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ABSTRACT
Advanced soft ion-conducting hydrogels have been developed rapidly in the integrated portable health monitoring equipment due
to  their  higher  sensitivity,  sensory  traits,  tunable  conductivity,  and  stretchability  for  physiological  activities  and  personal
healthcare  detection.  However,  traditional  hydrogel  conductors  are  normally  susceptible  to  large  deformation  and  strong
mechanical  stress,  which  leads  to  inferior  electro-mechanical  stability  for  real  application  scenarios.  Herein,  a  strong  ionically
conductive  hydrogel  (poly(vinyl  alcohol)-boric  acid-glycerol/sodium alginate-calcium chloride/electrolyte  ions  (PBG/SC/EI))  was
designed by engineering the covalently and ionically crosslinked networks followed by the salting-out effect to further enhance
the  mechanical  strength  and  ionic  conductivity  of  the  hydrogel.  Owing  to  the  collective  effects  of  the  energy-dissipation
mechanism and salting-out effect, the designed PBG/SC/EI with excellent structural integrity and robustness exhibits exceptional
mechanical  properties  (elongation  at  break  for  559.1%  and  tensile  strength  of  869.4  kPa)  and  high  ionic  conductivity
(1.618 S·m−1). As such, the PBG/SC/EI strain sensor features high sensitivity (gauge factor = 2.29), which can effectively monitor
various kinds of human motions (joint motions, facial micro-expression, faint respiration, and voice recognition). Meanwhile, the
hydrogel-based  Zn||MnO2  battery  delivers  a  high  capacity  of  267.2  mAh·g−1  and  a  maximal  energy  density  of  356.8  Wh·kg−1

associated with good cycle performance of 71.8% capacity retention after 8000 cycles. Additionally, an integrated bio-monitoring
system  with  the  sensor  and  Zn||MnO2  battery  can  accurately  identify  diverse  physiological  activities  in  a  real-time  and  non-
invasive  way.  This  work  presents  a  feasible  strategy  for  designing  high-performance  conductive  hydrogels  for  highly-reliable
integrated bio-monitoring systems with excellent practicability.
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 1    Introduction
With  the  advent  of  artificial  intelligence  (AI)  and  the  Internet  of
Things  (IoT),  artificial  skin-biomimetic  flexible  integrated  bio-
monitoring  systems  have  received  significant  attention  for  their
potential applications in human-friendly electronics owing to their
tactile  perception  functions  [1–3].  Additionally,  the  mechanical
compatibility of these devices allows for tight integration with the
soft and curvy contours of the human body, enabling applications
of  wearable  electronics  such  as  flexible  power  supplies  and
tactile/implantable  sensors.  However,  conventional
semiconductors  or  metal-based  sensors  barely  withstand  an
extensive sensing range of deformation with low sensitivity due to
their  intrinsic  robust  rigidity  features  [4].  Additionally,  other  soft
polymers with inherent softness have promoted the development
of  these  devices.  For  instance,  polydimethylsiloxane  and  Ecoflex
have  been  widely  used  as  elastic  substrates  for  skin-mounted
flexible sensors given their entitative flexibility and toughness [5].
Unfortunately,  the  unsatisfactory  stretchability  of  these  materials
(typically  in  the  range  of  200%–400%)  and  the  inferior

compatibility  between  the  blended  electronically  conductive  filler
and  surrounding  elastic  matrix  within  these  materials  tend  to
cause poor mechanical strength, which dramatically restricts their
biomechanical conformability and precise sensing monitoring [5].
Therefore,  developing  a  new  type  of  soft  sensory  substrates  is
essential  to  effectively  overcome  the  above  problems  while
simultaneously providing requisite increases in long-term stability,
softness,  stretchability,  mechanical  tolerance,  sensitivity,
biocompatibility, and ionic conductivity properties.

Recently,  hydrogel  ionic  conductors  with  the  soft  hydrophilic
polymeric  matrix  and  facile  ionic  gel-state  mechanical–electrical
transduction have  been developed as  a  late-model  sensory  patch,
called “ionic  skin”,  which  have  received  increasing  attention  for
intelligent  bioelectronics  systems and skin-inspired  strain  sensors
due  to  their  intrinsic  characteristics  of  tunable  conductivity,
favorable  biocompatibility,  and  environmental  amity  [6–8].
Owing  to  the  hydrophilicity  of  the  three-dimensional  polymer
network,  conventional  ionically  conductive  hydrogels  can  be
obtained  by  facilely  adsorbing  H2O  molecules  and  other  small
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molecules or ions from the salt solutions. Thereinto, the polymer
matrix often acts as the scaffold, while the permeated ionized free
ions  provide  ionic  conductivity  [9].  Nevertheless,  the  massive
solvent  water  and  loosely  crosslinked  structure  within  these
hydrogels  make  their  mechanical  strength  poor  or  too  brittle,
which cannot  afford reliable  and consistent  performances  during
deformations  or  intense  mechanical  stress  for  handling  practical
tasks.  Therefore,  further  enhancing  the  toughness  of  hydrogel
ionic  conductors  is  crucial  for  constructing  mechanically
adaptable sensing systems [10]. In this regard, several approaches
have  been  proposed  to  toughen  hydrogel  ionic  conductors.  For
instance,  Liu et  al.  adopted the double network structure strategy
to  boost  the  mechanical  properties  in  the  composite  hydrogel  by
employing  an  ionically  crosslinked  tamarind  gum  chains  and
covalently  crosslinked  polyacrylamide  (PAM)  network,  which
imparted the obtained hydrogel with good toughness (38.8 KJ·m−2)
and high stretch-ability (2000% strain) [11]. Fu et al. engineered a
poly(acrylic  acid)  (PAA)/Brij-100A/Fe3+/NaCl  hydrogel  by
introducing the salting-out effect  for inducing the formation of  a
physically  chain-entangled  network  to  further  strengthen
mechanical  performance  and  promote  ion  transport  [12].
Additionally,  Huang  et  al.  revealed  that  coupling  the  crosslinked
network  and  the  salting-out  effect  can  further  toughen  the
polymeric matrix of the hydrogel [13]. As they demonstrated, the
NaCl  reinforced  poly(vinyl  alcohol)  (PVA)/PAM  dual-network
supramolecular  hydrogel  (PVA/PAM/NaCl)  exhibited  excellent
mechanical  properties  (the  tensile  strength  up  to  477  kPa,
elongation  at  break  up  to  1072%,  and  breaking  energy  of
2.484  MJ·m−3)  and  high  conductivity  (up  to  6.23  S·m−3).  These
latest advanced works demonstrate that the synergy of the double
network  structure  strategy  and  the  salting-out  effect  greatly
benefits  the  mechanical  properties  without  compromising  the
ionic conductivity, but the mechanical properties of hydrogel ionic
conductors  still  have  a  large  room  for  improvement.  More
toughening  strategies  of  hydrogels  with  super-tough  mechanical
properties,  dynamical  stretchability,  and  superior  deformation
ability  via  further  optimizing  the  synergy  of  constructing  the
double  network  structure  and  salting-out  effect  are  urgently
needed  for  the  development  of  integrated  mechanically  adaptive
sensors.

