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Abstract   Conductive hydrogels, with their excellent flexibility and tunable electrical conductivity, have shown broad application prospects in

emerging fields such as flexible strain sensors and triboelectric nanogenerators (TENG). In this study, a conductive sodium carboxymethyl cellu-

lose (CMC)/ polypyrrole (PPy)/polyacrylamide (PAM)(CPA) hydrogel was developed by integrating a CMC/PPy composite, synthesized via in situ
polymerization,  into a hydrophobic-associated polyacrylamide network.  This hydrogel exhibits excellent mechanical  properties,  with a tensile

strain as high as 1735%, demonstrating extremely high ductility and deformation capacity. The flexible sensor based on CPA hydrogel has a wide

detection range (0%−500%) and can monitor the movements of various parts of the human body. In addition, the TENG assembled based on CPA

hydrogel achieves stable electrical output performance, enabling it to power small wearable electronic devices and promote self-powered signal

transmission, showing broad application prospects in the fields of intelligent human-machine interaction and wearable electronics.
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INTRODUCTION

The  increasing  demand  for  wearable  smart  electronics,  driven
by  advancing  globalization  and  digitalization,  is  pushing  the
perception  layer  of  the  Internet  of  Things  (IoT)  toward  flexible
and distributed architectures.[1−10] However,  conventional  elec-
tronic devices are constrained by their rigid form factors and de-
pendence on external power sources.  Triboelectric nanogener-
ators (TENGs) have emerged as a promising technology for con-
verting  ambient  mechanical  energy  into  electricity via tribo-
electrification  and  electrostatic  induction,  enabling  self-pow-
ered  and  flexible  integration.[11−13] Based  on  the  structural  de-
sign and relative motion of the friction layers, TENGs operate in
four  fundamental  modes:  vertical  contact-separation,  lateral
sliding,  freestanding  triboelectric  layer,  and  single-electrode
mode.[14−17] Nevertheless,  traditional  rigid  friction  layers  suffer
from poor flexibility, low biocompatibility, and weak conforma-
bility to curved surfaces, restricting their use in flexible and bio-
integrated  applications,  leading  to  mechanical  failure  over
time.[18] Therefore, the development of novel functional materi-
als with high triboelectric performance, environmental stability,

and mechanical  durability is  essential  for  advancing the practi-
cal and widespread applications of TENGs.

Hydrogels  are  three-dimensional  network  soft  materials
containing  water  that  feature  multilevel  pore  structures,  vis-
coelasticity, transparency, stretchability, and biocompatibility.
In  recent  years,  their  applications  have  expanded  from
biomedical  fields,  such  as  tissue  engineering,  drug  delivery,
and  wound  dressings,  to  emerging  areas,  such  as  wearable
electronics,  soft  robotics,  and  artificial  intelligence
sensing.[19−22] Therefore, hydrogels are regarded as ideal elec-
trode  materials  for  TENGs.  However,  their  intrinsically  low
electrical  conductivity  severely  restricts  the  effective  trans-
mission  of  charges,  thereby  limiting  the  practical  perfor-
mance of triboelectric nanogenerators.[23] Functional conduc-
tive components are usually introduced to enhance the elec-
trical  conductivity  of  the  hydrogels.  For  instance,  electrolyte
salts  (such  as  LiCl[24] and  NaCl[25])  can  achieve  conductivity
through  ion  migration  mechanisms,  but  their  conductivities
are  typically  low  and  they  are  susceptible  to  environmental
humidity,  leading  to  unstable  performance.  Carbon-based
materials (such as carbon nanotubes[26] and graphene[27]) and
metal  nanoparticles  (such  as  metal  nanoparticles[28])  can  ef-
fectively construct conductive pathways, but their weak inter-
face interaction with the hydrogel matrix can cause structural
separation  and  a  decline  in  conductive  durability,  restricting
their  long-term  application  in  flexible  electronic  devices.  In
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contrast,  conductive  polymers  (such  as  PEDOT:PSS[29] and
polypyrrole[30])  can  form  stable  bonds  with  hydrogel  net-
works through covalent or hydrogen bonding. These interac-
tions  significantly  enhance  electrical  conductivity  while  im-
proving mechanical stability and environmental adaptability,
making  them  particularly  suitable  for  flexible  sensing  and
wearable electronics.

