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Body Temperature Enhanced Adhesive, Antibacterial, and
Recyclable Ionic Hydrogel for Epidermal
Electrophysiological Monitoring

Ying Liu, Chan Wang, Jiangtao Xue, Guanhua Huang, Shuang Zheng, Ke Zhao,
Jing Huang, Yiqian Wang, Yan Zhang, Tailang Yin,* and Zhou Li*

Hydrogel-based epidermal electrodes attract widespread attention in health
monitoring and human-machine interfaces for their good biocompatibility,
skin-matched Young’s modulus, and stable in situ electrophysiological
recording performance. However, it is difficult to make the exact conformal
attachment between skin and electrodes because of the hair, wrinkles, as well
as complex, curved contours of the skin. This also results in signal distortion
and large noise. Here, a body temperature enhanced skin-adhesive epidermal
electrode is proposed based on non-covalent cross-linked network ionic
hydrogel. The ionic hydrogel is fabricated by the polyvinyl alcohol, branched
polyethyleneimine, and calcium chloride (CaCl2), which demonstrates
impressive performances including ultra-stretchability of 1291%, great
adhesion to skin and other non-biological materials, stable conductivity of
3.09 S m−1, recyclability, and outstanding antibacterial ability, simultaneously.
Specifically, the adhesion of the ionic hydrogel behaves as
temperature-sensitive and could be enhanced by body temperature.
Furthermore, the ionic hydrogel is utilized as epidermal electrodes, which
display seductive capability to record multifarious electrophysiological signals
with high signal-to-noise ratio and ultra-low detection limit, including
electrocardiogram, electromyogram, and electroencephalogram. The
as-proposed body temperature enhanced skin-adhesive ionic hydrogel brings
intelligent functions and broadens the way for epidermal electronics,
promoting the development of healthcare electronics.
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1. Introduction

Surface electrophysiological (EP) signals,
represented by the electroencephalogram
(EEG),[1] electrocardiogram (ECG),[2] and
electromyogram (EMG),[3] contain various
information about the health status of the
human body. Highly efficient, precise, and
real-time recording of these EP signals is
essential and significant in clinical diagno-
sis, monitoring, and therapy.[4] The epider-
mal electrodes are attracting great attention
for continuous and real-time transducing
of these EP signals by forming an electri-
cal interface with the skin in a portable and
non-invasive approach.[1a,5] Two important
factors should be taken into consideration
during this process. On the one hand, the
EP signals are usually of small strength, in-
stability, and randomness,[6] which places
high requirements on the epidermal elec-
trodes during signal acquisition. On the
other hand, it is difficult to form a confor-
mal contact with low interfacial impedance
between the epidermal electrodes and hu-
man skin, because the skin is physiological
curved, soft, deformable, and covered with
hair and wrinkles.[7]
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Numerous efforts have been made in developing advanced epi-
dermal electrodes through improving mechanical properties,[5c,8]

electrical conductivity,[5b] and interfacial interactions[9] with
skin, which could be divided into dry electrodes and wet
electrodes.[6] The dry electrodes are mainly based on metal par-
ticles, carbon materials, metallic nanomaterials, and other ma-
terials such as conductive polymers.[4c] Although the dry elec-
trodes exhibited outstanding performance in terms of elec-
trical conductivity,[6] the weakness in stretchability, adhesion,
and tissue-mismatched modulus make them suffer from se-
vere motion artifacts when acquiring surface physiological sig-
nals in motion.[4c,6] Ionic hydrogels, as a typical example of
wet electrodes, demonstrate the unique advantages with su-
perior transparency,[10] stretchability,[11] tunable modulus,[12]

biocompatibility,[13] and biosimilar ionic conductivity[14] have at-
tracted great interest.[5e,15] Through the materials design,[16] the
ionic hydrogel in tissue-matched modules enables conformal
contact with human skin.[17] Meanwhile, the surface functional
design of the ionic hydrogel enables strong surface interactions
with human skin, based on physical interaction (i.e., hydrogen
bonds, electrostatic interactions, and host-guest interactions)[9,18]

and chemical interaction (i.e., Schiff’s base reaction, C–H inser-
tion, and Michael addition),[9,18b] which helps minimize the in-
terfacial impedance.

