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HIGHLIGHTS

® A novel strategy was developed to construct ultrathin microfiber composite hydrogel films (< 5 pm) by embedding an electrospun

fiber network into a hydrogel.

® The microfiber composite hydrogel offers tunable modulus in a broad range (from ~ 5 kPa to tens of MPa), which matches the modulus

of most biological tissues and organs.

® The ultrathin configuration and ultrasoft nature allow the microfiber composite hydrogel seamlessly attaching to various rough surfaces.

ABSTRACT Hydrogels offer tissue-like softness, stretchabil-

ity, fracture toughness, ionic conductivity, and compatibility

PU

with biological tissues, which make them promising candidates micronber

for fabricating flexible bioelectronics. A soft hydrogel film PVA

hydrogel i

offers an ideal interface to directly bridge thin-film electronics y

with the soft tissues. However, it remains difficult to fabricate

a soft hydrogel film with an ultrathin configuration and excel- - ENGRnShiioring

lent mechanical strength. Here we report a biological tissue- Microflbescompositaihydiogel
inspired ultrasoft microfiber composite ultrathin (<5 pm)
hydrogel film, which is currently the thinnest hydrogel film as far as we know. The embedded microfibers endow the composite hydrogel
with prominent mechanical strength (tensile stress ~6 MPa) and anti-tearing property. Moreover, our microfiber composite hydrogel offers the
capability of tunable mechanical properties in a broad range, allowing for matching the modulus of most biological tissues and organs. The
incorporation of glycerol and salt ions imparts the microfiber composite hydrogel with high ionic conductivity and prominent anti-dehydration

behavior. Such microfiber composite hydrogels are promising for constructing attaching-type flexible bioelectronics to monitor biosignals.
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1 Introduction

Wearable and implantable bioelectronics enable a variety of
applications in personalized healthcare monitoring and pre-
cision medicine, offering a range of capabilities including
biosignal detection, health monitoring, nerve stimulation,
brain-computer interfaces, neuromuscular junctions, and
cyborg tissues [1-8]. Since most of the human tissues are
inherently soft (modulus in a range of 1 kPa to 1 MPa), elec-
tronic devices based on metals, ceramics, and plastics present
dry, nonliving, rigid, and fragile features, resulting in striking
mismatches in tissue—electrode interfaces regarding mechan-
ics, biosignal transmission, and biological natures [9-11].
In particular, the mechanical mismatch between electronics
and tissues not only affects the device’s performance but also
causes severe damage to the local tissues [12]. Narrowing the
mechanical mismatch between tissue and bioelectronics is
essential for these issues [13]. Additionally, biological tissue
conducts electricity generally using ions, which differs from
electron transmission mostly used in electronics. However,
ionic and electronic circuits are coupled at tissue—electrode
interfaces in the electrophysiological study of living human
tissues [10, 14]. Therefore, bioelectronics is supposed to
function through distinct ionic and electronic circuits.

The hydrogel is a network composed of hydrophilic
polymers that contain a high amount of water and thus
present inherent physicochemical similarities with natural
biological tissue, offering a great potential candidate for
engineering tissue scaffolds with high bioaffinity [15-17].
The polymer network endows the hydrogel with mechani-
cal elasticity, and the water molecule and soluble salt ions
endow the hydrogel with ionic conductivity [18]. Gener-
ally, the hydrogel possesses a high water content of over
90 %, which endows them with excellent softness, however,
weakens its mechanical strength (a few kilo Pascals or even
lower) [19]. Hydrogels with low mechanical strength are
not easy to use as a self-standing thin film (< 10 pm) [20].
Current bioelectronic-utilized hydrogels often have a large
thickness of a millimeter-scale or even larger, which leads
to a broad gap between the electrode and biological tissue
[21, 22]. Particularly for healthcare monitoring applications,
intimate contact between sensing components and the bio-
logical tissues would effectively reduce contact impedance,
minimize motion artifact, enhance measurement accuracy,
and simplify subsequent data-possessing algorithm [23-27].

© The authors

Recently, efforts for thin hydrogel films are widely explored
by using cast-molding [28-30], blade-coating, or spinning
coating [31] methods, but the thickness yet remains several
micrometers and even larger. Still, it is yet very challenging
to fabricate ultrathin hydrogel films with controlled micro-
scale thickness and excellent mechanical properties.

Mechanical properties of hydrogels can be improved by mak-
ing designed architecture inspired by the extracellular matrix
(ECM) which serves as the scaffold for tissues and organs
throughout the body, playing an essential role in their structural
and functional integrity [32, 33]. The natural ECM (Fig. 1a) is
comprised of a stiff collagen fibril scaffold embedded in the
elastic interwoven elastin matrix, which imparts biological tis-
sues with very high fracture toughness and excellent softness
[34-36]. Inspired by the fibril network structure of the natural
ECM, a variety of fibers, including ceramic, natural cellulose,
and various polymeric fibers are extensively explored to fabri-
cate composite hydrogels with enhanced mechanical properties
[37-41]. For example, a polyurethane (PU) nanofiber-embed-
ded hybrid hydrogel [42] achieved enhanced softness (modu-
lus ~1.8 MPa) and stiffness (37 times enhancement), excellent
stretchability (680 %), and fatigue resistance (~2950 J m~2).
However, such hydrogels generally are yet too thick to realize
the intimate contact when used as attachable electronics, result-
ing in a decrease in the device’s performance.

In this work, we mimic the fibril structure of the natural
ECM to develop an ultra-flexible, ultrathin, and mechanically
enhanced microfiber composite hydrogel by embedding an
electrospun polyurethane microfiber network into the poly(vinyl
alcohol) (PVA) hydrogel. Such a hybrid system leads to tun-
able thickness, Young’s Modulus, and mechanical strength in a
wide range by precisely tailoring the physiochemical properties
of the fiber skeleton and the hydrogel. A composite ultrathin
hydrogel film (thickness <5 pm) was successfully prepared by
combining two different processing methods: electrospinning
and spin-coating. The broadly tunable Young’s Modulus of our
microfiber composite hydrogels imparts a prominent mechani-
cal match with most human living organs and tissues, endowing
them with a high promise for wearable and implantable bio-
electronic devices. Additionally, the incorporation of specific
substances (such as sodium chloride (NaCl) and glycerol (Gly))
imparts the composite hydrogel enhanced ionic conductivity,
anti-freeze, and anti-dehydration properties, which are signifi-
cant for epidermal electronics to adapt to complex environ-
ments. At last, we demonstrate a high-performance flexible
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electrode to monitor electromyography (EMG) biosignals for
a long time. Our work provides a facile solution to design and
fabricate ultrathin bioelectronics for seamless attachment to soft
biological tissues for healthcare monitoring applications, which
will promote the progress of thin film-based bioelectronics for
wearable and implantable purposes.

2 Experimental and Calculation
2.1 Materials

PU (product no. A85P4394, Mw =70,000, den-
sity =1.12 g cm™) was purchased from Shanghai Huntsman
Polyurethanes Specialties Co., Ltd., China; NaCl (Analyti-
cal purity) and N, N—Dimethylformamide (DMF, 99.5 %)
were purchased from Sinopharm Chemical Reagent Co.,
Ltd., China; glycerol (MW 92.09, 99.0 %) and PVA (1799,
alcoholysis degree 98 %—99 %) were purchased from Shang-
hai Titan Scientific Co., Ltd., China. Deionized water was
prepared with Milli-Q equipment (Merck, Germany).