Additionally, the individual hydrogel-based sensor cannot work
without  an  external  power  unit,  and  an  additional  stable  power
source  is  highly  desirable  for  the  real-time  monitoring  of
integrated  flexible  electronics  with  sustainable  and  portable
properties.  In this regard,  aqueous rechargeable zinc ion batteries
(ZIBs),  having  the  unique  advantages  of  intrinsic  safety,  high
theoretical capacity for Zn metal (820 mAh·g−1), low flammability,
easy maneuverability, and exceptional roundtrip efficiency, would
be an ideal  candidate  than other  power supply  for  the  integrated
strain  sensors  [14, 15].  Although  the  conventional  ZIBs  possess
the  above  essential  characteristics,  they  are  highly  susceptible  to
irreversible damage (e.g., leakage problems and a sharp decrease in
electrochemical performance) during the mechanical deformation
process  owing  to  the  liquid  electrolytes  [16].  Comparatively,  soft
hydrogel  electrolytes  with  highly  deformable  polymeric  matrix
and liquid-like mobile ionic charge carriers can maintain a stable
electrode/electrolyte  interface  and  enable  their  tolerance  of
mechanical  deformation  [17–19],  which  is  suitable  for
constructing stable and deformable ZIBs as a power supply for the
integrated  electronic  system.  Therefore,  selecting  and  designing
multifunctional  ionic  hydrogel  materials  is  crucial  to
simultaneously  acquiring  high-performance  soft  sensors,  durable
ZIBs, and their integrated devices.

Informed by the above considerations, a strong tough ionically
conductive  hydrogel  was  reasonably  achieved  by  constructing  a

dual-crosslinked  polymeric  network.  The  obtained  hydrogel
conductor  consisted  of  the  PVA  chains  as  the  main  matrix
(possessing  the  multivalent  cation  sensitive)  with  the  structural
crosslinking agent of H3BO3 and glycerol and the ion-crosslinked
sodium  alginate  (SA)  network  with  Ca2+ as  the  ion-crosslinking
points  (which  was  interpenetrated  with  the  PVA  basic
framework).  In  addition,  a  transformation  strategy  was  further
employed  by  soaking  the  hydrogel  precursor  in  specific  salt
solutions  (manganese  sulfate  and  zinc  sulfate)  to  increase  the
crosslinking  sites  and  introduce  the  salting-out  effect  for  further
toughening  the  polymeric  network  structure.  The  prepared
poly(vinyl  alcohol)-boric  acid-glycerol/sodium  alginate-calcium
chloride/electrolyte ions (PBG/SC/EI) hydrogel is demonstrated to
possess  excellent  mechanical  adaptability  (elongation  at  break  of
559.1%  and  tensile  strength  of  869.4  kPa)  and  good  ionic
conductivity  (1.618  S·m−1).  When  used  as  the  ionic  conductor,  a
handy  strain  sensor  is  fabricated,  which  displays  high  sensitivity
(gauge  factor  (GF)  =  2.29),  wide  detection  range  (0%–559.1%),
and  stable  working  durability  and  reliability  (100  cycles).
Meanwhile,  the  flexible  Zn||MnO2 battery  with  this  hydrogel  as
the  quasi-solid-state  electrolyte  delivers  a  high  specific  capacity
(267.2  mAh·g−1 at  0.1  A·g−1)  and  high  cycle  stability  (the  capacity
retention of 71.8% after 8000 cycles). In addition, an efficient and
flexible bio-monitoring system was successfully constructed with a
wearable  sensor  and  a  flexible  Zn||MnO2 battery.  The  integrated
bio-monitoring device  can precisely  detect  physiological  activities
in  real-time  under  a  stable  working  state,  demonstrating  the
manufactured  flexible  bio-monitoring  system’s  potential.  This
work  provides  an  efficient  platform  for  designing  functional  soft
hydrogels  to  achieve  a  high-performance  flexible  bio-monitoring
system with the physiological sensor and Zn||MnO2 battery.

 2    Experimental section

 2.1    Synthesis of the PBG/SC/EI hydrogel
Typically,  1  g  PVA  powder  (MW ≈  145,000,  Sigma-Aldrich)  was
added into 10 mL deionized (DI) water and heated to 90 °C under
vigorous stirring for 1 h until PVA was fully dissolved. In another
beaker,  0.13  g  H3BO3 and  1.7  mL  glycerol  were  dissolved  into
3 mL DI water and then stirred at 90 °C for 0.5 h. The above two
solutions  were  then  mixed  and  stirred  vigorously  for  1  h.  Next,
0.27 g SA was added to the above solution under stirring at 90 °C
for  2  h.  Then,  the  resulting  mixture  was  poured  into  a
polytetrafluoroethylene  mold  and  transferred  to  a  refrigerator  at
−20 °C for 10 h to generate the PBG/S. The PBG/S hydrogel was
immersed  in  a  0.1  M  CaCl2 solution  for  10  h  to  obtain  the
PBG/SC.  To  functionalize  the  PBG/SC  hydrogel  into  an  ionic
conductor, PBG/SC hydrogel was finally soaked into a 1 M ZnSO4
and 0.1 M MnSO4 mixture solution for 10 h. The introduction of
MnSO4 was  to  prevent  the  dissolution  of  the  manganese-based
positive  material  during  the  cycle,  thus  improving  the  cycle
stability  [20].  After  that,  the  hydrogel  was  removed  from  the
solution,  and  the  excess  solution  on  its  surface  was  removed  by
filter paper to form an ionically conductive hydrogel (PBG/SC/EI).
And the PBG/EI counterpart was synthesized without immersion
in a 0.1 M CaCl2 solution, and other conditions were the same as
those of the PBG/SC/EI hydrogel.