Herein, we reported a multifunctional ionic hydrogel (MiH)
which is equipped with body-temperature enhanced adhesion,
stretchability, recyclability, and antibacterial properties, simul-
taneously. The MiH built a dual physical cross-linked network
with three components of polyvinyl alcohol (PVA), branched
polyethyleneimine (b-PEI), and calcium chloride (CaCl2). In this
ternary system, abundant hydrogen bonds and electrostatic in-
teractions helped form robust adhesion to skin and other non-
biological materials. Meanwhile, under the comprehensive reg-
ulation of the content of CaCl2 and molecular weight of b-
PEI, the optimal MiH displayed impressive performances, in-
cluding ultra-stretchability of 1291%, skin-matched modulus
around 10 kPa and stable conductivity of 3.09 S m−1. When
applied as the epidermal electrode, the MiH built a highly
compliant and gapless interface with the skin, enabling the
real-time monitor of high-fidelity EP signals of EEG, ECG,
and EMG.
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2. Results and Discussion

2.1. Design of the MiH

Ionic hydrogel with skin adhesion has unique advantages in
recording epidermal physiological signals.[5e] The skin-matched
modulus, tight conformation adhesion to skin, and biosimilar
ionic conductivity make the epidermal electrodes based on ionic
hydrogels possess a high signal-to-noise ratio and low detection
limit in μV-scale during recording EPs (Figure 1a). We designed
the MiH with skin-adhesive, stretchable and conductive proper-
ties for epidermal EP signals monitoring. The MiH was com-
posed of PVA, b-PEI, and CaCl2 based on a non-covalent cross-
linked network. The hydrogen bonds formed by hydroxyl (─OH)
in PVA and amino (─NH2) in b-PEI help to construct the first
network. After the introduction of CaCl2, the coordination be-
tween ─OH/─NH2 and Ca2+ formed the second network (Fig-
ure 1b). These dynamic interactions endow hydrogels with large
stretchability and modulus at the kPa-scale, which contributes
to the conformal attachment on irregular surfaces. Additionally,
the abundant polar groups of –OH, –NH2 among the MiH pro-
vide reversible adhesion through establishing hydrogen bonds
and electrostatic interactions with the human skin.[19] Furtherly,
the adhesion was enhanced over time to form a gapless con-
tact based on the temperature-sensitive rheological properties of
the non-covalent dynamic network and small molecules of b-
PEI (Figure 1c).[20] Thus, the MiH achieved a much lower inter-
facial impedance by making a conformal contact with the skin
based on the tissue-matched mechanical modules and enhanced
adhesion.[5d]

2.2. Mechanical and Electrical Properties of the MiH

The mechanical properties, electrical conductivity, and adhesion
of ionic hydrogel could be comprehensively optimized by adjust-
ing the content of CaCl2 and the molecular weight of b-PEI. As
shown in Figure 2a and Figure S1, Supporting Information, we
observed an increase in stretchability and decreased tendency
in both strength and Young’s modulus of the ionic hydrogel
with the increase of the CaCl2 content. This phenomenon was
mainly due to more –OH participated coordination bonds with
Ca2+ and less in forming hydrogen bonds in the crystalline re-
gion, which was further confirmed by the X-ray diffraction spec-
trum (XRD) (Figure S2, Supporting Information).[21] According
to the Fourier transform infrared spectroscopy (FTIR), the wide
absorption peaks centered around 3300 cm–1 are attributed to the
–OH stretching vibration. It shifted toward a higher wavenumber
(from 3269 to 3342 cm–1) with the increase of CaCl2, indicating
the coordination between Ca2+ and –OH (Figure S3, Supporting
Information).[22] Moreover, the larger molecular weight of b-PEI
contributed to higher stretchability, strength, and Young’s mod-
ulus, satisfying more chain entanglement and physical cross-
linking points in the network.[22] The stretchability, strength, and
modulus of these samples are located in the range of 308–1291%,
93–129 kPa, and 10–47 kPa, which could well adapt to the human
skin with mechanical deformation within 15%[4c] and the modu-
lus of 0.1–1.95 MPa.[23]