Conductive  polymer-hydrogel  composites  synergistically
combine the advantages of both components, yielding mate-
rials  with  tunable  flexibility  and  enhanced  electrical  proper-
ties  that  hold  great  promise  for  advanced  flexible  electronic
devices.[31−34] For instance, Sun et al. introduced pyrrole into a
dual-crosslinked  system  based  on  hydroxyethyl  cellulose
macromonomer  (HECM)  and  fabricated  a  cellulose  compos-
ite  hydrogel  with  high  electrical  conductivity  and  excellent
mechanical  self-reinforcement  properties  through in  situ
polymerization. This hydrogel can be used as an electrode in
stretchable  TENGs  to  achieve  mechanical  energy  harvesting,
human  motion  monitoring,  and  self-powered  sensing.[35]

Wang et  al.  incorporated  Al  (III)  ions  and  polypyrrole  into  a
carboxymethyl  cellulose/poly(acrylic  acid)  system  to  prepare
a  multifunctional  composite  hydrogel  with  an  efficient  self-
healing  ability  and  high  extensibility  (1344%).  This  hydrogel
achieved mechanical and electrical self-recovery through the
synergy of dynamic metal coordination and hydrogen bond-
ing,  showing  broad  application  prospects  in  electronic  skin
and wearable devices.[36] Therefore, in-depth research on the
preparation methods for conductive hydrogels is of great sig-
nificance for the development of flexible electronic devices.

This  study  presents  a  mild  and  efficient  strategy  for  fabri-
cating conductive  hydrogels  with  uniformly  dispersed nano-
polypyrrole  (PPy).  Specifically,  pyrrole  monomers  were  poly-
merized in  the presence of  dissolved CMC,  yielding a  homo-
geneous PPy/CMC composite suspension via electrostatic in-
teractions.  Subsequently,  acrylamide  (AM)  monomers  were
introduced  and  polymerized  within  this  suspension  to  con-
struct  a  CMC/PPy/PAM  (CPA)  hydrogel  system.  The  resulting
hydrogel  exhibited  excellent  electrical  conductivity  and  me-
chanical properties, enabling its application as a high-perfor-
mance flexible sensor for real-time monitoring of human mo-
tion.  Furthermore,  a  self-powered  CPA-based  triboelectric
nanogenerator  (CPA-TENG)  is  demonstrated,  capable  of  effi-
ciently  transmitting  electrical  signals  and  powering  small
electronic devices such as LEDs and calculators.

EXPERIMENTAL

Materials
Pyrrole  (Py),  acrylamide  (AM),  sodium  carboxymethyl  cellulose
(CMC), sodium dodecyl sulfate (SDS), lauryl methacrylate (LMA),
2,2'-azobis  (2-methylpropionamidine)  dihydrochloride  (AIBA),
iron  (III)  chloride  hexahydrate  (FeCl3·6H2O),  and  hydrochloric
acid (HCl)  were purchased from Aladdin Inc.  (Shanghai,  China).
Silicone  rubber  (Ecoflex)  was  acquired  from  Smooth-On  Inc.
(USA).  Deionized water was used in all  experiments.  All  chemi-
cals were used as received.

Preparation of CMC/PPy Composite Suspension
Dissolve  1312.5  μL  of  Pyrrole  in  a  0.5  mol/L  HCl  solution  (37.5
mL) and stirred for 5 min. Under magnetic stirring, pyrrole was

slowly added to the CMC suspension (1 wt%, containing 0.5 g of
CMC)  and  stirred  until  homogeneous.  Then,  5.041  g  of
FeCl3·6H2O  was  dissolved  in  a  37.5  mL  of  0.5  mol/L  HCl  and
added dropwise  to  the mixed suspension of  pyrrole  and CMC.
The mixture was stirred at room temperature for 1.5 h. After the
reaction  was  complete,  the  resulting  mixed  suspension  was
placed in a dialysis bag and purified by dialysis in deionized wa-
ter.  Finally,  the  concentration  of  the  obtained  CMC/PPy  com-
posite suspension was adjusted to 1 wt% and stored at 4 °C in a
refrigerator for subsequent use.

Preparation of CPA Hydrogel
First, 3 g of AM, 0.6 g of SDS and 0.3 g of LMA were successively
added  to  10  mL  of  CMC/PPy  composite  suspension.  The  mix-
ture was stirred continuously for 30 min to ensure that all com-
ponents were fully dissolved and mixed well. Then, 0.05 g of ini-
tiator  AIBA was added to  the above system and stirred for  an-
other  10  min.  Subsequently,  the  solution  was  degassed via ul-
trasonic  treatment  and  transferred  to  a  mold  composed  of  a
pair of glass plates and a silicone gasket. Finally, the sample was
placed  in  an  oven  at  60  °C  for  1  h  to  obtain  a  CMC/PPy/PAM
(CPA) hydrogel.