 2.2    Materials characterization
The scanning electron microscopy (SEM) and elemental mapping
images  were  obtained  using  a  SU-8010  scanning  electron
microanalyzer  with  an  acceleration  voltage  of  15  kV.  Fourier
transform  infrared  (FTIR)  spectroscopy  was  recorded  with  a
Brüker  VERTEX 70  RAMI to  identify  the  chemical  composition
of the samples.
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 2.3    Mechanical tests of hydrogels
Mechanical  measurements  were  conducted  on  a  universal
mechanical  tester  (ZQ-990LB,  Shenzhen  Suns  Technology  Stock
Co., Ltd., China) equipped with a load cell of 50 N.

Tensile  test  was  performed  on  specimens  (30  mm  ×  9  mm  ×
2  mm)  at  a  tensile  rate  of  50  mm·min−1.  Compressive  test  was
measured on a cylindrical sample (d = 10 mm and h = 10 mm) at
a  compressive  rate  of  10  mm·min−1.  The  cyclic  tensile  tests  were
conducted  under  various  loading-unloading  cycles  at  different
strains  at  a  tensile  rate  of  50  mm·min−1.  The
compression–relaxation  measurements  were  conducted  under
various compressive strains at 10 mm·min−1.

 2.4    Mechanical/electrical response characterization
Current changes were recorded by connecting the two ends of the
single strain sensor to a digital source meter (Keithley 2400). The
monitoring  process  of  the  integrated  bio-sensor  (connecting  the
hydrogel  sensor  and flexible  battery)  was  revealed  by  the  current
changes,  which  were  obtained  by  the  digital  source  meter  (with
the  voltage  of  the  digital  source  meter  set  to  0  V  during  the
powered  process).  When  the  hydrogel  was  stretched  using  the
mechanical  testing  system  that  recorded  the  strain  value,  its
current  was  measured  synchronously  by  the  digital  source  meter
under  a  3  V  applied  potential.  The  real-time  resistances  of  the
sensor were obtained from the amperometric i–t curves using Eq.
(1) [21, 22]

R=
U
I

(1)

where U and I represent the voltage and real-time current of  the
hydrogel under different strains, respectively.

 2.5    Electrochemical measurements
The cathode was prepared from a mixture of 70% MnO2 (supplied
by Rehab (Qingdao) Energy Technology Co., Ltd.), 20% acetylene
black,  and 10% polyvinylidene  fluoride  in  N-methyl  pyrrolidone.
The  formed  homogeneous  slurry  was  coated  on  the  graphite
paper, followed by vacuum drying at 80 °C for 8 h, and then it was
cut  into  several  wafers  with  a  diameter  of  12  mm.  The  mass
loading of active material on each cathode was about 1.5 mg. The
flexible  Zn||MnO2 battery  was  assembled  by  sandwiching  the
hydrogel  electrolyte  between  the  MnO2 cathode  and  the  Zn  foil

anode.  Cyclic  voltammetry  (CV)  and  electrochemical  impedance
spectroscopy (EIS) were performed on a CHI760E electrochemical
workstation  in  the  potential  window  of  0.9−1.9  V  and  the
frequency range of 10−3–105, respectively. And the specific capacity
and cycling lifespan were evaluated on a CT2001A LAND tester.

 3    Results and discussion

 3.1    Illustration of the flexible bio-monitoring system
Figure 1 illustrates the concept of the integrated portable/wearable
physiological  detection  system,  which  contains  three  main
components  (e.g.,  wearable  strain  sensor,  Zn||MnO2 battery,  and
data collection section).  A super-tough dual-crosslinked hydrogel
conductor can be employed as both the strain sensor and the quasi-
solid-state  battery  electrolyte  simultaneously.  The  integrated  bio-
monitoring system realizes high sensitivity and high reliability for
real-time  detection  of  large  deformation  (e.g.,  joint  movement)
and subtle human physiological signals (e.g., voice recognition).

 3.2    Design  and  fabrication  of  the  ionically  conductive
hydrogel
The super-tough ionically conductive hydrogel was constructed by
coupling  the  energy-dissipation  mechanism  (via  forming  dual-
crosslinked  networks)  and  salting-out  effect  for  the  strain  sensor
and  Zn||MnO2 battery  (see  the  Experimental  section  for  the
details).  As  illustrated  in Fig. 2(a),  the  PBG/SC/EI  hydrogel
conductor consisted of ionically and covalently double crosslinked
networks,  in  which  a  covalently  crosslinked  first  network  (PBG)
was  formed via  the “di-diol” complexation between the  B(OH)4

−

and  glycerol  or  PVA  chains  [23].  The  first  network  was  also
intertwined  with  randomly  dispersed  SA  chains  to  form  the
PBG/S.  After  the  PBG/S  hydrogel  was  immersed  into  a  CaCl2
aqueous  solution,  the “egg-box” shaped  ion-crosslinked  points
were  generated  from  two  intertwined  SA  chains  via  the  ion
interaction  between  the  COO− group  in  guluronic  acid  units  of
alginate  and  dissociated  Ca2+,  thus  resulting  in  the  ionically
crosslinked  second  network  (SC)  [5, 24].  Ultimately,  a  salt-
induced dense hydrogel electrolyte (PBG/SC/EI) was obtained via
the  salting-out  effect  after  soaking  sufficient  electrolyte  (a  mixed
aqueous  solution  containing  ZnSO4 and  MnSO4)  within  the
hydrogel  matrix  (PBG/SC)  for  further  enhancing  mechanical

 

Figure 1    Concept demonstration of the flexible bio-monitoring system. The schematic diagram of the anion and cation transport in the PBG/SC/EI hydrogel (top
left), schematic diagram of the flexible bio-monitoring system (bottom left), and the system detecting physiological activities of the human body (right).
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properties,  achieving  rapid  ion  transport  ability  [9].  It  is  worth
mentioning  that  the  negatively  charged  carboxylate  groups  from
the guluronic acid units are randomly distributed in the polymeric
matrix,  and  the  cation  migration  channels  can  be  formed  along
these  sufficient  negatively  charged  groups  after  applying  an
external  electric  field.  The  dissolved  cationic  Zn2+ can  be  easily
separated  from  the  negatively  charged  carboxylate  groups  from
the  polymer  chains  after  applying  the  external  electric  field
without restraining by strong electrostatic attractions [25, 26]. And
therefore,  the  zinc  ion  channels  enhance  the  Zn2+ cations
migration  efficiency  within  the  prepared  hydrogel,  which  can
further improve the ionic conductivity of the hydrogel conductor.
The  integration  of  both  physically/chemically  crosslinked
networks  and  ion-induced  toughening  effect  enables  the  as-
yielded hydrogel to exhibit enhancement in ionic conductivity and
mechanical  properties.  Additionally,  the SA network could unzip
the  ionically  crosslinked  chains  for  dispersing  the  imposed  stress
under  a  specific  range  of  deformation  processes  via  the  energy-
dissipation mechanism [27], which may help avoid battery failure

under  accidental  stress  and  enable  the  sensor  to  continuously
monitor various kinds of forces within a wide deformation range.