The adhesion of the MiH was also affected by the content of
CaCl2 and the molecular weight of b-PEI. As shown in Figure 2b,
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Figure 1. Schematic illustration of the multifunctional ionic hydrogel (MiH) epidermal electrode for monitoring electrophysiological signals. a) The
schema of electrophysiological signals (EEG, EMG, and ECG). b) The design principle of the MiH. c) The schematic illustration of the body temperature
enhanced adhesion of MiH.

the adhesion of sample named 600–30% was far beyond oth-
ers owing to the synergistic enhancement effect of more Ca2+

and smaller molecule b-PEI, which was selected for a further
test (named MiH). The loading-rate-dependent tensile behavior
of the MiH was studied and summarized in Figure 2c, indicat-
ing a gradually enhanced stretchability and tensile strength at the
breakpoints with the loading speed increased from 50 to 500 mm
min−1. Moreover, the elastic recovery of the MiH from stretch-
ing to releasing states was investigated by multiple-stage cyclic
tensile loading-unloading tests. At relatively low tensile strain
(<500%), the stress–strain curves almost overlapped in the load-
ing and unloading process (Figure 2d). As the tensile strain went
beyond 500%, the hysteresis loops of stress–strain curves started
to display obviously, which indicated the fracture and reversibil-
ity of hydrogen bonds and coordination bonds to dissipate en-
ergy under large deformation.[24] The MiH had only 33% residual
strain after 10 loading-unloading cycles under the large deforma-
tion of 500% which showed great elasticity and mechanical re-
covery of MiH (Figure 2e).

The conductivity of the MiH was mainly related to the content
of CaCl2. The electrochemical impedance spectra (EIS, Figure 2f)
showed a gradually reduced equivalent resistance (ER, calculated
by the intersect with X–axis)[21] from 13.92 Ohm to 4.85 Ohm
and an increased conductivity from 1.20 to 3.09 S m−1 (Figure
S4, Supporting Information) along with the increasing of the
CaCl2, for the more free ions participating in conductance. Con-
sidering the dynamic working environments (like on the skin),
we explored the conductance stability of the ionic hydrogel un-
der a large range of deformations, as shown in Figure 2g. Un-
der the maximum feasible deformation of skin (≈15%), the (R′

− R0)/R0 remained ≈0.05, illustrating good working stability. To
give a comprehensive presentation about stretchability, conduc-
tivity, and adhesion, we connected the MiH into a circuit to re-
place a part of the wire(Figure 2h). The green light-emitting diode
(LED) was lit successfully when closed the circuit (Figure 2h,i).
When the MiH was stretched to 200% to its original length, the
brightness of LED just barely changed, indicating the stable con-
ductivity under small deformation (ii). Cut the MiH into two parts
and brought the separated parts together face to face. The two
pieces of ionic hydrogel connected the circuit based on the strong
adhesion and the LED lit at once(iv, v).