2.2 Preparation of PVA/MF-CH and PVA/MF/Gly-CH

PU microfiber networks were prepared by electrospinning 22
wt% PU solution (in DMF) and collected with a glass plate.
The electrospinning parameters are as follows: voltage 12 kV,
feeding rate of PU solution 0.1 mm min~' (within a 5 mL
syringe), and collecting distance between the needle and the
grounded collector 15 cm. The electrospinning times of 40 s,
2 min, 5 min, and 8 min were used to prepare the microfiber
networks in different fiber densities. Next, the glass plate with
microfibers was processed by plasma for 1 min to obtain a
microfiber network with a hydrophilic surface. 10 wt% PVA
solution (in deionized water) was cast on the glass plate with
microfibers and followed to start the spinning-coating proce-
dure. The spinning-coating rotation rates were 0.5, 1.0, 2.0,
3.0, and 5.0 k rpm, respectively. Subsequently, the above-
mentioned PVA spinning-coated glass plate with microfibers
was placed on a fried ice machine (CAUKD, CBJF-1DC450)
for freeze—thaw processes of 4 cycles to obtain the microfiber
composite hydrogel (PVA/MF-CH). PVA/MF/Gly-CH were
prepared by soaking PVA/MF-CH in the glycerol or the mix-
ture of glycerol and 0.9 wt% NaCl solution for 5 h. The mix-
tures of glycerol and 0.9 wt% NaCl solution were prepared by

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

mixing the different volumes of glycerol and NaCl solution,
designating as 2Gly 1NaCl, 1Gly 1NaCl, and 1Gly 2NaCl,
respectively. Correspondingly, the microfiber composite
hydrogels were named PVA/MF/Gly-CH with 2Gly 1NaCl,
PVA/MF/Gly-CH with 1Gly 1NaCl, and PVA/MF/Gly-CH
with 1Gly 2NaCl, respectively. PVA/MF-CH with 5% NaCl
was prepared by soaking PVA/MF-CH in the 5 wt% NaCl
solution for 5 h.

2.3 Preparation of PVA/MF/Gly-CH-based
Bioelectrode

PU microfiber networks were prepared by using the same
parameters of the preparation procedure of the microfiber
composite hydrogel as aforementioned, except that the
electrospinning time was 5 min. Next, a layer of 50 nm Au
was sputtered on the PU microfiber network to obtain the
conductive microfiber network. Specific patterns were fab-
ricated by using a mask during the sputtering process. The
used spinning coating parameter was 1.0 k rpm, 10s. A 4
freeze—thaw -cycle was used to obtain PVA/MF-CH-based
bioelectrode. At last, PVA/MF/Gly-CH-based bioelectrode
was obtained by soaking PVA/MF-CH-based bioelectrode
in the glycerol or the mixture of glycerol and 5 wt% NaCl
solution for 5 h.

2.4 Characterizations

The morphology of the samples was performed on scan-
ning electron microscopy (SEM, JSM-7001F). The opti-
cal images of microfiber networks were conducted on the
Microscope (SOPTOP, CX40M). Uniaxial tensile meas-
urements were carried out on an Instron 3365 (Instron,
Norwood, MA, USA) universal materials tester at a con-
stant moving speed of 20 mm min~!. The test gauges were
cut into a rectangle of 2 cm X 0.5 cm. The electrochemical
impedance was measured with a Gamry multichannel elec-
trochemistry testing system (Interface 1000B and Refer-
ence 600+, Gamry Instruments, Inc.). The potentiostatic
EIS model was used to record the impedance of different
frequencies and a voltage of 100 mV was applied. The
surface roughness of the artificial skin covered with the
microfiber composite hydrogel was measured with Surface
Profiler (Veeco Dektak 150).

@ Springer
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Fig. 1 Design of PVA/MF-CH-based bioelectronics. a Schematic structure of biological tissue and PVA/MF-CH. In the human body, the ECM
of living tissues mainly comprises of interpenetrating collagen fiber and elastin fiber networks. The PVA/MF-CH presents an ECM-mimicked
structure of interpenetrating networks, which consists of PU microfibers (blue) and PVA molecular chains (purple). The PVA hydrogel compris-
ing PVA chains and water are presented in semi-transparent blue. b Schematic preparation procedure of PVA/MF-CH. ¢ SEM image displaying
the surface of a freeze-dried PVA/MF-CH. d Schematic illustration of the microfiber embedded structure and bonding mechanisms of PVA
molecular chains and PU microfiber matrix. e Digital picture of PVA/MF-CH attached to the skin
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2.5 EMG Measurements

In this work, we applied our PVA/MF/Gly-CH in two dif-
ferent ways. The first way is integrating it into the com-
mercial EMG electrode by replacing its gel component, and
two commercial EMG electrodes were applied as reference
electrodes and GND electrodes, respectively. The second
way is using our PVA/MF/Gly-CH-based bioelectrode as
EMG electrodes to record biopotential signals. In this case,
our n PVA/MF/Gly-CH-based bioelectrode was used as a
testing electrode and a reference electrode, respectively,
and the other two electrodes were employed by commercial
electrodes. In another case, a tri-electrode system based on
a patterned PVA/MF/Gly-CH-based bioelectrode (as shown
in Fig. 5j later) was laminated on the skin to record EMG
biosignals. For EMG measurements, three electrodes were
attached to the forearm and the bicipital muscle, and EMG
signals were recorded by multiplex bioelectric data acqui-
sition equipment (ZJE-II) with a sampling rate of 500 Hz.

3 Results and Discussion

3.1 Design of Microfiber Composite Hydrogel

We introduce a simple method to fabricate microfiber com-
posite hydrogel films with tailored thickness and mechani-
cal properties, based on the combined fabrication procedure
of the electrospinning technology and spin-coating method
(Fig. 1b). Briefly, a PU microfiber network (fiber diameter
1.4 +£0.5 pm) was electrospun onto a glass plate and then
embedded into the PVA solution (10 wt%, in water) by
spin-coating. Subsequently, the aforementioned microfiber-
embedded PVA solution was placed on the frozen plate
of an ice machine to freeze (—20 °C, 30 min) and thaw
(22 °C, 30 min) in the air multiple times (4, 6, and 8 cycles)
to obtain the PVA/MF-CH. The obtained PVA/MF-CH
presents a fibril-embedded porous structure, as shown in
Fig. 1a. Figure 1c demonstrates the ECM-mimicked struc-
ture of the PVA/MF-CH, comprised of PU microfibers and
PVA molecular chains. Through the freeze-thaw procedure,
crystalline regions [43] and the inter-hydrogen bond [44]
generate in some parts of the PVA molecular chains, induced
by the growth of ice crystals, and thus form the physically
crosslinked chain networks, illustrated in Fig. 1d. The PU
microfiber network plays the role of the skeleton in the PVA/
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MF-CH, enhancing the system’s mechanical properties.
Additionally, the hydroxyl group of PVA chains and the ure-
thane group of PU microfibers have a strong hydrogen bond
association that provides good interfacial linkage between
microfibers and PVA [45], further improving the mechanical
stability of the composite hydrogel system. The mechani-
cally enhanced composite hydrogel enables the fabrication
of a self-standing film with a thickness of <7 pm (Fig. S1)
and a high water content of >90 %, which is difficult to
obtain from a conventionally pure hydrogel system without
sacrificing its water content. Contributed by the ultrathin
configuration and ultrasoft characteristic, a PVA/MF-CH
thin film (~7 pm) enables to realize seamless attachment
onto the human skin (Fig. le) and the soft biological tis-
sues with an irregular surface. Figure S2 displays the PVA/
MEF-CH attached to artificial leather mimicking skin, where
the textures can be distinctly distinguished from the SEM
image.