Figure 2(b) shows the SEM image of the freeze-dried hydrogel
conductor,  revealing  that  PBG/SC/EI  features  abundant  pores
within  the  interconnected  wrinkled  structure.  The  as-formed
porous  structure  facilitates  the  electrolyte  ions’ permeation  into
the  gel  matrix,  enabling  a  fast  ion-transport  capability.  The
corresponding  energy-dispersive  X-ray  (EDX)  spectroscopy
elemental  mapping  images  show  that  the  Mn,  O,  Ca,  Zn,  and  S
elements are evenly distributed throughout the polymer network,
attesting that an ionically conductive network structure is formed
in the functional hydrogel by fully absorbing electrolyte ions. The
chemical  components  and  molecular  interactions  of  PBG/S,
PBG/SC,  and  PBG/SC/EI  hydrogels  were  investigated  by  FTIR
spectroscopy  (Fig. 2(c)).  As  for  the  PBG/S  hydrogel,  the
characteristic absorption peak at 1107 cm−1 is assigned to the C–O
stretching vibration in the crystalline regions of PVA, respectively
[28, 29].  The  peaks  at  667  and  1331  cm−1 correspond  to  the
O–B–O  bending  and  the  B–O–C  bending  [30],  which  indicates

 

Figure 2    (a) Synthetic procedure of the PBG/SC/EI hydrogel and molecular structure of PBG/SC. (b) SEM image of the freeze-dried PBG/SC/EI and corresponding
mapping  images  for  Mn,  O,  S,  Zn,  and  Ca  elements.  (c)  FTIR  spectra  of  the  freeze-dried  PBG/S,  PBG/SC,  and  PBG/SC/EI.  (d)  Tensile  stress–strain  curve  of
PBG/SC/EI. (e) Tensile stress–strain curves at 50% strain of PBG/SC/EI for the cyclic loading-unloading mechanical tests. (f) Stress–strain curves under different strains
of PBG/SC/EI for loading–unloading mechanical tests. (g) Ten successive loading–unloading cycles at 30% strain of PBG/SC/EI. (h) The calculated ionic conductivity
of PBG/EI, PBG/SA/EI, and PBG/SC/EI.
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the formation of the chemically crosslinked PBG first network. In
addition,  the  peaks  related  to  SA  appear  at  2939,  1651,  and
1419  cm−1,  attributable  to  C–H  stretching,  C=O  stretching,  and
COO− stretching,  respectively  [31, 32].  The  peak  located  at  about
3344  cm−1 belongs  to  the  O–H  stretching.  After  the  ion-
crosslinking  process,  the  characteristic  peak  of  the  COO−

stretching in PBG/SC shifts to 1423 cm−1 compared with PBG/S at
1419 cm−1, indicating the formation of strong interaction between
COO− and Ca2+ [24]. It is worth noticing that the peak intensity for
the  crystalline  band  of  PVA  at  1107  cm−1 is  enhanced  for  the
PBG/SC/EI  hydrogel,  suggesting  that  the  addition  of  electrolyte
salts can significantly improve the crystallinity of the PVA matrix.
Additionally, the characteristic peak of the COO− stretching shifts
to a higher wavenumber (1427 cm−1),  further revealing that more
ionic  bonding  modes  generate  between  COO− and  electrolyte
cations  in  PBG/SC/EI  hydrogel  [24].  The  peak  for  stretching
vibration of hydroxyl groups moves to a lower frequency of 3325
cm−1 in the PBG/SC hydrogel compared with PVA (3344 cm−1) and SA
(3371  cm−1)  (Fig. S1  in  the  Electronic  Supplementary  Material
(ESM)),  proving  that  the  generation  of  hydrogen  bonds  between
PVA  and  SA  chains  [33].  The  above  results  demonstrate  the
successful synthesis of PBG/SC/EI hydrogel.

As  an  integrated  wearable  bio-sensor,  it  requires  certain
mechanical  strength  for  the  ionically  conductive  hydrogel  to
prevent  short  circuits  upon  imposed  stress.  And  therefore,  the
mechanical properties of the PBG/SC/EI hydrogel were inspected
by  tensile  and  compressive  measurements.  The  PBG/SC/EI
hydrogel  specimens  were  fixed  by  a  tension  fixture  to  test  the
tensile  strength.  As  shown  in Fig. 2(d),  the  PBG/SC/EI  hydrogel
displays  an  excellent  tensile  property  with  a  tensile  strength  of
869.4  kPa,  elongation  at  break  of  559.1%,  Young’s  modulus  of
147.8  kPa,  and toughness  of  0.95  kJ·m−3 (the  error  bars  show the
difference of the duplicate samples under the same conditions, Fig.
S2 in the ESM). The above results confirm the desirable flexibility
of  PBG/SC/EI.  Additionally,  cyclic  tensile  and  compression  tests
were  carried  out  to  further  evaluate  the  toughness  of  the
PBG/SC/EI hydrogel. As displayed in Fig. 2(e), a similar hysteresis
loop can be observed in the subsequent continuous cycles, and the
tensile  strain  can  recover  to  the  initial  state  with  a  slight
transformation  in  the  curve  shape  at  each  cycle  after  gradually
withdrawing the stress.  The smaller  hysteresis  loop of  the second
cycle compared with the first one can be attributed to the failure of
rapid  recovery  and  reconstruction  of  the  destroyed  SC  ion
network  in  PBG/SC/EI  hydrogel  [34].  In  shape  contrast,  the
PBG/EI counterpart with a single network structure cannot return
to its initial length after every cycle, demonstrating a poor recovery
ability  of  PBG/EI  (Fig. S3  in  the  ESM). Figure  2(f) illustrates  the
loading-unloading curves of PBG/SC/EI hydrogel under different
compressive  strains.  The  PBG/SC/EI  hydrogel  exhibits  a  distinct
hysteresis loop as the compressive strain increases, which indicates
an  effective  energy  dissipation  mechanism  of  PBG/SC/EI  due  to
the  reversible  dynamic  ionically  crosslinked  network  within  the
PBG/SC/EI matrix [30]. Additionally, the cylindrical hydrogel can
be forcibly compressed to 60% of its initial thickness (about 1 cm
thick) without any visible cracks, as shown in the inset of Fig. 2(f),
confirming  the  robustness  of  PBG/SC/EI.  A  cyclic  loading-
unloading  experiment  was  performed  to  reveal  the  anti-fatigue
property  of  PBG/SC/EI  (Fig. 2(g)).  During  the  first  compression,
the hysteresis loop of PBG/SC/EI shows a larger area than that of
the  subsequent  compression  cycles.  And  the  hysteresis  loop
reaches a stable state after the second cycle, which demonstrates its
perfect  mechanical  reversibility  resulting  from  the  enhanced
toughness  of  the  physically/chemically  crosslinked  networks  and
ion-induced  toughening  effect  of  the  PBG/SC/EI  hydrogel.  A
series  of  optical  images  indicate  that  PBG/SC/EI  can  withstand

