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Abstract   Conductive hydrogels with high mechanical strength, good adhesion, and high sensitivity are highly demanded for wearable elec-

tronics. A multifunctional hydrogel based on 2-acrylamido-2-methylpropanesulfonic acid (AMPS) and acrylic acid (AA) was synthesized via free-

radical  polymerization.  The  system  incorporates  dynamic  hydrogen  bonds  from  guanine–cytosine  (G–C)  base  pairs  and  homogeneously  dis-

persed carbon nanotubes (CNTs) modified using a dual-ionic liquid strategy. Short-chain (C4) and long-chain (C12) imidazole-based ionic liquids

act synergistically to exfoliate and stabilize CNTs, facilitating uniform dispersion and strong interfacial bonding. Owing to the continuous conduc-

tive pathways formed by the CNTs, the hydrogel exhibited enhanced electrical conductivity with a gauge factor of 5.61, together with excellent

short-term cyclic stability and responsiveness for monitoring dynamic human motions. The combination of covalent cross-linking, reversible hy-

drogen bonding, and reinforced nanofillers endows the hydrogel with high stretchability, good adhesion (5.5 kPa),  and superior fatigue resis-

tance, showing great potential for use in flexible wearable bioelectronics.
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INTRODUCTION

In  recent  years,  intelligent  sensing  technology  has  developed
rapidly,[1−3] promoting breakthroughs in the mechanical adapt-
ability and signal response of flexible electronic devices.[4] Such
devices  have  been  able  to  convert  mechanical  stimuli  such  as
stretching and bending into electrical signals,[5] and have been
widely used in smart healthcare,[6] motion monitoring,[7] bionic
robots,[8] and  other  fields.  The  mainstream  design  has  used
nanocomposites  combined  with  elastic  substrates  to  capture
microscopic  physiological  signals.[9] However,  under  large  de-
formation  or  long-term  stress,  traditional  structures  have  been
prone to cracks or failures due to material brittleness and weak
interface  bonding,[10] and  the  mechanical  mismatch  between
the conductive layer and the matrix has often led to delamina-
tion and has affected durability.  Therefore,  improving the duc-
tility  and  structural  stability  while  maintaining  high  sensitivity
has become a key problem in the practical  application of flexi-
ble electronics.

Hydrogels,  as  polymer  materials  with  a  three-dimensional
network structure, have been used in flexible electronics (e.g.,

wearable  sensors)  and  environmental  engineering.[11−18] In
recent years, conductive hydrogels have been widely studied
due to their  inherent  softness,[19,20] electrical  conductivity,[21]

and  high  stretchability.[22,23] However,  traditional  conductive
hydrogel  matrices  have  been  found  to  have  certain  limita-
tions,[24] such  as  the  lack  of  an  effective  energy  dissipation
mechanism inside the hydrogel and the uneven dispersion of
the  conductive  material,[25] which  have  resulted in  poor  me-
chanical  properties  and  hindered  their  wider  practical  appli-
cation. To address these problems, numerous strategies have
been developed to optimize the mechanical  and conductive
properties  of  conductive  hydrogels,  including  the  tuning  of
covalent/physical  cross-linking  density,  blending  with  rigid
polymer substrates,  construction of  pure dynamic non-cova-
lent bond networks (e.g., hydrogen bonds, metal-ligand coor-
dination,[26,27] hydrophobic  interactions)  and  modification
with conventional inorganic nanofillers (e.g., graphene oxide,
montmorillonite,  silica  nanoparticles).[28,29] Carbon  nan-
otubes (CNTs) stand out as an ideal nanofiller for the modifi-
cation of conductive hydrogels due to their ultra-high aspect
ratio,  excellent  mechanical  strength,  high  electrical  conduc-
tivity,  and  good  compatibility  with  hydrophilic  polymer  net-
works.[30−32] Compared  with  other  conventional  nanofillers,
CNTs  can  form  continuous  mechanical  reinforcement  and
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electron transport channels in the hydrogel matrix at low ad-
dition  amounts,  realizing  the  simultaneous  improvement  of
hydrogel  mechanical  properties  and  conductivity.  To  exploit
the  excellent  performance  of  CNTs,  many  researchers  have
carried  out  in-depth  research  on  functionalization  of  CNTs
and modification of hydrogel composite.  Li et  al.[33] have de-
veloped  hydrophilic  polymer  brush-coated  CNTs  (E-CNTS-
PAA) via amphiphilic  azide  block  copolymer  self-assembly
and  UV  crosslinking,  yielding  poly(N-isopropylacrylamide)
(PNIPAM)/E-CNTS-PAA  thermal-responsive  composite  hydro-
gels.  These  exhibited  remarkable  mechanical  improve-
ments—tensile strength of 97.7 kPa and elongation of 465%;
Khan et al.[34] fabricated a conductive hydrogel by incorporat-
ing functionalized multiwalled CNTs (F-CNTs) into hydropho-
bic associative polyacrylamide–lauryl methacrylate (AM/LMA)
networks.  Using  cationic  surfactant  CDAB,  they  ensured  uni-
form F-CNT dispersion; carboxylic groups on F-CNTs enabled
electrostatic  micelle-polymer  crosslinking,  while  CDAB  en-
hanced  hydrophobic  interactions—resulting  in  exceptional
tensile strain (2016%), toughness (551.56 kJ/m3), fatigue resis-
tance,  and  high  strain  sensitivity  (GF=4.69  at  600%  strain);
Kamaliya et  al.[35] synthesized Gum ghatti  (GG)-cl-poly(acrylic
acid)(AA)/o-multiwalled carbon nanotubes (MWCNTs)  hydro-
gels via radical  copolymerization,  resolving  CNT  dispersion
via oxidative  MWCNT  modification  and  boosting  mechanics
through GG–AA crosslinking and o-MWCNT reinforcement; Fu
et  al.[36] constructed  MWCNTs/ZIF-8/agarose–sodium  algi-
nate  (MZASA)  hydrogel  beads  by in  situ ZIF-8  binding  onto
MWCNTs  and  dual-network  integration,  followed  by  Ca2+