3.2 Mechanical Performance of Microfiber Composite
Hydrogel

The mechanical properties of the PVA/MF-CH can be tai-
lored by the number of freeze-thaw cycles [45, 46]. The
multiple freeze-thaw cycles promote more physical cross-
links (including crystalline regions and hydrogen bonds)
among PVA molecular chains, leading to enhanced strength
(Fig. 2a) and Young’s Modulus (Fig. S3). In this work, the
specimen (pure PVA hydrogel, 40 mm (length) X 10 mm
(width) X 0.8 mm (thickness)) with 8 freeze-thaw cycles
endured a high tensile force of ~1.5 N and possessed a
Young’s Modulus of ~0.04 MPa. In a contrast, the speci-
men with 4 freeze-thaw cycles displayed a low tensile force
of <0.5 N and a Young’s Modulus of ~0.025 MPa. The
PVA hydrogel samples prepared using less than 2 freeze-
thaw cycles were too soft to form free-standing films.
Although, more cross-links led to a drop in water content
from 96.3 % +0.7 % (2 cycles) t0 92.0 % + 0.2 % (8 cycles),
still the equilibrium water content was high.

The mechanical properties of the PVA/MF-CH are signifi-
cantly influenced by the density of the microfiber network,
which is tailored by controlling the electrospinning time.
As shown in Fig. 2b, the density of microfiber networks
increased as electrospinning time increased (electrospin-
ning time 8 min), leading to high mechanical strength. The

@ Springer
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corresponding microfiber composite hydrogel showed a
similar mechanical behavior (Fig. 2c), demonstrating the
typically enhanced tensile force. A piece of ultrathin PVA/
MF-CH (~7 pm) with high fiber density (electrospinning
time of 8 min) can easily endure the 20 g weight as shown in
Fig. S4. In contrast, the pure PVA hydrogel prepared under
the same freeze-thaw condition was even not self-standing
its own weight. Apart from the density of the microfiber
network, the alignment of microfibers (Fig. S5) leads to
enhanced mechanical properties with an anisotropic feature,
illustrated in Fig. S6.

The thickness of PVA/MF-CH could be controlled by
either changing the spin-coating speed or the concentration
of the PVA solution and the thickness of the PVA/MF-CHs
based on different preparation parameters are summarized
in Table 1. As illustrated in Fig. 2d, using a low rotation
rate (0.5 k rpm, 10 s) of spin-coating during preparation,
the microfiber network was semi-embedded into the PVA
hydrogel, resulting in a large thickness. Increasing the rota-
tion rate of the spin-coating, the thickness of PVA/MF-CH
dramatically declined from 166.5 pm (0.5 k rpm, 10 s) to
6.8 pm (3.0 k rpm, 10 s) and the microfiber network remains
embedded in the PVA from the SEM image (Fig. S7). Fur-
ther increasing the rotation rate to 5.0 k rpm (10 s), the
thickness of PVA/MF-CH decreased to~4.8 pm. The thick-
nesses of PVA/MF-CH fabricated in different rotation rates
are illustrated in Fig. 2e and the corresponding images in
Fig. S8. In addition, a thinner configuration (Fig. S9) merely
of ~2 pm was obtained by using a 2.5 % PVA solution pre-
cursor. This indicated that the thickness of PVA/MF-CH was
determined by the thickness of the microfiber network. As
a result, the small thickness contributed to a weak tensile
force (Fig. 2f). Moreover, our results demonstrated that the
thickness of PVA/MF-CH was insignificantly affected by the
amount of PVA solution used, as the superfluous PVA solu-
tion will remove during the spin-coating process. Whereas,
too less amount of PVA solution used will result in the
occurrence that PVA solutions are insufficient to cover all
parts of the fiber networks (Fig. S10).

The nanofibrous structure also imparts PVA/MF-CH with
very high puncture resistance. As shown in Fig. S11, the PVA/
MF-CH endured large puncture stress from a pin without
breaking. Another interesting merit of the PVA/MF-CH is its
anti-tear behavior. As depicted in Fig. 2g, the high resistance
of PVA/MF-CH to tearing is reasonable since the embedded
PU microfibers create large force transfer lengths through high

© The authors

fiber/matrix modulus ratios and thus block cracks from further
propagation. Figure 2h demonstrates the excellent anti-tearing
performance of our PVA/MF-CH. The strain at break of PVA/
MF-CH was up to 264 % (88 % of that without crack), and the
pure PVA hydrogel was only extended to 100 % (50 % of that
without crack) in contrast (Fig. 2i).

3.3 Anti-dehydration Behavior and Conductivity

Compared to traditional bulk hydrogels, the ultrathin con-
figuration imparts the PVA/MF-CH a large surface area
exposed to its ambient surrounding, causing the issue of
easy dehydration. The fast dehydration of hydrogel results
in a dramatic increase in impedance in a short period. The
incorporation of salts (such as LiCl, NaCl, and KCl) and
other conductive fillers enables the decrease in the imped-
ance of hydrogel, which is beneficial for the collection of
high-quality biosignals when used as a bioelectrode. The
anti-dehydration and impedance of the PVA/MF-CH were
improved by soaking it in the mixture of NaCl/Glycerol.
The glycerol in the PVA/MF-CH forms abundant hydro-
gen bonds with water molecules and efficiently inhibits
volatilization and crystallization of free water molecules
[47], endowing the PVA/MF-CH with excellent anti-dehy-
dration and anti-freezing behavior, illustrated in Fig. 3a.
The PVA/MF-CH with glycerol (PVA/MF/Gly-CH) main-
tained its mass (Fig. 3b) and configuration for over 16 h
in the air (22 °C, ~40 % humidity). The flexibility of the
PVA/MF/Gly-CH was well preserved for 7 days (Fig. 3c).
However, the PVA/MF-CH lost its inherent soft nature and
solidify into a rigid thin dry film within only 3 h due to the
fast evaporation of water. Correspondingly, the thickness
of PVA/MF-CH dramatically decreased from~70 (0 h)
to~7 (after 3 h) pm, due to the loss of water (Fig. 3d).
As a result of the abundant hydrogen bonds induced by
the incorporation of glycerol, the PVA/MF/Gly-CH sus-
tained a stable configuration and maintained its thickness
of ~60 pm. A small drop of mass in the beginning is due
to the evaporation of the free water incorporated in the
PVA/MF-CH. The dehydration is also influenced by the
thickness of the microfiber composite hydrogel. As shown
in Fig. 3b, the thinner PVA/MF-CH (~7 pm, preparation
parameters: 3.0 k rpm, 10 s) lost all its water within 0.5 h.
The flexibility of another intriguing merit induced by glyc-
erol is its anti-freezing property of the PVA/MF/Gly-CH.
The PVA/MF/Gly-CH preserved excellent flexibility at
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Table 1 Thickness of the PVA/MF-CHs based on different preparation parameters