various  forms  of  deformation,  such  as  stretching,  twisting,  and
knotting  without  observable  fractures  (Fig. S4  in  the  ESM),
verifying the exceptional flexibility of PBG/SC/EI. In addition, the
PBG/SC/EI hydrogel can well maintain its shape with no fractures
under  pressing  by  different  weights  (e.g.,  10,  20,  and  50  g),
indicative of excellent pressure tolerance (Fig. S5 in the ESM). The
PBG/SC/EI  hydrogel  also  possesses  excellent  moldability,  as
shown in Fig. S6 in the ESM.

Ionic  conductivity  is  the  key  parameter  for  the  PBG/SC/EI
hydrogel to determine the sensitivity of the wearable strain sensor
and  the  electrochemical  performance  of  the  flexible  battery.  The
ionic  conductivity  (σ, S·m−1)  of  the  PBG/SC/EI  hydrogel  was
determined by the EIS measurement, which was calculated based
on Eq. (2) [35]

σ = l
RA

(2)

where l (m), R (Ω), and A (m2) represent the thickness, resistance,
and area of the prepared hydrogel,  respectively.  As shown in Fig.
2(h),  the σ value  for  the  PBG/SC/EI  hydrogel  approaches
1.618  S·m−1,  which  is  much  higher  than  that  of  PBG/EI
(0.152  S·m−1)  and  PBG/SA/EI  (0.644  S·m−1).  It  affirms  that  the
introduced second network improves the ionic conductivity of the
hydrogel,  which  may  associate  with  the  favorable  ionization  of
carboxyl-rich  groups  on  SA  [25].  The  obtained  results  jointly
elucidate  the  super  toughness,  mechanical  adaptability,  and
intrinsically  high  ion  transporting  capability  of  the  dual-
crosslinked  hydrogel,  which  further  reveals  the  great  promise  of
PBG/SC/EI  as  a  reliable  and  intelligent  soft  material  for  strain
sensors and flexible batteries.

 3.3    Electromechanical  response  of  the  hydrogel  strain
sensor
The  PBG/SC/EI  fabricated  strain  sensor  integrates  stretchability,
mechanical  adaptability,  and  high  ionic  conductivity,  which  can
monitor  human  physiological  signals  in  a  non-invasive  manner.
Figure  3(a) conceptually  illustrates  the  sensing mechanism of  the
strain sensor according to Eq. (3) [36, 37]

R=
ρL
S

(3)

where R (Ω), ρ (Ω·m), L (m),  and S (m2)  are  the  resistance,
resistivity, length, and cross-sectional area, respectively. As shown
in Fig. 3(a), the differences in length and cross-sectional area of the
strain sensor caused by certain external forces or various forms of
human physiological movement result  in the resistance variation,
which  can  be  distinguished  rapidly  and  real-time.  More
comprehensive  information  about  the  sensitivity  of  the
PBG/SC/EI-based strain sensor was revealed by the GF based on
Eq. (4) [4]

GF =
∆R/R0

ε
(4)

where  ΔR (Ω)  is  the  resistance  change  during  the  tensile  strain
process, R0 (Ω) represents the resistance value of the strain sensor
at  the  original  state,  while ε refers  to  the  applied  strain.  As
displayed in Fig. 3(b), the relative resistance (ΔR/R0) increases with
the rise  of  the tensile  strain in the range of  0%–559.1%.  And the
sensitivity  of  the  flexible  strain  sensors  can  be  divided  into  three
linear response regions within the strain range of 0%–559.1%. The
GF value is 0.76 (linearity R2 = 0.981) in the range of 0%–70%, the
GF value further increases to 1.51 (R2 = 0.993) at 70%–200%, and
GF  value  is  up  to  2.29  (R2 =  0.999)  at  200%–559.1%.  More
importantly,  compared  with  other  reported  hydrogel  strain
sensors, the PBG/SC/EI-based strain sensor has greater advantages
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in  strain  range  and  GF  (Fig. S7  in  the  ESM).  The  above  results
suggest that this strain sensor has an excellent strain sensitivity for
tracking  both  subtle  and  certain  large  strain  change  with  a
remarkable response. Figure 3(c) shows that ΔR/R0 signals present
a step-wise variation trend after applying the stepped strain to the
PBG/SC/EI-based strain sensor. Moreover, a stable plateau can be
well  maintained  under  every  constant  tensile  strain  condition,
further  revealing  the  fast  response  and  satisfactory
electromechanical  stability  of  the  as-designed  strain  sensor.  In
addition,  the  ΔR/R0 value  can  fully  recover  sequentially  as  the
applied  strain  reduces  to  the  initial  state,  showing  superior
reversibility.  The  gradual  variation  of  the  cross-sectional  area  for
the strain sensor originates from the Poisson effect, which leads to
the  change  of  the  free  ions  conduction  and  ΔR/R0 values  [38].
Considering  the  excellent  strain  sensitivity,  the  PBG/SC/EI-based
strain sensor can monitor various physical  movements with high
stability and repeatability. The corresponding ΔR/R0 curves of the
cyclic  tension  were  recorded  and  obtained  by  periodically
stretching–releasing  the  strain  sensor  under  different  strains.  As
shown in Figs. 3(d) and 3(e), the regular and repeatable shape can
be  observed  under  the  same  strain  within  10  cycles,  indicating  a
desirable  sensing  reproducibility  of  the  PBG/SC/EI-based  sensor
under various mechanical stimuli. Moreover, the durability of the
flexible  strain  sensor  was  also  tested  by  repeating
loading–unloading the  strain  (25%) for  100 times  (Fig. 3(f)).  The
obtained ΔR/R0 response shows excellent cyclic durability without
evident  fatigue.  Analogously,  the  inset  in Fig. 3(f) shows  that  the
sensor  exhibits  a  relatively  steady  and  quite  similar  waveform
during  each  repeated  stretching–releasing  cycle,  indicating  the
superior  durability  in  electromechanical  performance  for  human
motion bio-monitoring. The negligible decrease in the latter cycles
possibly results from the residual strain due to the viscoelasticity of
the PBG/SC/EI hydrogel [39].