Preparation of CPA-TENG
Initially,  components  A  and  B  of  liquid  Ecoflex  (00-30)  were
mixed at a 1:1 weight ratio. The mixture was then poured into a
prefabricated  mold  and  cured  at  room  temperature  for  24  h.
Subsequently, a CPA hydrogel with dimensions of 30 mm × 30
mm  ×  1.5  mm  was  placed  onto  the  cured  Ecoflex  layer,  with
electrical  connections  established  using  conductive  tape  to
serve as external electrodes.  Uncured Ecoflex was then poured
over  the  CPA  hydrogel  surface  and  allowed  to  cure  at  room
temperature for an additional 24 h, resulting in final CPA-TENG
device  dimensions  of  40  mm  ×  40  mm  ×  3  mm.  For  all  TENG
output  measurements  conducted  using  a  linear  motor,  the  ef-
fective  contact  area  was  maintained  constant  at  30  mm  ×  30
mm,  corresponding  to  the  dimensions  of  the  hydrogel  elec-
trode.  For  the  manual  tapping  tests,  the  effective  contact  area
was determined using the finger contact region.

Material Characterizations and Electrical
Measurement of CPA-TENG
The surface morphology of the lyophilized hydrogels was char-
acterized by scanning electron microscopy (SEM, Inspect) at an
accelerating voltage of  20 kV.  Tensile  tests  were performed on
the hydrogel samples at 25 °C using a universal testing machine
(Model 5576) equipped with a 1 KN load cell,  with a crosshead
speed  of  100  mm/min.  Scanning  hydrogels  using  a  Raman
spectrometer  (Finder  Vista)  with  an  excitation  wavelength  of
532  nm  and  a  scanning  range  from  3100  cm–1 to  500  cm–1.
Fourier-transform  infrared  spectroscopy  (FTIR,  Nicolet  6700,
Thermo  Fisher  Scientific,  USA)  was  employed  to  analyze  the
freeze-dried  samples  with  a  wavenumber  range  of  4000–400
cm–1 at 4 cm–1 resolution. For electromechanical measurements,
a source meter (Keithley 2400) was connected to both ends of
the CPA hydrogel,  and the current-voltage characteristics were
recorded during multiple cyclic stretching-relaxation processes.
The  CPA hydrogel  was  affixed to  a  volunteer's  joint,  with  elec-
trodes at both ends secured using adhesive tape, and connect-
ed to a source meter for electrical signal recording. To evaluate
the output performance of the CPA-TENG, an external force was
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applied via a linear motor (LinMot PS01-37×120-C) to establish
periodic  contact-separation  motions  with  the  device,  while  an
electrometer  (Keithley  2450)  simultaneously  measured  the
open-circuit voltage and short-circuit current.

RESULTS AND DISCUSSION

Formation Mechanism of CPA Hydrogel
The  synthesis  of  the  multifunctional  hydrogels  followed  a  se-
quential  two-stage  process,  as  illustrated  in Fig.  1.  First,  a  uni-
form and stable CMC/PPy composite suspension was prepared.
The core of this strategy lies in the initial effective combination
of PPy with carboxylate anions on the CMC chain through elec-
trostatic interactions,  thereby overcoming the dispersion prob-
lem  caused  by  the  inherent  hydrophobicity  of  the  PPy  chain
segments,  which  further  enhances  the  hydrophilicity  and  dis-
persion stability of PPy in the aqueous phase, ultimately result-
ing in a uniform and stable CMC/PPy composite suspension.[37]

Subsequently,  in the second stage of hydrogel network forma-
tion,  this  pre-formed  CMC/PPy  complex  is  integrated  into  the
hydrogel matrix through multiple physical  interactions,  achiev-
ing uniform in situ dispersion within the network and construct-
ing  a  continuous  interpenetrating  conductive  structure,  there-
by significantly enhancing the conductivity of the material.[38] In
the preparation of hydrophobic CPA hydrogels,  SDS was intro-
duced as a surfactant to improve the dispersibility of  LMA and
stabilize  the reaction system,  promoting the formation of  LMA
micelles that act as physical crosslinking points.[39] The thermal
decomposition  of  AIBA generates  free  radicals  that  initiate  the
polymerization of AM to form PAM long chains.[40,41] Meanwhile,
the micelles containing LMA act as physical crosslinking points,
connecting  multiple  PAM  chains  and  reinforcing  the  three-di-
mensional network structure. The pre-prepared CMC/PPy com-
plex was effectively embedded within and entangled by the in
situ-formed  PAM  network,  resulting  in  a  structurally  uniform
black  hydrogel  with  enhanced  integrity  and  functionality  (Fig.
S1 in the electronic supplementary information, ESI).