Electrospinning parameters Spin-coating parameters

Concentration of PVA solution Thickness (pm)

(k rpm, ) (Wt%)
22 wt% PU solution 0.5, 10 10 166.5+5.0
Feeding rate 0.1 mm min~! (5mL 1.0, 10 10 38.4+4.1
syringe)
Voltage 12 V 2.0, 10 10 7.6+1.2
Distance 15 cm 3.0,10 10 6.9x1.6
Time 5 min 5.0, 10 10 48+1.8
3.0, 10 5 27+1.6
3.0, 10 2.5 1.7+0.6

a temperature of —20 °C. In contrast, the PVA/MF-CH
lost its flexibility because of the formation of ice crystals
(Fig. S12). However, the introduction of glycerol to the
PVA/MF-CH resulted in a slight increase of impedance
from ~ 55 (PVA/MF-CH) to ~ 65 (PVA/MF/Gly-CH) ohm
cm~2 (10° Hz), as shown in Fig. 3e (impedances under
different Hz in Table S1), because the use of the glyc-
erol/H,O binary solvent could reduce the ionization of the
water [48]. To decrease the impedance of the PVA/MF/
Gly-CH, different amounts of 0.9 wt% NaCl (DI water
solution) were incorporated to enhance its ion conductiv-
ity. The impedance of PVA/MF-CH significantly decreases
with the increase of NaCl. We further also used concen-
trated NaCl solution (5 wt%). The impedance of the PVA/
MF-CH significantly decreased (~ 1 Q cm™2). Addition-
ally, as the above-mentioned, the introduction of glycerol
imparts the PVA/MF/Gly-CH anti-dehydration effect,
which is favorable for sustaining the impedance stability
of the PVA/MF/Gly-CH. Only slight increases occurred on
the PVA/MF/Gly-CH. In contrast, the PVA/MF-CH with 5
wt% NaCl held a dramatic impedance change, especially in
low frequency, which increases about 8 power of magni-
tude in the frequency of 10 Hz. These results indicate that
the electrical properties of microfiber composite hydrogels
are tunable by introducing salt ions according to the practi-
cal requirement. Except for the introduction of conductive
ions, other conductive additives, such as carbon nanotubes
and conducting polymers, can effectively improve the con-
ductivity of the microfiber composite hydrogel.

The abundant hydrogen bonds [47] introduced from
the incorporation of glycerol improved the mechani-
cal strength and Young’s Modulus of the PVA/MF/Gly-
CH, but the maximum strain slightly decreased (Fig. 3f).
Additionally, the incorporation of glycerol decreased the

© The authors

thickness of microfiber composite hydrogel (Fig. S13).
The addition of NaCl showed an insignificant influence
on the improvement of mechanical properties.

3.4 Tunable Conformability and Flexibility in a Broad
Range

The conformability of a material to a rough surface is highly
relative to the modulus and thickness of the film and the
effect of each parameter is monotonic: the membrane tends
to better conform to the rough surfaces as the membrane
modulus decreases and the membrane thickness diminishes.
For example, a 5-pm-thick Ecoflex membrane leads to inti-
mate contact with the skin, but 36- and 100-pm-thick ones
don’t [12, 26]. In addition, the stiffer the film, the smaller the
critical thickness must be to realize full conformability. Com-
pared to the conventional polymer films (modulus ~ GPa),
such as Parylene, polyethylene terephthalate (PET), and
polyimide (PI), the PVA/MF-CHs present excellent soft-
ness, which is favorable for realizing a seamless attachment
to the rough surface. The skin conformability of the PVA/
MF-CH (~ 80 pm) is evaluated by attaching it to the arti-
ficial skin and a thinner PET glue tape (50 pm) is used for
comparison. The PVA/MF-CH demonstrated intimate contact
with the artificial skin (Fig. S14) and similar results were
also obtained from the samples attached to the human skin
(Fig. S15). The microfiber composite hydrogel softly covers
glyphic lines without forming any air gap. By contrast, air
gaps were observed between the PET glue tape and the val-
leys of the artificial skin due to its large stiffness. The surface
of the artificial skin covered with the PVA/MF-CH presented
a similar rough surface profile as of naked areas (Fig. 4a).
However, the surface amplitude completely disappeared in
those areas covered by PET glue tape, demonstrating the

https://doi.org/10.1007/s40820-023-01096-4
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rigid material’s poor conformability with rough surfaces.
Furthermore, the PVA/MF-CH possessed an excellent seam-
less attaching ability to various surface roughness, even to
those objects with the millimeter scale amplitude, which is
difficult to realize by using conventional plastic thin films
(Fig. S16). Such an excellent conformal capability of the

SHANGHAI JIAO TONG UNIVERSITY PRESS

PVA/MF-CH is attributed to its ultrasoft nature, induced by
the thin configuration and low modulus. Moreover, the PVA/
ME-CH allows various deformations to occur on the human
skin, such as squeezing, stretching, and bending deforma-
tions, indicating its excellent conformability and flexibility
(Fig. S17). However, the rigid PET glue tape demonstrated
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limited deformable ability, caused by modulus mismatch
between the skin and the attaching film. Squeezing the skin-
attached PVA/MF-CH generated fine wrinkles (~ 1 mm, Fig.
S18) and sustained the seamless attachments, as depicted in
Fig. 4b, c. The rigid PET glue tape generated large wrinkles
(~7 mm, Fig. S18) due to its large Young’s Modulus. We also
evaluated the softness of the PVA/MF-CH with a bending
diameter, which is described in Fig. 4d. Benefiting from its
ultrasoft nature, the PVA/MF-CH displayed an unobservable
bending angle (~0°) even though the specimen with a large
thickness of ~ 160 pm (Fig. 4e). In contrast, conventional
thin films which are often used as the substrates of flexible
electronics presented a typical bending circle with diameters
of ~200 pm induced by their large modulus. As illustrated in
Fig. 4f, the PVA/MF-CHs in comparison with conventional
polymer films hold an imperceptibly bending angle regard-
less of the thickness (~5-160 pm) due to its ultrasoft feature,
indicating that our PVA/MF-CH is an ideal candidate for fab-
ricating attachable bioelectronics. Even though the incorpo-
ration of glycerol slightly enhances the modulus as shown in
Fig. 3f, which is adverse to achieving conformal contact, the
conformability of PVA/MF/Gly-CHs to the skin (Fig. S19)
is almost not affected by such a slight increase in modulus.