 3.4    Electrochemical  properties  of  the  quasi-solid-state
Zn||MnO2 battery
Encouraged  by  the  excellent  ionic  conductivity  and  mechanical
adaptability  of  the  PBG/SC/EI  hydrogel,  a  quasi-solid-state
Zn||MnO2 battery  was  assembled  by  the  PBG/SC/EI  hydrogel
electrolyte,  zinc  anode,  and  MnO2 cathode,  which  was  then
encapsulated  into  a  soft  pouch  cell  (Fig. 4(a)).  The  CV
measurements  were  first  employed to  reveal  the  kinetics  and ion
transport  properties  within  the  battery,  which  were  recorded
under  different  scan  rates  from  0.2  to  2.0  mV·s−1 in  a  voltage
window  of  0.9–1.9  V  (Fig. 4(b)).  It  is  found  that  the  CV  curves
possess  obvious  oxidation  and  reduction  peaks  without  evident
deformation as the scan rate increases, revealing a classical battery
behavior with the rapid energy storage capability of Zn and MnO2
electrodes  in  the  Zn||MnO2 cell.  It  is  worth  mentioning  that  the
increase of the sweep rate causes the quickly increased current and
slight  shift  of  redox  peaks,  which  means  a  fast  current  response,
high reversibility, and small polarization of the assembled battery.
Generally,  the  relationship  between  the  current  (i)  and  scan  rate
(v) is according to Eq. (5)

i= avb (4)

where a and b are  variable  parameters  [40].  The b values  of  0.5
and  1  reflect  the  diffusion-controlled  and  surface  capacitive
behaviors  during  electrochemical  energy  storage,  respectively.
From the log(i) vs. log(v) plots, the b values corresponding to the
peaks  1  and  2  are  estimated  to  be  0.604  and  0.581,  respectively
(Fig. 4(c)),  revealing  the  capacitive  and  diffusion-controlled
combined  mechanism  of  the  as-assembled  battery.  The
contribution  ratios  of  these  two  parts  were  quantified  from  the
Dunn’s equation

 

Figure 3    Electromechanical properties of the PBG/SC/EI hydrogel strain sensor. (a) The sensing mechanism of the strain sensor based on the prepared hydrogel. (b)
Relative resistance–strain response curves of the strain sensor. (c) A cycle of strain from 0% to 100% and then back to 0%, held for 10 s at different strains. ((d) and (e))
Resistance response of repeated stretching tests of the strain sensor at different strains. (f) Cyclic stretching–releasing under 25% strain at 60 mm·min−1 for 100 cycles
(the insets show the enlarged plots for 5–15, 45–55, and 85–95 cycles).

  6 Nano Res.  
 

 

| www.editorialmanager.com/nare/default.asp



i= k1v+k2v1/2 (5)

where k1v and k2v1/2 represent  the  capacitive  and  diffusion
contribution ratios, respectively [41]. The CV curves in Figs. 4(d)
and 4(e) reveal that the capacitive contributions are 33.4%, 37.1%,
43.4%,  53.1%,  59.9%,  71.4%,  and  81.8%  at  scan  rates  of  0.2,  0.3,
0.5, 0.8, 1, 1.5, and 2.0 mV·s−1.  With the increase in scan rate, the
gradually increased capacitive contribution implies fast kinetics at
high scan rates.

The rate result of the flexible Zn||MnO2 battery was figured out
at  various  current  densities  ranging  from  0.1  to  2.0  A·g−1.  As
presented  in Fig. 4(f),  the  charge  and  discharge  capacities  of  the
battery  increase  obviously  at  the  initial  several  cycles  due  to  the
electrochemical  activation  of  MnO2,  which  is  similar  to  other
works reported in the Refs. [42, 43]. The specific capacity reaches a
maximum value  of  267.2  mAh·g−1 at  0.1  A·g−1.  Under  a  high rate
up to 2.0 A·g−1, a discharge capacity of 84.9 mAh·g−1 is still retained,
shedding  light  on  the  outstanding  rate  performance.  When  the
current density is restored to 0.1 A·g−1,  the discharge capacity can

recover to a high specific capacity of 329.5 mAh·g−1 slightly higher
than  the  initial  value  (267.2  mAh·g−1),  indicating  good  reversible
abilities. As expected, all the galvanostatic charge/discharge (GCD)
curves  exhibit  two  prominent  plateaus,  which  can  be  ascribed  to
the  H+ insertion  and  Zn2+ insertion  process.  The  obtained  GCD
curves  are  also  consistent  with  the  reported  Zn||MnO2 battery
system,  which  demonstrates  that  the  prepared  PBG/SC/EI
hydrogel  maintains  sufficient  energy  storage  capacity  without
changing  the  charge-storage  mechanisms  of  MnO2 cathode
materials  (Fig. S8  in  the  ESM)  [43].  Additionally,  the  ability  to
inhibit  the  side-reaction  function  of  the  PBG/SC/EI  was  further
revealed  by  the  self-discharge  property.  The  flexible  Zn||MnO2
battery  was  fully  charged  to  1.9  V and  then  rested  for  180  h.  As
shown in Fig. S9  in  the  ESM, the  obtained battery  exhibits  a  low
self-discharge  rate  of  2.28  mV·h−1 after  180  h,  which  reveals  that
PBG/SC/EI  can  effectively  prevent  parasitic  reactions  within  the
battery [44, 45].  The flexible Zn||MnO2 battery also exhibits good
cyclic  stability  at  2.0  A·g−1,  delivering  a  capacity  of  52.4  mAh·g−1

 