Structure and Morphology
Control experiments were conducted to demonstrate the stabi-

lizing role of CMC. As shown in Fig. 2(a), two suspensions were
prepared  under  identical  polymerization  conditions:  one  with
dissolved CMC (PPy/CMC) and the other without (pure PPy). Im-
mediately after polymerization (Figs. 2a-I and 2a-II), the pure PPy
suspension exhibited severe aggregation with visible black pre-
cipitates  settling  at  the  bottom  and  a  clear  supernatant  (I),
whereas the PPy/CMC suspension appeared as a homogeneous
black  solution  without  observable  precipitation  (II).  After  dialy-
sis (Figs. 2a-III and 2a-IV), the pure PPy suspension remained ag-
gregated,  with  distinct  phase  separation  between  the  precipi-
tate and supernatant  (III).  In  contrast,  the PPy/CMC suspension
retained  its  homogeneous  dispersion  and  showed  no  signs  of
aggregation or  sedimentation even after  dialysis  (IV).  These re-
sults  demonstrate  that  dissolved  CMC  acts  as  an  effective
macromolecular  stabilizer,  preventing  PPy  aggregation  during
both the polymerization and subsequent processing steps.

Raman spectroscopy was  used to  confirm the presence of
PPy  in  the  hydrogels.  As  shown  in Fig  2(b),  characteristic
bands  at  929,  1045,  and  1563  cm–1 corresponding  to  the
C―H,  C―N,  and  C＝C  stretching  vibrations  of  PPy  are  ob-
served in the CPA hydrogel, confirming successful incorpora-
tion of PPy.[42] Consequently, the regular enhancement of the
characteristic  band  of  PPy  (1563  cm–1)  in  Raman  spec-
troscopy  strongly  proves  that  PPy  was  successfully  and  con-
trollably integrated into the hydrogel network, and its disper-
sion state remained uniform within the tested concentration
range (Fig. S2 in ESI).[43] FTIR spectroscopy provided addition-
al evidence of the chemical structure of the composite. In the
FTIR spectrum of the CPA hydrogel (Fig. S3 in ESI), the band at
1060  cm–1 is  assigned  to  the  in-plane  deformation  of  N―H
bonds on the pyrrole  ring,  and the peak at  1204 cm–1 corre-
sponds  to  the  C―N  plane  vibration  of  PPy,  further  confirm-
ing  the  successful  integration  of  PPy.[44,45] Figs.  2(c)  and  2(d)
present  scanning electron microscopy (SEM)  images  of  CP0A
and  CPA  hydrogels,  respectively.  The  CP0A  hydrogel  exhibit-
ed a clear and open porous structure (Fig. 2c). In contrast, the
three-dimensional porous network surface of the CPA hydro-
gel  was  uniformly  covered  with  PPy  nanoparticles,  present-
ing a  significantly  roughened morphology and forming con-
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Fig. 1    Fabrication process of the composite hydrogel.
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tinuous  conductive  pathways  (Fig.  2d and  Fig.  S4  in  ESI).
These structural  differences  demonstrate  that  the incorpora-
tion  of  PPy  effectively  constructs  a  conductive  network
throughout  the  hydrogel,  providing  direct  microscopic  evi-
dence of its significantly enhanced electrical properties.

Mechanical Properties
The mechanical properties of CPA hydrogels were systematical-
ly characterized. As shown in Fig. 3(a), the hydrogel exhibited an
excellent  tensile  deformation  ability.  Additionally,  it  possesses
outstanding flexibility and deformability, with various deforma-
tion modes,  such as bending,  twisting,  and even knotting (Fig.
3b).  Notably,  the  CPA  hydrogel  also  demonstrated  high  me-
chanical strength, successfully supporting a 200 g weight with-
out  failure  (Fig.  3c).  The  uniformly  distributed  CMC/PPy  effec-
tively  integrates  with  the  polymer  network  through  hydrogen
bonding  between  the  amino  groups  of  PAM  and  carboxyl
groups  of  CMC.[46] This  integration  facilitated  efficient  energy
dissipation  during  deformation,  significantly  improving  the
toughness of the CPA hydrogel. To further investigate the influ-
ence  of  the  CMC/PPy  composite  suspension  concentration  on
the mechanical  properties  of  the hydrogel,  we conducted ten-
sile  performance  tests  on  the  CPA  hydrogels.  As  shown  in Fig.
3(d),  the  typical  stress-strain  curve  of  the  CPA  hydrogel  indi-
cates  that  its  mechanical  properties  mainly  depend  on  the
CMC/PPy content. As the content increased, the breaking stress
exhibited an initial  upward trend. When the content was 0.1%,
the  hydrogel  exhibited  optimal  tensile  performance,  with  a
stress  of  472.22  kPa  and  a  breaking  elongation  of  1735%.  This
improvement  was  attributed  to  the  increased  polymer  chain
density  and  crosslinking  points  resulting  from  the  higher  CMC
concentration,  which  strengthened  the  hydrogen  bonding  in-
teractions and led to a more compact network structure. How-
ever,  excessive crosslinking may impair  the network's  ability  to
dissipate  energy  effectively  during  deformation.[47] Conse-