More significantly, our microfiber composite hydrogels hold
tailored modulus by controlling their components of fiber, addi-
tives (with/without glycerol and salts), and thickness in a broad
range, as shown in Fig. 4g, and even achieve smaller thick-
nesses and lower modulus than previous hydrogels [20, 21, 23,
28, 42], which impart better conformability. The feature of tun-
able modulus in a broad range (from kPa to tens of MPa) allows
our microfiber composite hydrogel with a modulus match with
most biological tissues and organs [9] (Fig. 4h), which is dif-
ficult to achieve from conventional thin films, such as PU, PI,
polyethylene (PE), and polydimethylsiloxane (PDMS). Fig-
ure 4i displays a bioelectrode based on our PVA/MF-CH, which
demonstrates excellent attaching and conformal capability to
living biological tissues. However, its performance as implant-
able bioelectronics should be investigated in the future.

3.5 Monitoring of EMG Biosignals
The simplified equivalent circuit model [49] describes a

metal-gel electrode interfacing with the epidermis and
subcutaneous skin layers, as depicted in Fig. 5a. The total
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impedance of this equivalent circuit model is expressed
by Eq. (1):

Re d

4= R [1 +jcoCeRe] TRt [1 +ijde] M
where j is the imaginary unit, @ =2xf is the angular fre-
quency in rad s~!, and fis the frequency in Hz. This model
was chosen over the standard Randles cell to allow for more
precise evaluation and comparison of the effects from the
electrode versus skin elements. Specifically, the electrode
elements include: (i) R ,, the composite gel resistance, (ii)
R,, the charge-transfer resistance and (iii) Cy, the capaci-
tance of the double-layer between the metal electrode and
the composite gel. The representative skin elements include:
(1) Ry, the subcutaneous resistance of dermis and deep tis-
sues, (ii) R,, the epidermal layer resistance, and (iii) C,, the
epidermal capacitance.

Biopotentials are typically weak, ranging from several
micro-volts to several millivolts. Specific to the cut-and-
pasted large-area epidermal electrodes without intercon-
nect encapsulation, the signals are further compromised by
the dimensionless geometric parameter [50]. As a result,
the background noise could become problematic. The thin
configuration of gelled electrolytes contributes to lower
R, and leads to a lower impedance of the whole system
(Fig. S21), improving the SNR of the electrode. As shown
in Fig. 5b, the electrode comprised of PVA/MF/Gly-CH dis-
played a similar biopotential amplitude of muscle activations
with that recorded with a commercial gel electrode in the
same region. Significantly, our PVA/MF/Gly-CH electrode
recorded lower background noise (Fig. 5c), demonstrating
an excellent SNR. Specific to the electrode comprised of
the PVA/MF/Gly-CH, another distinct merit is the capabil-
ity of use for the long term. As shown in Fig. 5d, the elec-
trode comprised of the PVA/MF/Gly-CH sustain monitoring
EMGs in high quality for 48 h in ambient air. In contrast,
the commercial gel electrode lost its functionality caused by
the dehydration of the gel. Moreover, the recording of high-
quality EMGs were even possible after storage in the air
over 10 days (Fig. 5e) with our PVA/MF/Gly-CH electrode,
demonstrating the capability for long-term application as the
new wearable electronics.

Electrophysiological activation of a muscle initiates
mechanical force production. Typically, the position and the
moving performances of the human body are based on the acti-
vation of a single or a multitude of muscles, and thus, generate
distinguishable EMGs. Thereof, EMGs can be used to monitor

https://doi.org/10.1007/s40820-023-01096-4
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physical activities. Figure 5f displayed distinguishable EMGs ~~ EMGs of the forearm of a male adult with different grasping
generated from the gripping, stretching finger, and bending  forces, recorded by our PVA/MF/Gly-CH electrode. Figure 5h
wrist gestures, respectively. In addition, EMGs reflect the ~ was characteristic EMGs of the bicipital muscle of the arm
degree of activation: the higher the EMG level, the more force  lifting the different masses of the object. These results dem-
is developed by the muscle [51, 52]. Figure 5g displayed the  onstrated the feasibility of acquiring high-quality biosignals in

© The authors https://doi.org/10.1007/s40820-023-01096-4



Nano-Micro Lett. (2023) 15:139

Page 130of 15 139

different body parts by using our PVA/MF/Gly-CH electrode,
which can be used to analyze the intensity of muscle activities
in different body parts.

Our PVA/MF/Gly-CH enabled it to be applied for monitor-
ing biopotential signals, separately, to replace the commercial
gel electrode. A tri-electrode system comprised of the PVA/
MF/Gly-CH was shown in Fig. 5i. Such a tri-electrode system
presented ultrathin configuration and excellent flexibility, lead-
ing to intimate contact with human skin (Fig. 5j) when lami-
nated, and sustained multiple detaching processes (Fig. S20).

Figure 5k displayed the EMGs recorded by using our elec-
trode as a testing electrode, Ref electrode, and a tri-electrode
system (electrode + Ref + GND), respectively. In three cases,
clear and distinguishable EMGs were recorded of the gripping
gesture. However, it is worth noting that the EMGs recorded
with the tri-electrode system presented relatively higher back-
ground noises, probably resulting from the poor adhesion
between the electrode and human skin.

Since external pressure can induce resistance change of a
hydrogel caused by the diminution of thickness, the PVA/MF/
Gly-CH is promising for constructing ultrathin electronic-skin
pressure sensors. We show a prototype of a pressure sensor
(Fig. S22) by simply integrating double layers of the PVA/MF/
Gly-CH-based electrode, which could be applied to detecting
the force variations. Typically, the hydrogel-type sensor pre-
sents a long relaxation time to recover its performance. The
incorporation of salt ions can effectively shorten the hydrogel
sensor’s relaxation time. In our case, we observed that the pure
PVA/MF/Gly-CH without NaCl held a relaxation time of over
1 min. The relaxation time of the PVA/MF/Gly-CH processed
with 5 wt% NaCl significantly decreased to as low as~5 s.
The feature of a tailored relaxation time endows our micro-
fiber composite hydrogel with a high possibility to construct a
matrix sensor for monitoring object movement trace. Moreo-
ver, the prototype sensor holds a good capability to monitor the
pressure in various frequencies and displayed a good working
duration. In contrast to its pressure sensitivity, our PVA/MF/
Gly-CH presented another merit of strain insensitive feature
and even sustained multiple stretches for a long time.

4 Conclusions

In this work, we develop a novel strategy to fabricate
ultrathin microfiber composite hydrogel by combining elec-
trospinning with spinning-coating. The microfiber composite
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hydrogel exhibited high tensile strength, modulus, and flex-
ibility. The embedded microfiber network endowed micro-
fiber composite hydrogel with prominent anti-tearing perfor-
mance. The ultrathin configuration and ultrasoft nature allow
it seamlessly attached to various rough surfaces. Moreover,
The microfiber composite hydrogel presented mechanical
features that matched modulus with almost all biological tis-
sues. By the incorporation of glycerol, the microfiber com-
posite hydrogel leads to anti-dehydration in a long term.
Based on the aforementioned features, the EMG electrode
composed of our microfiber composite hydrogel demon-
strated excellent performance in EMG biosignal monitor-
ing. Our strategy to fabricate ultrathin hydrogel will promote
the progress of hydrogel bioelectronics, especially for the
development of flexible electronics based on hydrogel films.