2.3. Adhesive Property of MiH

The MiH exhibited strong adhesion to various materials and
complex physiological surfaces. When it adhered to the surface
of the forearm, it did not detach or move under stretching, com-
pressing, and twisting (Figure 3a). The MiH also expressed con-
formal attachment to different complex physiological curves ow-
ing to its good mechanical adaptation and adhesion to the skin
(Figure 3b). The 90-degree peel tests were performed on the vol-
unteer’s forearms to quantitatively assess the adhesion between
skin and MiH, which demonstrates great adhesion performance
with the adhesive interfacial toughness reaching 49 J m−2 (Fig-
ure S5, Supporting Information).[25] Additionally, the good trans-
parency of MiH provided a clear view of skin states, which was
significant in the clinical process. Furthermore, the MiH also ex-
hibited good adhesion to other non-biological materials, which
provided a direct bridge between the electronics and biological
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Figure 2. Mechanical, adhesive, and electrical properties optimization of the MiH. a) The strain, strength, and modulus of the ionic hydrogel with
different CaCl2 content (10%, 20%, and 30%) and different molecular weight of b-PEI (600, 10 000, and 70 000). b) The adhesion of the ionic hydrogel
with different CaCl2 content and b-PEI molecular weight. c) Tensile stress–strain curves of the MiH with loading rate ranging from 50 to 500 mm min−1.
d) Cyclic tensile loading–unloading curves of the MiH with different tensile deformation (50%, 100%, 200%, 500%, 800% and 1000%) and e) different
cycle times (first, second, and tenth) at 500% strain. f) The electrochemical impedance spectra (EIS) of the ionic hydrogel with 10%, 20%, and 30%
CaCl2. g) The resistance of the MiH changed along with strain. h) The MiH as a conductor assembled in a circuit with a green LED bulb. Stretching-
cutting-adhesion test confirmed the stable conductivity of the MiH. Scale bar: 1 cm.

tissues. With the MiH as the middle layer, the glass bottle, PP
tube, rubber stopper, Al cover, cotton roll, and carton box were
adhered steadily to the acrylic stick without falling (Figure 3c).
To quantify the adhesion performance of the MiH, a standard
180-degree peel test, standard lap-shear test, and standard tensile
test were conducted to represent the interfacial toughness, shear
strength, and tensile strength, respectively (Figure 3d–f).[26] Af-
ter calculation, we found that the MiH performed the best adhe-
sion to the metal with interfacial toughness of 861 J m−2, shear
strength of 18 kPa, and tensile strength of 11.9 kPa, respectively.
Relatively, the adhesion of the ionic hydrogel to rubber, plas-
tic, and paper performed an attenuated tendency. The interfacial

toughness, shear strength, and tensile strength between the ionic
hydrogel and the paper were calculated as the smallest, probably
because the paper absorbed abundant moistures and resulted in
little effective interactions on the interface.

2.4. The Body-Temperature Enhanced Adhesion of the MiH

The stable adhesion of the MiH is critical but also challenging
when used as epidermal electrodes for the skin is constantly in
a dynamic state and secreting oil and other secretions.[27] We ad-
hered the MiH to the forearm of a volunteer and found them
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Figure 3. The adhesive property of the MiH. a) MiH was attached to the forearm in its original, stretched, compressed, and twisted state. Scale bar:
1 cm. b) The MiH made a conformal adhesion to complex curves. Scale bar: 1 cm. c) Photographs of MiH adhered to various material surfaces. Scale
bar: 1 cm. d) The interface toughness, e) shear strength and f) tensile strength of adhesion between MiH and different materials.

performed not only a stable contact but also an enhanced adhe-
sion, as shown in Figure 4a. This phenomenon is mainly due
to the higher temperature of the human body (≈36–37 °C) com-
pared with the environment (≈25 °C) slowly heated the MiH,
enabling tighter contact with skin. The infrared imager gave a
clear exhibition that the temperatures of the adhered MiH, grad-
ually increased from 28 to 36 °C (Figure 4b). To explore the rhe-
ological behavior of MiH along with the increased temperature
more intuitively, we 3D-printed a micro-groove pattern substrate
to simulate the wrinkles on the skin.[28] At 25 °C, the MiH main-
tained its original planar shape, and the gaps between MiH and
substrate were very clearly observed even after an hour (Figure
S7, Supporting Information). At 37 °C, the MIH full-filled the
microstructures of the substrate within 10 min (Figure 4c). The
peel tests were performed on the skin of the volunteer’s fore-
arm to quantitatively characterize the adhesion at a different tem-
perature which indicated that the interfacial toughness and ad-
hesive energy improved gradually with the increased tempera-
tures (Figure 4d and Figure S6, Supporting Information). Fur-
thermore, multiple characterizations of the rheological behavior
of MiH confirmed our hypothesis. In the frequency sweep rheo-
logical measurement (Figure 4e), the storage modules (G′) were
always larger than the loss modulus (G″) during the whole fre-
quency range at room temperature, indicating that the MiH has