crosslinking,  which  improved  mechanical  robustness,  while
MWCNTs/zeolitic  imidazolate  frameworks-8  (ZIF-8)  increased
the surface area and dye adsorption capacity. Collectively, ef-
fective CNT dispersion emerges as a critical factor for optimiz-
ing  the  conductivity,  mechanics,  stimuli-responsiveness,  and
multifunctionality of advanced hydrogels.

At the same time, hydrogels have poor adhesion to the skin
or other substrates, making them susceptible to detachment,
affecting the stability of signal acquisition and long-term use.
To  solve  this  problem,  dopamine-o-phenylenediamine  has
usually  been  introduced.  Wang et  al.[37] developed  a  multi-
functional  supramolecular  hydrogel  (PXNT)  by  integrating
poloxamer  407  (PX),  ROS-scavenging/anti-inflammatory  tan-
nin–cyclodextrin  nanoparticles  (TPCDNP),  and  adhesion-pro-
moting tannic acid (TA).Through systematic in vitro screening
and in vivo validation, PXNT demonstrated synergistic anti-in-
flammatory,  antioxidant,  antifibrotic,  bioadhesive,  self-heal-
ing,  and  temperature-responsive  properties.  Critically,  it  sig-
nificantly suppressed dural fibrosis and post-laminectomy ad-
hesions in rat and rabbit models—highlighting its translation-
al potential for spinal surgery applications.

Nucleobases are abundant and have numerous interaction
sites,  such  as  hydrogen  bonding, π-π stacking,  and  van  der
Waals  forces,  which  have  allowed  them  to  interact  with  and
functionalize other molecules.[38] Shi et al.[39] developed a nu-
cleobase-functionalized  poly-L-glutamic  acid  derivative  ex-
hibiting  0.5  MPa  adhesion,  demonstrating  the  effectiveness
of nucleobases in enhancing viscosity.

In  this  work,  we  have  innovatively  employed  a  dual  ionic
liquid  (C4/C12)-assisted  strategy  to  disperse  carbon  nan-

otubes  (CNTs),  using  short-chain  ([C4mim]Cl)  and  long-chain
([C12mim]Cl) imidazolium-based ionic liquids to achieve step-
wise  stripping  and  stabilization  of  CNTs  in  aqueous  media,
and the synergistic effects of π-π stacking, electrostatic inter-
action,  and  steric  hindrance  have  enabled  the  formation  of
homogeneously dispersed carbon nanotube networks. At the
same  time,  hydrogels  have  been  constructed  based  on  the
copolymerization  reaction  of  AMPS  and  AA,  and  we  have
used the nucleobases as dynamic hydrogen bonding units to
enhance  energy  dissipation.  The  resulting  covalently
crosslinked  P(AMPS-co-AA)  chains  and  physically  crosslinked
Nucleobases  guanine-cytosine  (G-C)  interaction  have
achieved  a  significant  mechanical  enhancement  through  a
double network structure. The composite hydrogels have ex-
hibited excellent properties, including ultra-high stretchabili-
ty (2320%), excellent toughness, fast response time (300 ms),
high strain sensitivity (GF=5.61), and good adhesion (5.5 kPa).
The combined properties have enabled the hydrogel to be a
viable  candidate  for  advanced  wearable  strain  sensors  and
flexible electronic devices.