quently, when the CMC/PPy content reached 0.15%, the tensile
strength  increased  to  494.23  kPa,  whereas  the  elongation  at
break decreased to 1683% (Figs.  3e and 3f).[48] Thus,  CPA com-
posite  hydrogels  with  a  CMC/PPy  composite  suspension  con-
centration of 0.1% were used in subsequent studies.

The  critical  role  of  hydrophobic  associations  in  the  me-
chanical  properties  of  CPA  hydrogels  was  verified  using  a
control experiment. As shown in Fig. S5 (in ESI), the hydrogel
prepared without LMA (denoted as CP0A-LMA) was mechani-
cally  weak  and  fragile,  failing  to  form  a  self-standing  struc-
ture  or  peel  intact  from  the  glass  mold.  In  contrast,  the  CPA
hydrogel  containing  LMA  exhibited  excellent  mechanical  in-
tegrity  and  flexibility.  This  result  directly  confirms  that  the
LMA-derived  hydrophobic  associations  serve  as  essential
physical crosslinking points for network formation. The ener-
gy dissipation capability provided by these physical crosslinks
was  further  demonstrated  by  cyclic  loading-unloading
tests.[49] Fig. 3(g) shows the curves of 10 consecutive loading-
unloading  cycles  of  the  CPA  hydrogel  at  500%  strain.  Obvi-
ous hysteresis loops appear in each cycle, with the loop area
decreasing after  the first  cycle.  Specifically,  the first  cycle ex-
hibited  dissipated  energy  of  approximately  44  kJ/m3.  Over
the subsequent nine cycles (Cycles 2–10), the dissipated ener-
gy decreased significantly and stabilized at an average value
of approximately 13 kJ/m3, corresponding to an energy-dissi-
pation efficiency of approximately 30% relative to the first cy-
cle  (Fig.  S6  in  ESI).  This  indicates  that  the  internal  reversible
sacrificial bonds (such as hydrogen bonds or hydrophobic as-
sociations) were restructured after the first stretch, leading to
a  stabilized  energy-dissipation  efficiency.[50] This  mechanism
effectively inhibits crack propagation and endows the materi-
al  with  an  excellent  toughness  and  tear  resistance. Fig.  3(h)
shows  the  cyclic  responses  of  CPA  hydrogels  at  different
strains  (100%–500%).  All  curves  exhibited  pronounced  hys-
teresis, with the hysteresis area increasing progressively with
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Fig. 2    (a)  Photographs of PPy suspensions:  (I,  III)  without CMC; (II,  IV) with CMC. (I,  II)  Immediately after polymerization; (III,  IV) After dialysis;  (b)
Raman spectra  of  CP0A and CPA hydrogels;  SEM images of  the cross-sections of  (c)  CP0A hydrogel  and (d)  CPA composite  hydrogel  after  freeze-
drying and freeze-fracture treatment.
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strain,  indicating  strain-dependent  energy  dissipation  and
stable  elastic  recovery.  These  cyclic  test  results  consistently
demonstrated  that  the  hydrogel  exhibited  good  repeatable
deformability  and  elasticity.  Moreover,  the  CPA  hydrogel  ex-
hibited  superior  compressive  properties,  which  is  consistent
with  its  tensile  performance  (Fig.  S7  in  ESI).  Together,  these
attributes enable the CPA hydrogel to demonstrate outstand-
ing  comprehensive  mechanical  properties  relative  to  other
high-strength  hydrogels  (Fig.  3i).[36,51−56] The  selection  of
these  reference  materials  is  justified  by  their  representation
of  diverse  toughening  strategies,  including  double-network,
nanocomposite,  and  ionic  crosslinking  mechanisms,  thereby
establishing  a  robust  benchmark  for  evaluating  the  perfor-
mance of our CPA hydrogel.