Figure 4    Electrochemical  performance  of  the  flexible  Zn||MnO2 battery.  (a)  Schematic  illustration  of  the  flexible  Zn||MnO2 battery  with  the  PBG/SC/EI  hydrogel
electrolyte.  (b)  CV  profiles  measured  at  various  scan  rates.  (c)  The b values  obtained  from  the  slopes  of  log(i)  vs.  log(v)  plots.  (d)  CV  curves  with  capacitive
contributions at 0.2 and 2.0 mV·s−1. (e) Normalized capacitive and diffusion contributions at various scan rates. (f) Rate capability and Coulombic efficiency. (g) The
durability of the flexible Zn||MnO2 battery. (h) EIS plot (the insets show the equivalent circuit and resistance values). (i) Photographs of a multimeter powered by the
Zn||MnO2 battery under different bending angles. (j) Photographs of a timer powered by the Zn||MnO2 battery.
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after  8000  cycles  with  a  high-capacity  retention  of  71.8%  (Fig.
4(g)).  As for the increased capacity in the initial  cycles,  it  may be
caused by  the  electrochemical  activation [43].  Note  that  previous
works  have  demonstrated  that  the  manganese  base  cathode
materials often possess poor cycling stability due to the structural
collapse  upon  cycling  [46].  The  superior  cycling  performance  of
the  quasi-solid-state  Zn||MnO2 battery  reveals  that  the
employment  of  the  PBG/SC/EI  hydrogel  electrolyte  can
significantly  enhance  the  electrochemical  stability  of  both  Zn
anode and the MnO2 cathode without compromising their charge
storage ability. The EIS spectrum is presented in Fig. 4(h) and the
plot  displays  two Ohm capacitive  resistances  and a  diffusion  tail,
related  to  the  H+ and  Zn2+ intercalation  and  diffusion  processes,
respectively [47, 48]. Meanwhile, from the fitted equivalent circuit
(the  inset  of Fig. 4(h)),  the  serial  resistance  (Rs)  and  two  charge-
transfer resistances (Rct1 and Rct2)  are calculated to be 4.66,  40.59,
and 96.29 Ω, respectively. It can be seen from the Ragone plot that
the  battery  possesses  a  high  energy  density  of  356.8  Wh·kg−1 at  a
power density of 133.5 W·kg−1 (Fig. S10 in the ESM). The obtained
results  overmatch  many  representative  energy  storage  devices,
such  as  Zn-MnO2 cell  (254  Wh·kg−1 at  197  W·kg−1)  [49],  3D-
MnO/CNS||3D-CNS hybrid capacitor (184 Wh·kg−1 at 83 W·kg−1)
[50],  CuHCF-Zn  battery  (45.7  Wh·kg−1 at  52.5  W  kg−1)  [51],
MnO@GNS//HNC  device  (127  Wh·kg−1 at  125  W·kg−1)  [52],
Zn/ZnSO4/ZnHCF battery (100 Wh·kg−1 at  100 W·kg−1)  [53],  and
alkaline  Zn–MnO2 primary  battery  (154  Wh·kg−1 at  160  W·kg−1)
[54].

The  photographs  of  a  multimeter  powered  by  the  Zn||MnO2
battery  at  different  bending  angles  are  shown  in Fig. 4(i).  The
voltage  does  not  change  perceptibly  with  the  variation  of  the
bending  angle,  manifesting  high  mechanical  adaptability  and
ruggedness  of  the  Zn||MnO2 battery  due  to  the  satisfactory
mechanical  properties  and  rapid  ion  transfer  kinetics  of
PBG/SC/EI.  Additionally,  the  battery  can  power  the  timer
continuously for at least 3 days (Fig. 4(j)). The practicability of the
Zn||MnO2 battery  was  further  demonstrated  by  powering  a  blue
light emitting diode (LED) indicator or a LED logo (Figs. S11 and
S12 in the ESM). All these results verify that the PBG/SC/EI-based
quasi-solid-state  Zn||MnO2 battery  can  be  utilized  as  a  highly-
reliable and stabilized power supply for wearable sensing systems.

 3.5    Integrated bio-monitoring system
Different  parts  of  the  human  body  exhibit  diverse  physiological
signal  characteristics.  In  this  regard,  the  highly  sensitive
PBG/SC/EI-based  strain  sensor  and  the  stable  quasi-solid-state
Zn||MnO2 battery  can  be  assembled  into  a  highly-reliable
integrated  electronics  to  monitor  multiform  physiological
movements in a real-time, repeatable, and non-invasive way. The
flexible  Zn||MnO2 battery  was  charged  by  the  electrochemical
workstation and then used to  drive  the  strain  sensor.  The circuit
diagram  of  the  test  system  is  depicted  in Fig. 5(a).  With  these
multiple  synergistic  advantages,  the  integrated  bio-monitoring
system  was  applied  for  portably  monitoring  the  wide  range  of
human movements and faint physiological motions. For example,
the  flexible  bio-monitoring  system  was  attached  to  the  human
body using the medical tape to detect limb movement (Fig. 5(b)).
When  the  arm  with  the  sensor  fixed  at  the  elbow  is  raised,  the
LED indicator  on the volunteers’ chest  becomes dimmer than in
the  relaxed  state,  indicating  a  high  sensitivity  of  the  obtained
integrated  bio-monitoring  system.  Additionally,  the  flexible  bio-
monitoring  system  can  effectively  record  the  current  signals  and
easily  distinguish  the  various  kinds  of  major  joint  motions  (e.g.,
elbow,  wrist,  knuckle,  and  knee)  after  fixing  the  corresponding
joint  parts.  As  shown  in Figs.  5(c)–5(e),  as  the  bending  angle
gradually  increases,  the  flexible  strain  sensors  attached  to  the