a stable cross-linked network in solid-state rather than the vis-
cous fluid state.[29] Then, the mechanical modules were evalu-
ated by temperature sweep rheological measurement. As shown
in Figure 4f, G′ and G″ gradually decreased with the increase of
temperature and intersected at around 57 °C, which was consid-
ered a sol-gel conversion point.[30] Figure 4f indicated the vis-
cosity of the ionic hydrogel decreased with the increased tem-
perature, which was consistent with Figure 4h. In conclusion,
the dynamic cross-linked network and the rheology of short poly-
mer chains in the system enabled the MiH temperature-sensitive
mechanical and adhesive properties. The body-temperature en-
hanced adhesive MiH would facilitate the formation of a
long-term stable signal acquisition interface for the epidermal
electrodes.

2.5. Applications for ECG and EMG Recording

With the strong adhesion, high conductivity, and tissue-matched
modulus, the MiH made applications as epidermal electrodes to
record the ECG and EMG signals (Figure 5a). For ECG signal
recording, three pieces of MiH films all in size of 3 × 3 × 1 cm3

were used as epidermal electrodes, with two symmetrically ad-
hered to two inner wrists of the volunteer as work electrodes and
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Figure 4. The body-temperature enhanced adhesion of the MiH. a) The adhesion of the MiH was enhanced by the skin temperature. Scale bar: 1 cm.
b) Infrared thermal images of MiH adhered on the forearm. The temperature of MiH gradually increased to near that of the skin. Scale bar: 4 cm. c)
Microscope images of MiH placed on the micro-grooved substrate at 37 °C. Scale bar: 200 μm. d) The interfacial toughness and adhesive energy of
skin and MiH at different temperatures. e) Frequency-dependent oscillatory rheology of MiH from 0.1 to 100 rad s−1 at 25 °C, with strain = 1%. f)
Temperature-dependent oscillatory rheology of MiH from 30 to 60 °C with strain = 1%, ɷ = 10 rad s−1. g) Viscosity tests of MiH with temperature from
25 to 45 °C.

the third one placed on the right ankle as the ground electrode
(Figure 5b). The ECG signals acquired by the MiH-based epider-
mal electrodes displayed distinct features of P waves, QRS waves,
and T waves, which are the basis to diagnose the function state
of the heart in a clinical (Figure 5d).[2b] It is comparable to that
of the commercial Ag/AgCl electrodes. Furthermore, the ECG
signals from two volunteers of different genders during rest and
after exercise were well-differentiated and recorded with the MiH

electrodes, indicating a significant increase in heart rate after ex-
ercise (Figure 5e).

EMG is another important EP signal related to health status.
For EMG recording, as shown in Figure 5c, two pieces of MiH
films were attached to the forearm as working electrodes, and
another one behaved as the reference electrode was placed at the
back of the elbow joint. As shown in Figure 5f, the ionic hydro-
gel epidermal electrodes successfully collected the EMG signals
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Figure 5. EMG and ECG recording using MiH epidermal electrodes. a) The schematic diagram of EMG and ECG. b) MiH epidermal electrodes for
ECG monitoring. c) MiH epidermal electrodes for EMG monitoring. d) The ECG signals were recorded by MiH epidermal electrodes and commercial
electrodes. e) ECG signals of a male and female in rest and after exercise. f) EMG signals were measured by commercial electrodes and MiH. g) EMG
signals during gripping a dynamometer with different forces. h) EMG potential intensity (peak-to-peak value) under different gripping forces. i) Duration
of the EMG signal under different gripping forces. j) EMG signals during the action of lifting 10 kg dumbbells and the corresponding images. Scale bar:
8 cm. k) EMG signals during lifting dumbbell with different weights and the corresponding images (inset). Scale bar: 8 cm.