Electrical Properties of CPA Hydrogel and Their
Application as Strain Sensors
The CPA hydrogel exhibited outstanding electrical conductivity,
making  it  highly  suitable  for  use  as  a  flexible  strain  sensor  for
monitoring  human  movement.  The  conductivities  of  the  pre-
pared  composite  hydrogels  were  measured  quantitatively  us-
ing  a  digital  source  meter.  As  shown  in Fig.  4(a),  the  electrical
conductivity  increased  progressively  with  increasing  CMC/PPy
composite  suspension  concentration,  reaching  0.887  S/m  at  a
concentration of 0.1%. This trend is attributed to the formation
of a more continuous and dense conductive pathway provided
by the well-dispersed PPy chains within the polymer network.[57]

The sensitivity of a hydrogel-based strain sensor can be quanti-
fied by the gauge factor (GF), which is defined as the ratio of the
relative resistance change (ΔR/R0) to the applied strain.[58−60] As
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Fig. 3    Mechanical properties of the CPA hydrogel. (a) Images of the CPA hydrogel in a stretched state; (b) Images of the hydrogel in bent, twisted,
and knotted states.  (c)  Image depicting CPA hydrogel  supporting a 200 g load;  (d)  Stress-strain curves,  (e)  maximum stress,  and (f)  elongation at
break of hydrogels with different CMC/PPy composite suspension contents; (g) Cyclic loading-unloading stress-strain curves of the CPA hydrogel at
a  strain  of  500%;  (h)  Loading-unloading  stress-strain  curves  of  the  CPA  hydrogel  at  strain  levels  of  100%,  200%,  300%,  400%,  and  500%;  (i)
Comparison  of  mechanical  properties  of  CPA  hydrogel  with  other  high-strength  hydrogels  (The  corresponding  materials  for  each  reference  are
listed in Table S8 in ESI).
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shown  in Fig  4(b),  ΔR/R0 increased  monotonically  with  strain.
The GF can be divided into two linear response regions by lin-
early  fitting  the  experimental  data.  In  the  strain  range  of
0%–200%, the linear regression equation is ΔR/R0 = 0.9ε – 13.6
(R2=0.984),  yielding  a  GF  of  approximately  0.90.  In  the  strain
range of 200%–500%, the linear regression equation is ΔR/R0 =
1.7ε – 183.6 (R2=0.998), corresponding to a GF of about 1.70. The
high correlation coefficients (R2>0.98) indicate the excellent lin-
earity  of  the  sensor  response  in  both  regions.  As  shown in Fig
4(c), the hydrogel exhibited excellent response characteristics to
dynamic mechanical strain. Under 100% applied strain (stretch-

ing rate of 100 mm/min), the response and recovery times were
approximately  317  and  200  ms,  respectively.  Such  rapid  re-
sponse and recovery performance indicate that the hydrogel is
suitable  for  real-time  monitoring  of  high-frequency  dynamic
strain. Figs. 4(d) and 4(e) show the responses of the hydrogels to
different  tensile  strains  and  strain  rates,  respectively.  The  CPA
hydrogel maintained a stable signal output across a strain range
of 50%–300% and a strain rate range of 10–50 mm/s. These re-
sults demonstrate that the CPA hydrogel strain sensor possess-
es excellent sensing properties,  such as a wide response range
and  high  sensitivity,  making  it  suitable  for  monitoring  human
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Fig. 4    (a) Conductivity of hydrogels with different contents of CMC/PPy; (b) Sensitivity curve of CPA hydrogel; (c) Response time and recovery time
of CPA hydrogel under stretching conditions; ΔR/R0 response of CPA hydrogel at (d) various strains and (e) various stretching rates. (f−i) Real-time
signals from the CPA hydrogel as a strain sensor; (j) Cyclic stability of the CPA hydrogel sensor over 1000 cycles at 50% strain.
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movement.
Furthermore,  its  favorable  mechanical  properties  make  it

an  ideal  candidate  for  wearable  sensing  applications.  Based
on these attributes,  we integrated the hydrogel  into a  wear-
able  flexible  strain sensor  and attached it  to  the human skin
to  monitor  joint  movements  in  real  time.  As  shown  in Figs.
4(f)–4(i),  the  sensor  conformably  adheres  to  various  joints,
such  as  fingers,  wrists,  elbows,  and  knees,  reliably  reflecting
movement  through  real-time  electrical  signal  acquisition.  To
evaluate the sensing performance stability of the CPA hydro-
gel  sensor, Fig.  4(j)  shows the highly  reproducible ΔR/R0 sig-
nal  curves  recorded  during  1000  consecutive  stretching–re-
leasing cycles at a constant strain of 50%. This demonstrated
the excellent cyclic stability of the sensor under dynamic op-
eration. Such robust performance is attributed to the unique
network  architecture  and  stable  conductive  design  of  the
CPA  hydrogel,  which  enables  it  to  withstand  repeated  me-
chanical strain without structural degradation, thereby ensur-
ing a consistent and reliable signal output for monitoring pe-
riodic physiological activities or mechanical motions.