METHODS

Reagents
2-Acrylamide-2-methylpropionic  acid  (AMPS),  acrylic  acid  (AA),
carbon  nanotubes  (C), N,N-methylenebis(acrylamide)  (MBA),
guanine (G),  cytosine (C),  [C4mim]Cl,  and [C12mim]Cl  were pur-
chased  from  Shanghai  Aladdin  Reagent  Co.,  Ltd.,  and  potassi-
um  persulfate  (KPS)  was  provided  by  Tianjin  Fuchen  Chemical
Reagent Co., Ltd. All reagents were analytical-grade and did not
require further purification prior to use.

Preparation of ILs@C
Ionic  liquids  (ILs)  with  an  alkyl  chain  length  of  4  (0.025g)  were
dissolved  in  100  mL  of  deionized  water  to  prepare  a  pre-dis-
persible solution, carbon nanotubes (C) were added to the solu-
tion, sonicated for 30 min, and the C was initially dispersed. Cen-
trifuged the mixed solution (10000 r/min for 8 min) and washed
several  times.  The  centrifugally  separated  product  was  freeze-
dried to obtain a black powder. Then, dissolved it in 100 mL of
deionized  water,  added  ionic  liquids  (ILs)  with  an  alkyl  chain
length  of  12  (0.075  g),  and  finally  dispersed  C,  using  the  same
steps as above, and finally obtained ILs@C powder. The detailed
process  of  the  modification  of  carbon  nanotubes  by  ILs  has
been  shown  in  Fig.  S1  (in  the  electronic  supplementary  infor-
mation, ESI).

Synthesis of A-PS-G-C-ILs@C Hydrogels
Dissolved 0.6 g of guanine (G) and 0.6 g of cytosine (C) in 20 g of
deionized water and stirred for 2 h at room temperature (25 °C).
Then  added  6  g  of  acrylic  acid  (AA),  2  g  of  2-acrylamide-2-
methylpropanesulfonic acid (AMPS), 0.2 g of ILs@C and 0.01 g of
N,N-methylene bis(acrylamide) (MBA) to the mixed solution and
mixed well with magnetic stirring for 4 h. Finally, 0.1 g of potas-
sium persulfate (KPS) was added, stirred, poured into the mold
and placed in a 60 °C oven for 6 h to polymerize to prepare the
hydrogel.

Characterization

Fourier transform infrared spectroscopy (FTIR) test
Fourier transform infrared spectroscopy was used to analyze the
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changes in the carbon tube functional groups before and after
modification.  Carbon  tube  samples  of  different  modifications
were mixed with potassium chloride at a mass ratio with 1:100,
ground thoroughly, pressed into transparent sheets, and the vi-
bration absorption of  the  samples  in  the  4000–500 cm–1 scan-
ning area was recorded.

Scanning electron microscope (SEM) test
The geomorphological characteristics of the hydrogel were ob-
served  using  scanning  electron  microscopy  (SEM,  ZEISS,
Gemini). The hydrogel sample was immersed in liquid nitrogen
and  fractured  with  forceps  to  expose  the  cross-section.  After
gold plating,  the fractured surfaces were imaged using a scan-
ning electron microscope.

Mechanical properties test
The mechanical properties of hydrogels were evaluated using a
universal testing machine (Shimadzu, AGS-X, 100 N, Japan). The
hydrogel  sample  was  cut  into  dumbbell  shapes  with  dimen-
sions of 20 mm long, 2 mm wide and 4 mm thick, and then the
cut  sample  was  fixed  between  the  two  fixtures  of  the  testing
machine. Used a vernier caliper to measure the initial length of
each sample. The sample was then tested at a tensile speed of
100  mm/min.  In  order  to  control  the  experimental  error,  three
sets  of  samples  were  prepared  in  parallel  for  each  formulation
and tested independently.

