g 3g 4ml
Biogel-300 Bloom ]23‘(’1030?3 0.464 g Og Og 3g 4 ml
Biogel-300 Bloom 2g-300 0.464 o 0.5¢ 0.05 g 3g 4ml

with Na;Cit Bloom




Table S2. Comparison between the on-skin paintable biogel and other electrodes for long-

term EEG recording.
Additional
Skin Long-term
Electrodes Contact recording Electr_ode Stretchability fixture to secure Ref.
Impedance eriod location electrode onto
p p the head
Ultrathin .
kirigami 28.9 kO — Clean skin Over 400% No (15)
(forearm) (forehead)
conductor
Ultrathin Clean skin
Dry epidermal — 2 weeks (auricle) >50% No (11)
Electrodes electrode
Claw-like
Electrode with Scalp with .
conductive 20 kQ — short hairs Compressible Yes (14)
elastomer legs
Elastic sponge . o
electrode filled ~10 kQ 5h Hairy 0% Yes (13)
. . scalp compression
with saline
Porous cellulose
membrane
swollen by saline . Flexible
. solution + 6.64 % 0.95 8h Hairy (cellulose Yes (12)
Semi-dry kQ scalp
Electrod Ag/AgCl membrane)
ectrodes electrode+ bulky
solution reservoir
Superporous
hydrogel swollen . .
by saline + 234+ 1.1kQ 6h I:Ca;fy (111: IZ’r‘ébleel) Yes (5)
Ag/AgCl P yarog
electrode
Flexible columnar . o
hydrogel 131 i:.; 3.72 8h I:Ca;fy (h>3fg /2 ) Yes (17)
electrode P ydrog
Commercial EEG
Wet pastes/gels KO h Hairy o ¥ This
Electrodes +Ag/AgCl 6.78 3 scalp e work
electrode
On-skin )
+ i ~500°
paintable biogel 6.95+0.97 72h Hairy S.OOA’ No This
kQ scalp (biogel) work
electrode




Movie S1. (separate file)

Direct painting of the biogel on skin surface and the spontaneous in-situ gelatinization of the
fluidic biogel into stretchable solid-like gel.
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