Electrical Output Performance of CPA-TENG
A triboelectric nanogenerator (TENG) is a device capable of effi-
ciently  converting  mechanical  energy  into  electrical  energy.[61]

Owing to its excellent mechanical properties and flexibility, CPA
hydrogel serves as an ideal soft electrode material for construct-
ing TENGs. Fig. 5(a) shows the structural design of the sandwich-
structured single-electrode CPA-TENG, in which the CPA hydro-
gel is encapsulated between two layers of Ecoflex elastic medi-
um,  functioning  as  both  the  triboelectric  layer  and  electrode
connecting the external circuit. As shown in Fig. 5(b), the work-
ing  principle  of  the  CPA-TENG  relies  on  the  coupled  mecha-
nisms  of  the  triboelectric  effect  and  electrostatic  induction.
Specifically,  (i)  when  nitrile  rubber  comes  into  contact  with
Ecoflex,  electron  transfer  occurs  at  the  interface  owing  to  the
difference  in  electron  affinities.  Electrons  migrate  from  Ecoflex
(lower  electron  affinity)  to  nitrile  rubber  (higher  electron
affinity),  resulting  in  a  positively  charged  Ecoflex  surface  and
negatively charged nitrile rubber surface. (ii) During separation,
the  positive  charge  on  the  Ecoflex  layer  induced  a  negative
charge on the adjacent side of the CPA hydrogel via electrostat-
ic induction. To maintain electrical neutrality, free electrons flow
from the ground to the hydrogel surface, generating an electri-
cal signal. (iii) As the separation distance increased, the induced
charge  on  the  hydrogel  surface  gradually  reached  saturation,
sufficiently shielding the positive electric field of the Ecoflex lay-
er.  At  this  point,  the electrons in  the external  circuit  stop flow-
ing  and  the  current  drops  to  zero.  (iv)  When  nitrile  rubber  ap-
proaches Ecoflex again, the negative charge on its surface drives
electrons from the hydrogel surface through an external circuit
to  the  ground,  producing  a  reverse  electrical  signal.[62] The
above process repeats in a periodic contact-separation motion,
thereby continuously generating alternating current signals.

Various materials  have been explored as potential  contact
layers for TENGs in practical applications. To identify the most
suitable candidate, we systematically evaluated the electrical
output  performance  of  several  common  materials  including
polyethylene (PE), paper, polyimide (PI), and nitrile rubber. As
shown  in Fig.  5(c),  nitrile  rubber  generated  the  highest  out-
put voltage of approximately 80 V, whereas PE produced the

lowest output voltage of approximately 30 V. Based on these
results, we selected nitrile rubber as the friction layer material
for  the CPA-TENG for  subsequent experimental  studies. Figs.
5(d)  and  5(e)  show  the  open-circuit  voltage  (VOC)  and  short-
circuit  current  (ISC)  measured  for  the  CPA-TENG  at  different
contact-separation  frequencies.  The  results  indicated  that  as
the  operating  frequency  increased,  the ISC significantly  in-
creased, mainly because of the enhanced charge transfer rate
within the hydrogel electrodes. In contrast, VOC remained rel-
atively  stable  at  different  frequencies.  As  shown  in Fig.  5(f),
multi-finger  tapping  (e.g.,  two  or  three  fingers)  of  the  CPA-
TENG  generated  higher  output  voltages  than  single-finger
tapping,  indicating  a  positive  correlation  between  the  in-
crease  in  the  contact  area  and the  enhancement  of  the  out-
put voltage. To systematically assess the mechanical durabili-
ty  and  output  stability  of  the  CPA-TENG,  long-term  continu-
ous  contact–separation  cycling  tests  were  conducted.  As
shown in Fig.  5(g),  after 30 min of continuous operation at a
frequency of 3 Hz, the device maintained stable electrical out-
put  performance without  significant  attenuation.  The results
demonstrate  that  the  CPA-TENG  possesses  excellent  cyclic
durability  and  long-term  operational  stability,  rendering  it
suitable  for  continuous  mechanical  energy-harvesting  and
self-powered sensing applications in practical environments.