elbow,  wrist,  and  knee  were  stretched,  causing  the  current  to
change accordingly. Moreover, relatively stable current values can
be observed during the repeated bending-relaxing process for the
three  joint  motions,  manifesting  that  the  obtained  flexible  bio-
monitoring  system  possesses  superior  reproducibility  for  stably
and  reliably  detecting  the  limb  motions.  Also,  the  flexible  bio-
monitoring  system  can  monitor  continuous  human  movements.
As  shown  in Fig. 5(f),  successive  current  variations  are  observed
during  the  periodic  angle  change  of  the  knee-joint  movement,
which  shows  that  the  integrated  strain  sensor  can  continuously
and  rapidly  detect  the  real-time  movement  with  a  remarkable
response.  Also,  the  assembled  sensor  can  detect  the  real-time
finger  motion  with  variational  bending  angles  (from  0°  to  120°)
via monitoring the variation of current signals (Fig. 5(g)). It can be
observed  that  the  current  values  change  promptly  with  a  rapid
response  as  the  finger  bends  to  various  angles.  Meanwhile,
stepwise-like  characteristics  of  the  current  signal  can  be  found,
revealing  the  discriminated  ability  for  the  small  deformation
variation.  Moreover,  a  smart  rubber  glove  was  assembled  by
attaching five sensors to five fingers for simultaneously monitoring
and recognizing various gestures according to the different signals
from distinct channels (Fig. 5(h)). The data collection channels of
the  different  fingers  are  non-interference  with  each  other.  When
multiple fingers move simultaneously, the movement information
of each finger is recorded and converted into a complex electrical
signal  corresponding  to  the  unique  gesture.  Various  gestures
representing “OK”, “come  on”, “yeah”,  and “good” give  rise  to
different  signals  (Fig. 5(i)).  Furthermore, Fig. 5(j) shows  that  the
integrated  bio-monitoring  system  can  also  precisely  track  the
walking  motion  after  the  sensor  is  fixed  onto  the  heel,  which
further  demonstrates  its  responsivity  and  reproducibility.  The
ability  to  recognize  gestures  and  joint  movements  facilitates  to
implement  the  remote  operation  of  robot  movements,  which  is
promising for the application scenarios in artificial intelligence and
human–machine interaction [55].

The assembled sensors can also track small and subtle skin-level
motions,  such  as  frowning  and  other  facial  micro-expression,
which may be applied for modern medical diagnosis. As shown in
Figs. 5(k) and 5(l), regular and repeatable current variation signals
can be observed for the integrated strain sensor after conformally
sticking  to  the  cheek  and  forehead  during  the  normal  cheeking
bulging–relaxing  or  frowning–relaxing  alternating  movements.
Moreover, the differences in peak intensity and shape between the
two  facial  motions  can  be  easily  distinguished  in  the
corresponding obtained current curves. These results illustrate that
the  assembled  flexible  bio-monitoring  system  can  effectively
capture  tiny  muscle  movements  via  the  current  variation.  This
sensor can also detect the respiration intensity by monitoring the
flexible  bio-monitoring  system  caused  by  the  expansion  and
contraction  of  the  chest  during  inhalation  and  exhalation  after
fixing  the  strain  sensor  to  the  chest  position.  As  shown  in Fig.
5(m), the obtained hydrogel strain sensor can sensitively respond
to  the  breathing  movement,  and  record  the  signal  in  real-time.
Concretely,  the  repeatable  breathing  pattern  from  the  chest  was
monitored  from  two  respiratory  states,  including  shallow
breathing  and  deep  breathing.  And  the  peak  intensity  in  the
current  value  for  shallow  respiration  is  significantly  lower  than
that for the deep respiration. The obtained results further confirm
that the integrated strain sensor can effectively detect the skin-level
subtle  motions  with  remarkable  recognition  ability.  The  above
analysis  reveals  that  the  strain  sensor  powered  by  the  Zn||MnO2
battery  displays  high  sensitivity  and  excellent  repeatability  in  the
detection  of  physiological  activities,  demonstrating  that  such  a
flexible  bio-monitoring  system  has  excellent  prospects  in
monitoring the full range of human motions.
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Furthermore,  the  integrated  system  can  be  used  as  a
multipurpose sensor for precisely discerning and monitoring voice
signals  after  conformally  attaching  it  to  a  volunteer’s  throat.  As
shown  in Fig. 6,  the  assembled  sensor  can  distinguish  different
words  by  rapidly  monitoring  the  deformations  during  the  subtle
muscle  motions  that  are  concerned  in  speaking.  After  the
PBG/SC/EI hydrogel sensor is fixed on the neck of the volunteer,
the  voice  recognition  function  can  be  verified  by  pronouncing
different  words  (e.g., “battery”, “energy”, “sensor”,  and
“hydrogel”)  for  repeating  5  times.  The  results  show  that  the
monitored  current  signals  exhibit  varied  peak  and  valley
characteristics  for  different  words  (Figs.  6(a)–6(d)).  Due  to
different  syllables,  the  curves  for  these  words  differ  from  each
other and exhibit unique features of position and height. Notably,
the syllables of each word can be recognized on the corresponding
current  change  signals  (insets  in Figs.  6(a)–6(d)).  These  results
confirm the voice recognition ability of the integrated strain sensor
with  quick  response,  high  sensitivity,  and  real-time  features.
Therefore,  it  is  expected  that  the  integrated  PGB/SC/EI  sensor
may achieve the micromotion recognition of damaged vocal cords
by monitoring the neck muscles of patients, ultimately facilitating
to  recover  the  vocal  ability  through  rehabilitation  training  for
patients.  The  above  research  indicates  that  the  flexible  bio-
monitoring  system  can  conveniently  monitor  and  distinguish  a
wide  range  of  human  motions  with  high  reliability,  superior
repeatability, and electrical stability.

 4    Conclusions
In  summary,  a  novel  PBG/SC/EI  ionically  conductive  hydrogel
was  synthesized  by  constructing  dual-crosslinked  PVA/SA
networks and employing the salting-out effect to further boost the
mechanical properties of the hydrogel material. Due to the unique
structural  advantages,  the  PBG/SC/EI  hydrogel  enables  the
reinforced mechanical properties (the tensile strength of 869.4 kPa
and  elongation  at  break  of  559.1%)  and  high  ionic  conductivity
(1.618  S·m−1).  As  a  result,  the  as-obtained  tough  hydrogel  sensor
exhibits excellent mechanical durability and high sensitivity with a
wide  detection  range,  which  can  accurately  and  quickly  identify
and respond to various motions of the human body. Meanwhile,
the  flexible  Zn||MnO2 battery  with  the  PBG/SC/EI  hydrogel
electrolyte  delivers  a  high  capacity  of  267.2  mAh·g−1 at  0.1  A·g−1

and  good  capacity  retention  of  71.8%  after  8000  consecutive
cycles.  More  importantly,  the  as-constructed  flexible  bio-
monitoring  system  with  the  PBG/SC/EI  sensor  and  Zn||MnO2
battery  realizes  the  real-time  and  precise  detection  of  human
motions  such  as  limb  movements,  facial  micro-expression,  and
vocalization.  This  work  provided  insight  into  the  reasonable
design of ion-conducting hydrogels for the flexible integrated bio-
monitoring system with high sensitivity and ultrastability.
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