Acknowledgements The authors acknowledge the funding sup-
port from the fellowship of the China Postdoctoral Science Foun-
dation (2022M722329, 2021M700097), the National Natural
Science Foundation for Distinguished Young Scholars of China
(62125112), the National Natural Science Foundation of China
(62071462, 62071463, 62271479, 22109173), and the Jiangxi
Provincial Natural Science Foundation (20224ACB212001). The
authors are grateful for the support from Nano-X Vacuum Intercon-
nected Workstation & Key Laboratory of Multifunctional Nano-
materials and Smart Systems of Suzhou Institute of Nano-Tech and
Nano-Bionics (SINANO), Chinese Academy of Sciences (CAS).

Funding Open access funding provided by Shanghai Jiao Tong
University.

Conlflict of Interest

The authors declare no interest conflict. They have no known compet-
ing financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s40820-023-01096-4.

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-023-01096-4
https://doi.org/10.1007/s40820-023-01096-4

139 Page 14 of 15 Nano-Micro Lett. (2023) 15:139
References 15. L. Guan, H. Liu, X. Ren, T. Wang, W. Zhu et al., Balloon
inspired conductive hydrogel strain sensor for reducing radi-
1. T. Wang, M. Wang, J. Wang, L. Yang, X. Ren et al., A chemi- ation damage in peritumoral organs during brachytherapy.
cally mediated artificial neuron. Nat. Electron. 5(9), 586-595 Adv. Funct. Mater. 32(22), 2112281 (2022). https://doi.org/
(2022). https://doi.org/10.1038/s41928-022-00806-x 10.1002/adfm.202112281
2. G. Yang, K. Zhu, W. Guo, D. Wu, X. Quan et al., Adhesive 16. X. Liu, M. Hao, Z. Chen, T. Zhang, J. Huang et al., 3D bio-
and hydrophobic bilayer hydrogel enabled on-skin biosensors printed neural tissue constructs for spinal cord injury repair.
for high-fidelity classification of human emotion. Adv. Funct. Biomaterials 272, 120771 (2021). https://doi.org/10.1016/j.
Mater. 32(29), 2200457 (2022). https://doi.org/10.1002/adfm. biomaterials.2021.120771
202200457 17. Y. Liang, H. Xu, Z. Li, A. Zhangji, B. Guo, Bioinspired
3. W.Li, N. Matsuhisa, Z. Liu, M. Wang, Y. Luo et al., An on- injectable self-healing hydrogel sealant with fault-tolerant
demand plant-based actuator created using conformable elec- and repeated thermo-responsive adhesion for sutureless post-
trodes. Nat. Electron. 4(2), 134—142 (2021). https://doi.org/ wound-closure and wound healing. Nano-Micro Lett. 14(1),
10.1038/s41928-020-00530-4 185 (2022). https://doi.org/10.1007/s40820-022-00928-z
4. X. Yang, T. Zhou, T.J. Zwang, G. Hong, Y. Zhao et al., Bioin- ~ 18. J. Zhang, Y. Hu, L. Zhang, J. Zhou, A. Lu, Transparent,
spired neuron-like electronics. Nat. Mater. 18(5), 510-517 ultra-stretching, tough, adhesive carboxyethyl chitin/poly-
(2019). https://doi.org/10.1038/s41563-019-0292-9 acrylamide hydrogel toward high-performance soft electron-
5. R. Feiner, L. Engel, S. Fleischer, M. Malki, I. Gal et al., ics. Nano-Micro Lett. 15(1), 8 (2023). https://doi.org/10.
Engineered hybrid cardiac patches with multifunctional 1007/s40820-022-00980-9
electronics for online monitoring and regulation of tissue ~ 19. Y.S. Zhang, A. Khademhosseini, Advances in engineering
function. Nat. Mater. 15(6), 679-685 (2016). https://doi.org/ hydrogels. Science 356(6337), eaaf3627 (2017). https://doi.
10.1038/nmat4590 org/10.1126/science.aaf3627
6. Y. Dobashi, D. Yao, Y. Petel, T.N. Nguyen, M.S. Sarwar ~ 20. S. Cheng, Z. Lou, L. Zhang, H. Guo, Z. Wang et al.,
et al., Piezoionic mechanoreceptors: force-induced cur- Ultrathin hydrogel films toward breathable skin-integrated
rent generation in hydrogels. Science 376(6592), 502-507 electronics. Adv. Mater. 35(1), 2206793 (2022). https://doi.
(2022). https://doi.org/10.1126/science.aaw 1974 org/10.1002/adma.202206793
7. Z.Liu, T. Zhu, J. Wang, Z. Zheng, Y. Li et al., Functional- 21. Y. Ohm, C. Pan, M.J. Ford, X. Huang, J. Liao et al., An elec-
ized fiber-based strain sensors: pathway to next-generation trically conductive silver—polyacrylamide-alginate hydrogel
wearable electronics. Nano-Micro Lett. 14(1), 61 (2022). composite for soft electronics. Nat. Electron. 4(3), 185-192
https://doi.org/10.1007/s40820-022-00806-8 (2021). https://doi.org/10.1038/s41928-021-00545-5
8. G. Yan, S. He, G. Chen, S. Ma, A. Zeng et al., Highly flex- 22. X. Xia, Q. Liang, X. Sun, D. Yu, X. Huang et al., Intrinsi-
ible and broad-range mechanically tunable all-wood hydro- cally electron conductive, antibacterial, and anti-swelling
gels with nanoscale channels via the hofmeister effect for hydrogels as implantable sensors for bioelectronics. Adv.
human motion monitoring. Nano-Micro Lett. 14(1), 84 Funct. Mater. 32(48), 2208024 (2022). https://doi.org/10.
(2022). https://doi.org/10.1007/s40820-022-00827-3 1002/adfm.202208024
9. C.F. Guimaries, L. Gasperini, A.P. Marques, R.L. Reis, The ~ 23. S. Wang, Y. Nie, H. Zhu, Y. Xu, S. Cao et al., Intrinsically
stiffness of living tissues and its implications for tissue engi- stretchable electronics with ultrahigh deformability to moni-
neering. Nat. Rev. Mater. 5(5), 351-370 (2020). https://doi. tor dynamically moving organs. Sci. Adv. 8(13), eabl5511
org/10.1038/s41578-019-0169-1 (2022). https://doi.org/10.1126/sciadv.abl5511
10. H. Yuk, B. Lu, X. Zhao, Hydrogel bioelectronics. Chem. 24. Y. Liu, J. Liu, S. Chen, T. Lei, Y. Kim et al., Soft and elastic
Soc. Rev. 48(6), 1642-1667 (2019). https://doi.org/10.1039/ hydrogel-based microelectronics for localized low-voltage
C8CS00595H neuromodulation. Nat. Biomed. Eng. 3(1), 58-68 (2019).
11. D. Wang, D. Zhang, P. Li, Z. Yang, Q. Mi et al., Electrospin- https://doi.org/10.1038/s41551-018-0335-6
ning of flexible poly (vinyl alcohol)/mxene nanofiber-based 25. S. Lee, D. Sasaki, D. Kim, M. Mori, T. Yokota et al., Ultra-
humidity sensor self-powered by monolayer molybdenum soft electronics to monitor dynamically pulsing cardiomyo-
diselenide piezoelectric nanogenerator. Nano-Micro lett. 13, cytes. Nat. Nanotechnol. 14(2), 156-160 (2019). https://doi.
57 (2021). https://doi.org/10.1007/s40820-020-00580-5 0rg/10.1038/s41565-018-0331-8
12. S. Liu, Y. Rao, H. Jang, P. Tan, N. Lu, Strategies for body- 26. J.W. Jeong, W.H. Yeo, A. Akhtar, J.J. Norton, Y.J. Kwack
conformable electronics. Matter 5(4), 1104—-1136 (2022). et al., Materials and optimized designs for human-machine
https://doi.org/10.1016/j.matt.2022.02.006 interfaces via epidermal electronics. Adv. Mater. 25(47),
13. X.Liu, M.E. Inda, Y. Lai, T.K. Lu, X. Zhao, Engineered liv- 6839-6846 (2013). https://doi.org/10.1002/adma.201301921
ing hydrogels. Adv. Mater. 34(26), 2201326 (2022). https:// ~ 27. X. Yang, L. Li, S. Wang, Q. Lu, Y. Bai et al., Ultrathin,
doi.org/10.1002/adma.202201326 stretchable, and breathable epidermal electronics based on a
14. C. Yang, Z. Suo, Hydrogel ionotronics. Nat. Rev. Mater. 3(6), facile bubble blowing method. Adv. Electron. Mater. 6(11),
125-142 (2018). https://doi.org/lO.1038/541578-018-0018-7 2000306 (2020). https://doi.org/lO.1002/aelm.202000306
© The authors https://doi.org/10.1007/s40820-023-01096-4