Fatigue resistance and self-healing performance tests
Cyclic  tensile  and  compression  tests  were  performed  using  a
universal testing machine (Shimadzu, AGS-X, 100 N, Japan). For
compression testing, a cylindrical hydrogel sample with a diam-
eter of 10 mm was prepared. The sample was held in the mid-
dle  of  the  two fixtures  and the  initial  length of  the  fixture  was
measured with a vernier caliper. Compression was performed at
a constant rate (20 mm/min) during loading. To ensure consis-
tency  and  data  accuracy,  three  hydrogel  samples  were  pre-
pared and tested.

Conductivity test
The  hydrogel  was  cut  into  rectangular  samples,  placed  on  a
four-probe mold made of Teflon and its resistance R was mea-
sured  at  room  temperature  using  an  electrochemical  worksta-
tion  in  the  frequency  range  of  0.1–100  kHz.  The  conductivity
was  calculated  by  a  formula,  and  each  set  of  samples  was  re-
peated five times and the value was averaged.

The formula for calculating conductivity is as follows:

σ = L
RS

(1)

where σ is  the  conductivity  (mS/cm), R is  the  resistance  of  hy-
drogel, L is  the  distance  between  the  electrodes(cm),  and S is
the effective area of the hydrogel (cm2).

Adhesion performance test
The  adhesion  properties  of  hydrogels  on  different  substrates
were  evaluated  by  lap  experiments.  The  tested  substrates  in-
cluded  polyvinyl  chloride,  polyethylene  terephthalate,  glass,
and pigskin. The hydrogel was cut into cubes of (length, width,
and height) 2 cm × 2 cm × 0.1 cm. The samples were placed be-
tween  two  pieces  of  the  same  substrate,  manually  pressed  for
several  minutes  to  ensure  good  contact,  and  a  lap  shear  test
was  performed  using  a  universal  testing  machine  (model  Shi-
madzu,  AGS-X,  100  N,  Japan)  with  a  tensile  rate  of  2  mm/min,
and  each  sample  was  measured  under  these  conditions  to  as-

sess its bond strength.

Sensing performance and human motion monitoring
The sensing properties of composite hydrogels were investigat-
ed  using  a  combination  of  a  universal  testing  machine  (Shi-
madzu,  AGS-X,  100  N,  Japan)  and  an  electrochemical  worksta-
tion  (Princeton  Applied  Research  Model  2273).  In  the  testing
process,  the universal  test  was  set  up to  apply  axial  tension to
the  columnar  hydrogel  specimen  at  a  constant  rate  (100
mm/min), and the material resistance change curve was collect-
ed synchronously at the workstation to construct the strain-re-
sistance correspondence model. The hydrogel was fixed on the
sensitive tissue of the human body, the two ends of the hydro-
gel  were connected with the electrochemical  workstation,  and
the  dynamic  change  of  resistance  (R)  with  human  movement
was  recorded,  and  a  human  motion  detection  test  was  per-
formed.

The formula for calculating relative resistance is as follows:

ΔR/R0 (%) = (R − R0)/R0 × 100 (2)

where R is the real-time resistance, and R0 is the initial resistance.
The formula  for  calculating the  strain  coefficient  (GF)  is  as

follows:

GF = ((R − R0) /R0) /ε (3)

where R, R0,  and ε represent  real-time  resistance,  initial  resis-
tance, and tensile strain, respectively.

DISCUSSION

Synthesis Mechanism of A-PS-G-C-ILs@C Hydrogels
P(AMPS-co-AA)-Gn-Cn-ILs@C  hydrogels  (A-PS-Gn-Cn-ILs@C)  with
multiple network structures were successfully prepared by radi-
cal polymerization (n indicated different contents). Fig. 1 shows
a schematic diagram of the preparation process of A-PS-Gn-Cn-
ILs@C hydrogel. Under the activation of a potassium persulfate
(KPS) initiator, 2-acrylamide-2-methylpropionic acid (AMPS) and
acrylic acid (AA) monomers copolymerized, and potassium per-
sulfate  decomposed  to  produce  sulfate  during  thermal  activa-
tion,  which  triggered  vinyl  polymerization  and  promoted  the
continuous growth of hydrophilic polymer chains. The covalent
crosslinker N,N'-methylene biacrylamide (MBA) constructed per-
manent junctions between polymer chains through a covalent
crosslinking strategy, forming a stable three-dimensional hydro-
gel matrix.