induced by muscles during arm movements, exhibiting lower in-
terface resistance and higher signal-to-noise ratio (SNR = 8.5)
than commercial Ag/AgCl electrodes (SNR = 6.4). Figure 5g pre-
sented the EMG signals generated by muscle groups in the fore-
arm at different gripping forces.[5b] With the grip strength in-
creased from 100 to 600 N, the peak-to-peak amplitude and du-
ration of a single EMG signal rose steady, indicating that larger

grip force might require more muscle bundles to contract and
spend a longer time to recover to the original state (Figure 5h,i).
Furtherly, we also recorded the EMG signals during the upper
arm training in lifting the dumbbell (Figure 5j). The EMG sig-
nals indicated that the muscle contractions happened during rais-
ing, holding, and downing the arm with loading. Increasing the
weight of dumbbells, the amplitude of EMG signals grew larger,
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which indicated that the muscles work harder to overcome the
weight of the heavier dumbbells (Figure 5k).[5c]

2.6. Application for EEG Recording

EEG signals are significant for the diagnosis and therapy the
brain diseases.[4c] Compared with ECG and EMG, recording
high-quality EEG signals is much more challenging due to the
weak epidermal potential (μV scale) and the large background
noise.[5a] To collect the EEG signals in the area of the frontal
lobe, MiHs were used as conductive interfaces to connect elec-
trodes and the scalp. Three pieces of MiH were mounted at Fp1,
Fpz, and Fp2 sites of wireless EEG acquisition system, and the
Pz and AFz sites were used as ground electrode and reference
electrode, respectively (Figure 6a,b). As shown in Figure 6c, the
epidermal electrodes recorded the EEG signals of the tested vol-
unteer in both test and non-test conditions. Compared to the non-
test state, the EEG signals during the test state were more stable
because the volunteer was in a state of heightened concentration.
After removing the signals from eye movements, we obtained the
P300 signals through superimposing and averaging three chan-
nels EEG signals from Fp1, Fpz, and Fp2 sites (Figure 6d).[31]

After the target stimulation was applied from the P300 speller,
the volunteer generated typical P300 peaks (Figure 6d,e).[31] Fur-
therly, through the fast Fourier transformation (FFT) analysis,
the delta wave (0.5–4.0 Hz) and theta wave (4.0–7.5 Hz) were
extracted from the original P300 signals, which was related to
the cognitive function of the brain (Figure 6f–h). Moreover, this
EEG test was also carried out using a commercial conductive
gel as a comparison, more details could be found in Figure S8,
Supporting Information. In conclusion, the MiH demonstrated
great potential as epidermal electrodes for the physiological sig-
nals recording and promoted the development of physiological
health monitoring and diagnosis system.

2.7. Recyclable, Antibacterial Properties of the Ionic Hydrogel

The development of recyclable materials provided a promising
avenue to tackle electronic waste pollution.[24,32] Based on the
non-covalent cross-linked network, the MiH was sensitive to tem-
perature and could take place gel-sol transition at 57 °C. This pro-
vided a basis for remodeling temperature. To investigate the recy-
clability of the MiH, the tested samples were cut into pieces and
then transformed into sol through heating over 57 °C in a water
bath, which was furtherly modeled into desired shapes (Figure
7a and Figure S9, Supporting Information). As shown in Fig-
ure 7b, the mechanical properties of the recycled MiH were al-
most identical to the original sample. The tensile strain–stress
curves of the samples performed similar shape and same tensile
strength/maximum deformation at the break.[24] The loading-
unloading test also confirmed the good recovery of the recycled
MiH. Additionally, the conductivity of recycled MiH could re-
cover 92% of the original sample, showing the recycled MiH still
had a high conductivity (Figure 7c and Figure S10, Supporting
Information).[33] Thus, it could be concluded that the MiH is fea-
sible to replace single-use electronics.