Owing to its efficient energy conversion capability and sta-
ble output characteristics, the CPA-TENG holds great promise
as  a  core  unit  in  self-powered  systems  capable  of  supplying
sustainable  energy  to  low-power  electronic  devices  or  dis-
tributed  sensor  networks.  To  evaluate  the  output  perfor-
mance of the CPA-TENG in self-powered systems, it was con-
nected to a rectifier circuit containing an LED, capacitor,  and
calculator (Fig. 6a). As shown in Fig. 6(b) and Video S1 (in ESI),
the CPA-TENG successfully lit the LED, confirming its ability to
power  the  LED.  The  charging  performance  of  the  CPA-TENG
was evaluated under various capacitance conditions. Fig. 6(c)
highlights  its  advantages  in  energy  harvesting  and  storage,
making it suitable for powering small electronic devices. Fur-
thermore, by connecting the calculator to this rectifier circuit,
the  electrical  energy  generated  by  the  CPA-TENG  (effective
contact area: 30 mm × 30 mm, driven by a linear motor) could
maintain the normal  operation of  the calculator  (Fig.  6d and
Video S2 in ESI), further demonstrating its practical applicabil-
ity  as  a  sustainable  energy  source.  To  evaluate  the  output
performance  of  the  CPA-TENG  quantitatively,  we  measured
the  output  voltage  and  current  under  various  external  load
resistances and calculated the corresponding power density.
As shown in Fig. S9 (in ESI), the output voltage increased with
increasing load resistance, whereas the current exhibited the
opposite  trend.  The  power  density  reached  a  maximum  val-
ue of  18.2 μW/mm2 at  a  matching load resistance of  10 MΩ,
demonstrating  the  efficient  energy-harvesting  capability  of
the CPA-TENG.

Notably,  the  CPA-TENG  has  self-powering  characteristics
and  can  be  applied  to  communication  and  information  en-
cryption systems without reliance on external power sources.
As  shown in Figs.  6(e)−6(g),  this  system uses  Morse code for
signal encoding, where short VOC signals represent "dots" and
continuous VOC signals  represent  "dashes".  Different  combi-
nations of these signals encode specific letters, such as "HELP"
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Fig. 5    (a)  Schematic diagram of the CPA-TENG; (b) Working principle of the CPA-TENG; (c)  Open-circuit  voltage of the CPA-TENG with different
triboelectric  materials;  (d)  Short-circuit  current  and  (e)  open-circuit  voltage  of  the  CPA-TENG  at  different  tapping  frequencies;  (f)  Open-circuit
voltage of  the CPA-TENG when tapped with one,  two,  and three fingers;  (g)  Open-circuit  voltage performance of  the CPA-TENG after  prolonged
operation.
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and "SOS." This demonstration highlights the potential of the
device for  applications  in  self-powered communications  and
information  security.  Additionally,  the  CPA-TENG  exhibited
excellent  flexibility  and  adhesion,  generating  distinct  electri-
cal  signal  responses  upon  mechanical  deformation  (e.g.,
stretching, bending, or pressing). This feature enables it to be
closely  attached  to  the  human  skin  surface  (e.g.,  fingers  and
wrists)  and  serves  as  a  self-powered  sensor  to  monitor  vari-
ous human motion states in real time (Figs. 6h and 6i).

CONCLUSIONS

In  summary,  CPA  composite  hydrogels  with  uniformly  dis-
persed nano-PPy structures were successfully prepared. The hy-
drophobic  association  and  multiple  hydrogen  bond  interac-
tions  within  the  hydrogels  endowed  them  with  excellent  me-
chanical  properties.  Furthermore,  the introduction of  CMC/PPY
composites  effectively  built  a  conductive  network,  conferring
hydrogels  with  good  electrical  conductivity.  Based  on  these
characteristics, hydrogels can be used as high-performance flex-
ible sensors for human motion monitoring. Therefore, this study
further  combined  CPA  hydrogels  with  Ecoflex  to  construct  a
CPA-TENG.  This  device  exhibits  efficient  energy  harvesting  ca-
pabilities and highly stable electrical output performance and is
capable of continuously powering small electronic devices such
as  LED  lights  and  calculators.  In  addition,  based  on  a  pro-
grammable coding strategy, this TENG can achieve information
transmission  functions  in  a  self-driven  state.  These  characteris-
tics  indicate that  this  research has broad application prospects
in  cutting-edge  fields,  such  as  medical  electronic  monitoring
and intelligent human-machine interaction.
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Fig.  6    (a)  Circuit  configuration of the CPA-TENG with an external  load;  (b)  Image showing an LED illuminated by tapping the CPA-TENG with a
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TENG  powering  a  calculator;  (e−g)  Transmission  of  Morse  code  by  adjusting  tapping  duration  on  the  CPA-TENG;  (h,  i)  Real-time  response  of  the
CPA-TENG as a self-powered strain sensor.
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