To improve the adhesion and mechanical  properties,  gua-
nine-cytosine  (G-C)  complementary  base  pairs  were  intro-
duced into the hydrogel  network in 3D networks.  G-C based
pairs  form  dynamically  reversible  hydrogen  bonds  that
served  as  physical  crosslinking  points.  These  physical
crosslinking  nodes  with  dynamic  reversible  characteristics
significantly improved the energy dissipation efficiency of the
system through the energy dissipation mechanism of dynam-
ic fracture and reconstruction when the material was subject-
ed to mechanical load.

To  impart  electrical  conductivity  to  the  hydrogel,  carbon
nanotubes (C) were stripped using a dualionic liquid. Firstly, a
short-chain ionic liquid (C4)  was used to predisperse the car-
bon  nanotubes,  and  its  small  molecule  size  advantage  was
used  to  quickly  penetrate  into  the  carbon  nanotube  bundle
gap, and the van der Waals force between the nanotubes was
weakened by the cation-π stacking effect  and charged inter-
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action, and then the long-chain ionic liquid (C12) was used for
secondary  stripping,  and  the  surface  of  the  CNTS  was
wrapped through the steric hindrance effect of the long alkyl
chain, forming a stable spatial barrier to prevent reagglomer-
ation. This step-by-step processing strategy allowed the con-
ductive carbon nanotubes to disperse evenly throughout the
hydrogel matrix, forming a continuous conductive path.

There  were  multiple  interactions  in  the  composite  hydro-
gels:  the  AMPS-AA  copolymer  chains  formed  a  rigid  frame-
work through strong covalent bonds, the dynamic hydrogen
bond network formed by G-C base pairs provided energy dis-
sipation pathways,  and the  uniformly  dispersed carbon nan-
otubes  constructed  continuous  electron  transport  channels.
This  multi-scale  synergistic  mechanism  allowed  the  material
to  maintain  its  structural  integrity  while  providing  excellent
conductivity and mechanical response properties.

Modification of CNTs
To  solve  the  problem  that  carbon  nanotubes  were  difficult  to
dissolve  in  polar  water,  we  used  ionic  liquids  to  enhance  their
dispersibility.  By  systematically  comparing  the  dispersion  effi-
ciency of  ionic liquids with different chain lengths (single ionic
liquid (alkyl chain length 4 and alkyl chain length 12) and com-
posite  system C4/C12),  we found that  the bifunctional  ionic  liq-
uid system showed a unique synergistic effect. Fig. S2(b) (in ESI)
shows  the  FTIR  spectra  of  ILs@C,  in  which  there  are  obvious
C―H elastic vibration absorption bands at 2920 and 2850 cm–1,
and the peak strength increased with the change of alkyl chain
length and intercalation combination, indicating that the long-
chain alkyl  groups in ILs were effectively introduced into the C
structure.  At  the  same  time,  the  wide  peak  of  the  sample  was
enhanced around 3400 cm–1,  indicating that  imidazole  cations
formed hydrogen bonds with the C surface, which further sup-
ported the existence of  interfacial  interactions.  In  addition,  the

new absorption peaks in the 1000–1500 cm–1 region can be at-
tributed  to  the  characteristic  vibrations  of  functional  groups
such as C―N and C―O―C, further confirming the existence of
ionic liquid components on the C surface or channel. In the low-
wave number region, the C12 and C4+12 intercalations exhibited
enhanced CH2 swaying vibrations,  especially C12 in the interca-
lation  samples,  indicating  that  the  long  chain  structure  was
more fully covered by the C surface. The short-chain ionic liquid
(C4) was first inserted into the carbon tube bundle gap and the
van der Waals force was weakened through π-cation interaction.
The  subsequent  introduction  of  a  long-chain  ionic  liquid  (C12)
significantly inhibited the reaggregation trend of nanotubes by
tangling alkyl chains.

Structure and Morphology of A-PS-G-C-ILs@C
Hydrogels
In order to delve into the microscopic morphology of hydrogels,
we  pretreated  them  by  freeze-drying  method  and  observed
them by scanning electron microscopy. As shown in (Fig. 2), all
hydrogels  exhibited  a  typical  three-dimensional  porous  net-
work  structure.  The  pore  structures  of  A-PS  hydrogels  (Fig.  2a)
were irregular and the pore size distribution was wide. With the
introduction of G-C and ILs@C (Figs. 2b and 2c), the pore wall of
the  hydrogel  thickened  significantly,  the  pore  arrangement
tended to be regular, showed a uniform honeycomb structure,
and  the  ILs@C  was  uniformly  embedded  in  the  A-PS  polymer
network, and no obvious agglomeration phenomenon was ob-
served.  This  was  due  to  the  hydrogen  bonding  between  gua-
nine, cytosine and the internal structure of the hydrogel, which
made hydrogel  structure more uniform.  On the one hand,  this
uniform  and  stable  composite  network  structure  strengthens
the polymer  skeleton as  a  physical  cross-linking point,  thereby
improving  the  mechanical  properties  of  the  hydrogel.  On  the
other hand,  the ordered pore structure also provided an effec-
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Fig. 1    Preparation and mechanism of A-PS-G-C-ILs@C hydrogels.
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tive  path  for  the  continuous  transport  of  electrons,  which  was
conducive to enhancing conductivity.