After that, the antibacterial properties of the ionic hydrogel
were explored. The Escherichia coli (E. coli) and Staphylococcus

aureus (S. aureus) were used to examine the antibacterial prop-
erty in the fluid culture mediums. As shown in Figure 7d, there
were almost no E. coli and S. aureus survived in the experimental
groups (named PEI and MiH) after coculture for 18 h at 37 °C
compared with the blank group and control group (named PVA).
The outstanding antibacterial efficiency comes from the positive-
charged PEI, which absorbed the positively bacterial biofilm and
induced the rupture of the bacterial biofilm, resulting in bacterial
death.[15a,34]

3. Conclusion

In summary, we developed a MiH with body temperature en-
hanced adhesion for epidermal electrodes in physiology monitor-
ing. First, we designed and fabricated the ternary ionic hydrogel
consisting of biofriendly PVA, b-PEI, and CaCl2 by harmoniously
constructing a non-covalent cross-linked network. By regulating
the concentration of CaCl2 and the molecular weight of b-PEI,
we obtained the MiH with optimal stretchability of 1291%, the
electrical conductivity of 3.09 S m−1, and strong adhesion with
skin and other non-biological materials. In particular, the adhe-
sion was temperature-sensitive and could be enhanced by body
temperature, which is favorable for establishing a long stable con-
formal interface with skin. Then, the MiH made applications as
epidermal electrodes, hebaving outstanding monitoring capabil-
ity with a high signal-to-noise ratio and low detection limit for
various physiological signals. The epidermal electrodes clearly
distinguished the difference in ECG signals between male and
female volunteers during rest or after exercise. When the volun-
teer increased the grip strength from 100 N to 600 N, the corre-
sponding intensity of the EMG signals rose from 1.2 to 1.9 mV.
In EEG monitoring, the MiH epidermal electrodes successfully
captured P300 signals as well as the typical delta and theta waves.

The MiH guaranteed the high signal-to-noise ratio and low de-
tection limit by establishing a long-term stable interface with skin
based on its: i) the tissue-matched modulus; ii) non-destructive
and strong adhesion to human skin; iii) high electrical conduc-
tivity. With the positively charged b-PEI, the MiH showed a high
antibacterial effect against E. coli and S. aureus, avoiding the risk
of sore infection in clinical patients. Finally, after service, the MiH
could be reused, which contributes to reducing pollution and fa-
cilitating carbon neutralization. Given the above, we believe the
MiH will bring intelligent functions and broaden the way for
epidermal electronics, promoting the development of healthcare
electronics.

4. Experimental Section
Preparation of Hydrogels: Hydrogels were synthesized by one-pot

and freezing/thawing method. Specifically, moderate (10, 20, and
30 wt%) CaCl2 (CAS: 20150703, BEIJING SHIJI, Beijing, China), 1.0 g
polyethyleneimine (b-PEI, CAS: 9002-98-6, MW = 600, 10 000, and 70 000,
Aladdin, Shanghai, China) and 2.0 g PVA (CAS: 9002-89-5, 1799, Aladdin)
were dissolved in 9.0 mL of deionized water successively to form a ho-
mogeneous solution in a water bath of 98 °C under continuous magnetic
stirring for 1–2 h. Then the uniform sol was shaped into a thin film in glass
mold to freeze at −20 °C for 12 h and then thawed at 25 °C for 6 h.

Recycling of MiH: To evaluate the recyclability and remodeling of the
MiH, they were placed in glass bottles and heated in a water bath at 8 °C
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Figure 6. MiH epidermal electrode for EEG monitoring. a,b) The schematic diagram of EEG monitoring with MiH. Scale bar: 10 cm. c) EEG signals of
the Fp1, Fp2, and Fpz sites. d) The extracted P300 signals. The red dotted lines represent the target simulation. e) Single P300 signal. f) Fast Fourier
transformed EEG signals. g) The extracted delta wave and h) theta wave.
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Figure 7. Recyclable and antibacterial properties of the MiH. a) The schematic diagram of MiH recyclability. b) The tensile test and recovery ability of
the original and recycled MiH. c) The conductivity of hydrogel before and after remolding. d) Photographs of E. coli and S. aureus after coculturing with
the composite samples: i) control; ii) PVA; iii) PEI; iv) MiH. Scale bar: 1 cm.

until the solid hydrogels transformed into a uniform solution. And then,
the redissolved samples were poured into a mold to reshape and placed at
−20 °C for 12 h, followed by thawing at 25 °C for 6 h to regain the hydrogels.