https://doi.org/10.1038/s41928-022-00806-x
https://doi.org/10.1002/adfm.202200457
https://doi.org/10.1002/adfm.202200457
https://doi.org/10.1038/s41928-020-00530-4
https://doi.org/10.1038/s41928-020-00530-4
https://doi.org/10.1038/s41563-019-0292-9
https://doi.org/10.1038/nmat4590
https://doi.org/10.1038/nmat4590
https://doi.org/10.1126/science.aaw1974
https://doi.org/10.1007/s40820-022-00806-8
https://doi.org/10.1007/s40820-022-00827-3
https://doi.org/10.1038/s41578-019-0169-1
https://doi.org/10.1038/s41578-019-0169-1
https://doi.org/10.1039/C8CS00595H
https://doi.org/10.1039/C8CS00595H
https://doi.org/10.1007/s40820-020-00580-5
https://doi.org/10.1016/j.matt.2022.02.006
https://doi.org/10.1002/adma.202201326
https://doi.org/10.1002/adma.202201326
https://doi.org/10.1038/s41578-018-0018-7
https://doi.org/10.1002/adfm.202112281
https://doi.org/10.1002/adfm.202112281
https://doi.org/10.1016/j.biomaterials.2021.120771
https://doi.org/10.1016/j.biomaterials.2021.120771
https://doi.org/10.1007/s40820-022-00928-z
https://doi.org/10.1007/s40820-022-00980-9
https://doi.org/10.1007/s40820-022-00980-9
https://doi.org/10.1126/science.aaf3627
https://doi.org/10.1126/science.aaf3627
https://doi.org/10.1002/adma.202206793
https://doi.org/10.1002/adma.202206793
https://doi.org/10.1038/s41928-021-00545-5
https://doi.org/10.1002/adfm.202208024
https://doi.org/10.1002/adfm.202208024
https://doi.org/10.1126/sciadv.abl5511
https://doi.org/10.1038/s41551-018-0335-6
https://doi.org/10.1038/s41565-018-0331-8
https://doi.org/10.1038/s41565-018-0331-8
https://doi.org/10.1002/adma.201301921
https://doi.org/10.1002/aelm.202000306

Nano-Micro Lett.

(2023) 15:139

Page 150f 15 139

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

J. Ren, Y. Liu, Z. Wang, S. Chen, Y. Ma et al., An anti-
swellable hydrogel strain sensor for underwater motion
detection. Adv. Funct. Mater. 32(13), 2107404 (2022).
https://doi.org/10.1002/adfm.202107404

M. Baumgartner, F. Hartmann, M. Drack, D. Preninger,
D. Wirthl et al., Resilient yet entirely degradable gelatin-
based biogels for soft robots and electronics. Nat. Mater.
19(10), 1102-1109 (2020). https://doi.org/10.1038/
s41563-020-0699-3

Y. Hui, Y. Yao, Q. Qian, J. Luo, H. Chen et al., Three-
dimensional printing of soft hydrogel electronics. Nat.
Electron. 5, 893-903 (2022). https://doi.org/10.1038/
$41928-022-00887-8

D. Won, J. Kim, J. Choi, H. Kim, S. Han et al., Digital selec-
tive transformation and patterning of highly conductive hydro-
gel bioelectronics by laser-induced phase separation. Sci. Adv.
8(23), eabo3209 (2022). https://doi.org/10.1126/sciadv.abo32
09

S.F. Badylak, D.O. Freytes, T.W. Gilbert, Extracellular
matrix as a biological scaffold material: structure and func-
tion. Acta Biomater. 5(1), 1-13 (2009). https://doi.org/10.
1016/j.actbio.2008.09.013

S.F. Badylak, The extracellular matrix as a biologic scaffold
material. Biomaterials 28(25), 3587-3593 (2007). https://
doi.org/10.1016/j.biomaterials.2007.04.043

F. Rosso, A. Giordano, M. Barbarisi, A. Barbarisi, From
cell-ecm interactions to tissue engineering. J. Cell. Physiol.
199(2), 174-180 (2004). https://doi.org/10.1002/jcp.10471
J.K. Mouw, G. Ou, V.M. Weaver, Extracellular matrix
assembly: a multiscale deconstruction. Nat. Rev. Mol. Cell
Biol. 15(12), 771-785 (2014). https://doi.org/10.1038/
nrm3902

C.P. Barnes, S.A. Sell, E.D. Boland, D.G. Simpson, G.L. Bow-
lin, Nanofiber technology: designing the next generation of
tissue engineering scaffolds. Adv. Drug Deliv. Rev. 59(14),
1413-1433 (2007). https://doi.org/10.1016/j.addr.2007.04.022
H. Jin, M.O.G. Nayeem, S. Lee, N. Matsuhisa, D. Inoue
et al., Highly durable nanofiber-reinforced elastic conductors
for skin-tight electronic textiles. ACS Nano 13(7), 7905—
7912 (2019). https://doi.org/10.1021/acsnano.9b02297

X. Lu, Y. Si, S. Zhang, J. Yu, B. Ding, In situ synthesis
of mechanically robust, transparent nanofiber-reinforced
hydrogels for highly sensitive multiple sensing. Adv. Funct.
Mater. 31(30), 2103117 (2021). https://doi.org/10.1002/
adfm.202103117