Mechanical Property of A-PS-Gn-Cn-ILs@C Hydrogels
We  used  radical  polymerization  to  prepare  A-PS-Gn-Cn-ILs@C
composite hydrogels. First, we explored the optimal content ra-
tio of AA-AMPs (Fig. 3a). We investigated the effects of different
G-C  contents  on  the  mechanical  properties  of  hydrogels  by
adding different amounts of G-C to AA-AMPs to explore the op-
timal  G-C  content.  The  hydrogels  with  different  G-C  contents
were analyzed by tensile test, and the gradient changed of G-C
molar  ratio  in  the  range  of  0.2:0.2  to  0.8:0.8,  namely  A-PS-G0.2-
C0.2-ILs@C,  A-PS-G0.4-C0.4-ILs@C,  A-PS-G0.6-C0.6-ILs@C,  A-PS-G0.8-
C0.8-ILs@C, evaluate its elastic modulus.

With  the  gradual  increasing  of  G-C  content  (Fig.  3b),  the
mechanical properties were significantly improved (26, 32, 36
and  33  kPa)  and  the  corresponding  strain  also  was  1414%,
1654%,  2320% and 611%. Fig.  3(c)  shows the corresponding
toughness.  When  the  G-C  ratio  was  0.6:0.6,  the  fracture
toughness of the hydrogel reached maximum value, showed
the optimal performance. This enhancement effect was main-
ly  attributed  to  the  reversible  dynamic  hydrogen  bonds
formed  between  the  G-C  bases,  which  effectively  dissipated
energy. Nevertheless when the G-C content exceeded 0.6:0.6,

excessive  dynamic  hydrogen  bonds  led  to  over-crosslinking
of  the  hydrogel  network.  The  rigid  physical  crosslinking
points restrict the sliding and extension of polymer chains, re-
ducing  the  chain  ductility  and  causing  a  sharp  decrease  in
fracture  strain.  In  addition,  CNTs  were  embedded  in  the  hy-
drogel  three-dimensional  network  through  physical  entan-
glement,  and crack  propagation was  inhibited with  the  help
of  mechanical  interlocking  and  stress  transfer  mechanisms.
This  synergy  constructs  an  efficient  energy  dissipation  path,
significantly  improving  the  overall  mechanical  performance
of  the material.  As  shown in Fig.  3(j),  it  is  in  the tensing pro-
cess  (Fig.  3j-ii),  load-bearing  (Fig.  3j-iii),  torsion  (Fig.  3j-iv),
bending  (Fig.  3j-v)  and  even  knotting  (Fig.  3j-vi),  which  fully
verifies its excellent mechanical strength and toughness.

Hydrogel Fatigue Resistance and Self-healing
Properties Test
As a soft material,  fatigue resistance directly determined its ac-
tual  service life.  In order to evaluate the durability of  the A-PS-
G0.6-C0.6-ILs@C  hydrogel  after  optimizing  the  ratio,  the  stress-
strain curve was shown in Fig. 3(d). At 100% strain, the first load-
unload cycle  showed a  significant  lag loop and the 2nd to  10th