Material Characterizations: The tensile tests of hydrogels were per-
formed on the ESM301/Mark-10 system (Mark-10 Corporation, New York,
NY, USA) and the stretching rate was 50 mm·min–1. The samples for the
tensile test had a size of 20 ×10 × 2 mm3. The oscillatory rheology and
viscosity of hydrogels were performed by the MCR92 rheometer (Anton
Paar, Shanghai, China). FTIR was obtained using a VERTEX80v spectrom-
eter (Bruker, Karlsruhe, Germany). XRD was performed using PANalytical
X’Pert3 Power with 2𝜃 ranging from 10° to 60°, where Cu K𝛼 radiation (𝜆=
1.5406 Å) was operated at 40 kV and 40 mA. Raman spectroscopy was per-
formed by LABRAM HR EVOLUTION spectrometer (HORIBA JY, France).
The temperature of MiH adhered to the skin surface of the forearm was
measured by an Infrared thermal imager (FLIR ONE, America). The exper-
iments involving human subjects have been performed with the full, in-
formed consent of the volunteers, who are also authors of the manuscript.

Adhesion of Hydrogels: To measure interfacial toughness, the hydrogel
samples with widths of 2 cm were adhered to the substrates and tested by

the standard 180-degree peel test (ASTM F2256). As the peeling process
reached a steady state, the measured force entered a plateau. The inter-
face toughness was determined by dividing two times the plateau force. To
measure shear strength, adhered samples with an area of 2 × 2 cm2 were
tested by the standard lap-shear test (ASTMF2255). The shear strength
was determined by dividing the maximum force by the adhesion area. To
measure tensile strength, adhered samples with an area of 2 × 2 cm2 were
tested by the standard tensile test (ASTMF2258). The tensile strength was
determined by dividing the maximum force by the adhesion area. Plastic
fixtures by 3D printed were applied using cyanoacrylate glues to provide
grips for tests. All samples with a size of 2 × 2 × 1 cm3 were performed
by the mechanical testing machine (ESM301/Mark-10 system) with a con-
stant tensile speed of 50 mm·min–1.

Electrical Measurements: The EIS tests of the hydrogels were tested by
an electrochemical workstation (CHI 650E, Chenhua, Shanghai, China).
The EIS was performed at an open circuit at a range of 1 MHz to 0.1 Hz.
The real-time current/resistance change of hydrogel under different defor-
mations was measured by a Keithley 6517 electrometer, and the data was
collected and recorded by an oscilloscope (LeCroy HDO6104).
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EP Monitoring: The EMG signals were acquired by adhesive hydrogel
electrodes and commercial electrodes (Ag/AgCl) which were connected to
a Lead wire type two-lead EMG module (ED0136/EDK0056) and recorded
by an oscilloscope (LeCroy HDO6104). The ECG signals were monitored
using the ECG acquisition module (ADS1293) and recorded by PROCESS
software. The EEG signals were tested by a 64-lead wireless EEG acqui-
sition system (Neuracle, NeuSen W) with MiH and commercial conduc-
tive gel (COMPUMEDICS NeuroMedical Supplies). The EEG signal pro-
cessing was performed on the collected data using MATLAB for funda-
mental signal analysis (independent component analysis/superposition
average/fast-Fourier transform/filter).

Antibacterial Studies: The bacteria solution (106 CFU mL–1) was pre-
pared according to the previously reported method. Three kinds of sam-
ples (PVA, PEI, and PVA-PEI-CaCl2) were added into E. coli and S. aureus
solution (mass ratio of 1:20), respectively, and then co-cultured at 37 °C
for 18 h. In particular, the group which was added nothing to the bacteria
solution was set as control. After co-cultivation, 100 μL of bacterial suspen-
sions were pipetted from each group and spread onto the agar plates. In
the end, these agar plates were kept in a constant temperature incubator
at 37 °C, after 18 h, the bacterial growth in agar plates was observed.
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