Y. Zhou, C. Wan, Y. Yang, H. Yang, S. Wang et al., Highly
stretchable, elastic, and ionic conductive hydrogel for arti-
ficial soft electronics. Adv. Funct. Mater. 29(1), 1806220
(2019). https://doi.org/10.1002/adfm.201806220

S. Pan, F. Zhang, P. Cai, M. Wang, K. He et al., Mechani-
cally interlocked hydrogel-elastomer hybrids for on-skin
electronics. Adv. Funct. Mater. 30(29), 1909540 (2020).
https://doi.org/10.1002/adfm.201909540

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

41

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

. Q. Zhou, J. Lyu, G. Wang, M. Robertson, Z. Qiang et al.,
Mechanically strong and multifunctional hybrid hydrogels
with ultrahigh electrical conductivity. Adv. Funct. Mater.
31(40), 2104536 (2021). https://doi.org/10.1002/adfm.
202104536

J. Wang, B. Wu, P. Wei, S. Sun, P. Wu, Fatigue-free artifi-
cial ionic skin toughened by self-healable elastic nanomesh.
Nat. Commun. 13(1), 4411 (2022). https://doi.org/10.1038/
s41467-022-32140-3

C.M. Hassan, N.A. Peppas, Structure and morphology of
freeze/thawed pva hydrogels. Macromolecules 33(7), 2472~
2479 (2000). https://doi.org/10.1021/ma9907587

J.L. Holloway, A.M. Lowman, G.R. Palmese, The role of
crystallization and phase separation in the formation of
physically cross-linked pva hydrogels. Soft Matter 9(3),
826-833 (2013). https://doi.org/10.1039/C2SM26763B

Y. Guo, J. Drum, C. Qu, M. Cakmak, Mechanical reinforce-
ment of hydrogels by nanofiber network undergoing biax-
ial deformation. Polym. Compos. 37(3), 709-717 (2016).
https://doi.org/10.1002/pc.23228

R. Ricciardi, F. Auriemma, C. De Rosa, F. Lauprétre,
X-ray diffraction analysis of poly (vinyl alcohol) hydrogels,
obtained by freezing and thawing techniques. Macromol-
ecules 37(5), 1921-1927 (2004). https://doi.org/10.1021/
ma035663q

S. Peng, S. Liu, Y. Sun, N. Xiang, X. Jiang et al., Facile prepa-
ration and characterization of poly (vinyl alcohol)-nacl-glyc-
erol supramolecular hydrogel electrolyte. Eur. Polym. J. 106,
206-213 (2018). https://doi.org/10.1016/j.eurpolym;j.2018.07.
024

Z. Liu, J. Liu, J. Zhang, B. Zheng, X. Ren et al., Highly
compressible hydrogel sensors with synergistic long-lasting
moisture, extreme temperature tolerance and strain-sensitivity
properties. Mater. Chem. Front. 4(11), 3319-3327 (2020).
https://doi.org/10.1039/DOQMO0566E

B.B. Murphy, B.H. Scheid, Q. Hendricks, N.V. Apollo, B. Litt
et al., Time evolution of the skin-electrode interface imped-
ance under different skin treatments. Sensors 21(15), 5210
(2021). https://doi.org/10.3390/521155210

Y. Wang, L. Yin, Y. Bai, S. Liu, L. Wang et al., Electrically
compensated, tattoo-like electrodes for epidermal electrophys-
iology at scale. Sci. Adv. 6(43), eabd0996 (2020). https://doi.
org/10.1126/sciadv.abd0996

C. Disselhorst-Klug, T. Schmitz-Rode, G. Rau, Surface elec-
tromyography and muscle force: limits in semg—force rela-
tionship and new approaches for applications. Clin. Biomech.
24(3), 225-235 (2009). https://doi.org/10.1016/j.clinbiomech.
2008.08.003

E.N. Kamavuako, D. Farina, K. Yoshida, W. Jensen, Relation-
ship between grasping force and features of single-channel
intramuscular emg signals. J. Neurosci. Methods 185(1),
143-150 (2009). https://doi.org/10.1016/j.jneumeth.2009.09.
006

@ Springer


https://doi.org/10.1002/adfm.202107404
https://doi.org/10.1038/s41563-020-0699-3
https://doi.org/10.1038/s41563-020-0699-3
https://doi.org/10.1038/s41928-022-00887-8
https://doi.org/10.1038/s41928-022-00887-8
https://doi.org/10.1126/sciadv.abo3209
https://doi.org/10.1126/sciadv.abo3209
https://doi.org/10.1016/j.actbio.2008.09.013
https://doi.org/10.1016/j.actbio.2008.09.013
https://doi.org/10.1016/j.biomaterials.2007.04.043
https://doi.org/10.1016/j.biomaterials.2007.04.043
https://doi.org/10.1002/jcp.10471
https://doi.org/10.1038/nrm3902
https://doi.org/10.1038/nrm3902
https://doi.org/10.1016/j.addr.2007.04.022
https://doi.org/10.1021/acsnano.9b02297
https://doi.org/10.1002/adfm.202103117
https://doi.org/10.1002/adfm.202103117
https://doi.org/10.1002/adfm.201806220
https://doi.org/10.1002/adfm.201909540
https://doi.org/10.1002/adfm.202104536
https://doi.org/10.1002/adfm.202104536
https://doi.org/10.1038/s41467-022-32140-3
https://doi.org/10.1038/s41467-022-32140-3
https://doi.org/10.1021/ma9907587
https://doi.org/10.1039/C2SM26763B
https://doi.org/10.1002/pc.23228
https://doi.org/10.1021/ma035663q
https://doi.org/10.1021/ma035663q
https://doi.org/10.1016/j.eurpolymj.2018.07.024
https://doi.org/10.1016/j.eurpolymj.2018.07.024
https://doi.org/10.1039/D0QM00566E
https://doi.org/10.3390/s21155210
https://doi.org/10.1126/sciadv.abd0996
https://doi.org/10.1126/sciadv.abd0996
https://doi.org/10.1016/j.clinbiomech.2008.08.003
https://doi.org/10.1016/j.clinbiomech.2008.08.003
https://doi.org/10.1016/j.jneumeth.2009.09.006
https://doi.org/10.1016/j.jneumeth.2009.09.006

	Biological Tissue-Inspired Ultrasoft, Ultrathin, and Mechanically Enhanced Microfiber Composite Hydrogel for Flexible Bioelectronics
	Highlights 
	Abstract 
	1 Introduction
	2 Experimental and Calculation
	2.1 Materials
	2.2 Preparation of PVAMF-CH and PVAMFGly-CH
	2.3 Preparation of PVAMFGly-CH-based Bioelectrode
	2.4 Characterizations
	2.5 EMG Measurements

	3 Results and Discussion
	3.1 Design of Microfiber Composite Hydrogel
	3.2 Mechanical Performance of Microfiber Composite Hydrogel
	3.3 Anti-dehydration Behavior and Conductivity
	3.4 Tunable Conformability and Flexibility in a Broad Range
	3.5 Monitoring of EMG Biosignals

	4 Conclusions
	Acknowledgements 
	Anchor 19
	References