cyclic  curves  gradually  approached  each  other,  indicating  that
the  internal  structure  of  the  material  tended  to  be  stable  and
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Fig. 2    SEM diagrams of (a) A-PS hydrogels, (b) A-PS-G–C hydrogels and (c) A-PS-G0.6–C0.6 -ILs@C hydrogels.
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uniform  after  the  initial  deformation.  As  a  result,  the  subse-
quent nine load-unload curves almost overlapped, and the dis-
sipated energy remained at 57% after ten cycles. Fig. 3(e) shows
the corresponding toughness and stress values. Fig.  3(f)  shows
the  stress-strain  curve  of  the  A-PS-G0.6-C0.6-ILs@C  hydrogel  un-
der continuous tensile cycles under different strains.  When the
strain increased from 20% to 100%, the lag ring widened signifi-
cantly as the strain increased from 20% to 100%, reflecting the
stronger energy dissipation capacity under large deformations.
This excellent short-term cyclic stability stemmed from the syn-
ergistic  mechanism  between  dynamic  cross-linking  and  cova-
lent networks. During cyclic loading, the dynamic reversible hy-
drogen bonds between G-C base pairs were preferentially bro-
ken  to  dissipate  energy,  while  the  covalent  backbone  ensured
that  the  overall  structure  was  not  destroyed.  After  uninstalla-
tion,  dynamic  keys  quickly  self-heal,  and  restoring  microstruc-
tural  integrity.  In  addition,  the  overall  structure  was  not  de-
stroyed. When uninstalled, the dynamic bonds quickly self-heal,
restoring microstructural  integrity.  At  the same time,  the intro-
duced  carbon  nanotubes  effectively  inhibited  crack  propaga-
tion  through  physical  entanglement,  further  extending  the  fa-
tigue life. We further examined its compressive strength and re-
covered  properties.  The  cyclic  compression  test  (Fig.  3g)
showed that the compression modulus decreased after 10 com-
pression cycles at 50% strain, and the hysteresis ring area grad-

ually decreased with the increase of the number of cycles, indi-
cating  that  the  internal  energy  dissipation  mechanism  of  the
material  remained  stable  under  long-term  loading. Fig.  3(h)
shows corresponding toughness and stress. Fig.  3(i)  shows the
compressive  cyclic  stress-strain  curve  under  different  strains,
and when the strain was increased from 20% to 100%, the hy-
drogel showed a significant hysteresis loop. The large hysteresis
loop and high peak stress in the first cycle are attributed to the
Mullins effect: G-C dynamic hydrogen bonds are broken to dis-
sipate  energy  during  the  first  stretching.  In  subsequent  cycles,
hydrogen bonds rapidly reform, leading to stable cyclic perfor-
mance, and finally give the hydrogel good durability and com-
pliance.

The A-PS-G0.6-C0.6-ILs@C hydrogel was connected to a sim-
ple  circuit  consisting  of  a  light-emitting  diode  and  a  power
supply  in  series  to  evaluate  its  strain  response  performance
(Fig.  4).  After  closing the switch,  the LED light  was illuminat-
ed,  indicating  that  the  hydrogel  could  conduct  electricity.
During the stretching process, the brightness of the LED lamp
gradually decreased as the degree of deformation increased,
indicating that the material  was highly sensitive to mechani-
cal strain. After releasing the stretch, the LED would return to
its original brightness; When the hydrogel was cut off, the cir-
cuit was interrupted and the LED went out immediately; Once
the fracture surface was re-contacted,  the light  was immedi-
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Fig.  3    Mechanical  properties  of  hydrogels.  (a)  A-PS  hydrogel  tensile  stress-strain  curve;  (b)  A-PS-Gn-Cn-ILs@C  hydrogel  stress-strain  curves;  (c)
Corresponding resilience; (d) A-PS-G0.6–C0.6-ILs@C tensile cycle curve of hydrogel at 100% strain; (e) Corresponding toughness and stress; (f) Cyclic
tensile  stress-strain  curves  of  A-PS-G0.6–C0.6-ILs@C  hydrogel  under  different  strains;  (g)  Stress-strain  curves  of  A-PS-G0.6–C0.6-ILs@C  hydrogel
compression; (h) Corresponding toughness and stress; (i) Cyclic compressive stress-strain curves of A-PS-G0.6–C0.6-ILs@C hydrogels under different
strains;  (j)  Mechanical  properties  of  A-PS-G0.6–C0.6-ILs@C  hydrogels:  (i)  original,  (ii)  stretching,  (iii)  load-bearing,  (iv)  twisting,  (v)  bending,  (vi)
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ately  restored,  proving  that  the  material  had  excellent  self-
healing  function.  The  experimental  results  fully  verified  that
the hydrogel had good strain sensing ability and self-healing
characteristics,  and  showed  its  application  potential  in  the
field of flexible electronics.

Conductivity Test
As we all know, hydrogels needed to have good electrical con-
ductivity in implantable electronic products. The conductivity of
A-PS-G0.6-C0.6-ILs@C hydrogels were mainly due to the electron
conduction of the CNTs. As shown in Fig. S3 (in ESI), the conduc-
tivity  of  the  hydrogel  was  3.4  mS/cm  without  the  addition  of
CNTs. After that, the conductivity increased to 8.75 mS/cm with
the increase of CNTs.

Adhesion Properties of Hydrogels
Fig.5(a) shows that A-PS-G0.6-C0.6-ILs@C hydrogels exhibited ex-
cellent adhesion to a variety of inorganic and organic substrates,

including iron, glass, resin, rubber, and biological tissues such as
pig skin, pig intestines, and pig liver.  To further quantify its ad-
hesion capacity, lap shear experiments were performed, and the
schematic illustration of the lap shear test was displayed in Fig.
5(b).  As  shown  in Figs.  5(c)  and  5(d),  the  adhesion  strength  of
the hydrogel to PVC, pig skin,  glass and PET was 2.94, 3.13, 4.4
and 5.55 kPa,  respectively.  Among them,  the high adhesion of
hydrogel to pig skin was mainly due to the chemical interaction
between the hydroxyl group on the surface of pig skin and the
functional  group on the PAA hydrogel  chain.  This  tissue adhe-
sion  property  made  it  possible  for  A-PS-G0.6-C0.6-ILs@C  hydro-
gels to stably adhere to biological tissue surfaces, showed great
potential  as  flexible  sensor  materials.  Further  analysis  revealed
(Fig.  5e)  that  its  good  adhesion  was  due  to  the  abundance  of
carboxyl,  sulfonic  and  amino  groups  on  the  PAA  chain,  which
could effectively bind to different interfaces through hydrogen
bonding  and  electrostatic  action,  resulting  in  broad  and  good
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Fig. 4    Hydrogel self-healing properties and LED brightness changes after stretching.
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adhesion.

Sensing Performance and Human Motion Monitoring
We investigated the sensing properties of composite hydrogels
using  a  dynamic  mechanical-electrochemical  coupling  system
to  monitor  the  relative  resistance  changes  (ΔR/R0)  during  ten-
sile and compression deformation in real time. The experimen-
tal  results  showed  that  the  hydrogel  showed  a  continuous  in-
crease in resistance response with the increase of strain in three
typical  deformation  stages  (Figs.  6a–6c):  small  strain  (2%,  4%,
6%),  medium  strain  (20%,  40%,  60%),  and  large  strain  (200%,
400%, 600%). This change stemmed from the decrease of cross-
sectional area and the decrease of conductive path density due
to the length extension during the deformation of the material,
resulting in an increase in resistance and a decrease in current.
To assess its long-term stability, we examined stability at 0% to
40% strain (Fig.  6d)  and found that  its  relative resistance value

remained  stable  without  significant  fluctuations.  This  excellent
signal stability was due to the energy dissipation mechanism of
the  three-dimensional  network  structure  of  the  material,  indi-
cating  that  the  sample  was  very  stable  during  cycling,  further
demonstrating  the  excellent  signal  repeatability  and  structural
durability  of  the  hydrogel  under  repeated  deformation.  The
composite  hydrogel  also  exhibited rapid electromechanical  re-
sponsiveness  during fast  loading and unloading.  The response
time  for  the  tensile  and  recovery  processes  (Fig.  6e)  were  300
and  315  ms,  respectively.  At  the  same  time,  the  relative  resis-
tance change curve was shown in Fig. 6(f). The gauge factor (GF)
was calculated to be 2.27, 4.29 and 5.61 within the strain ranges
of  0%–100%,  100%–250%  and  250%–600%.The  sensitivity  of
the  hydrogel  was  due  to  the  synergistic  effect  of  its  porous
structure  and  carbon  nanotube  network:  the  pores  were  en-
larged during stretching,  and the CNTs  spacing was  increased,
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significantly changing the conductive pathway and thus ampli-
fying the  resistance  change.  The  A-PS-G0.6–C0.6-ILs@C hydrogel
sensor exhibited relatively high GF levels, demonstrating its im-
mense potential in manufacturing strain sensors.

As a wearable sensor, the hydrogel was used to detect dif-
ferent  body  movement  states  of  various  joints  and  parts  of
the human body, exhibiting stable strain response and signifi-
cant electrical stability.  From Fig. 7,  we could clearly see that
when it was attached to the knee joint, neck, elbow and wrist,
the sensor can immediately generate the corresponding elec-
trical  signal  as  the  material  is  deformed  by  limb  movement.
Through  in-depth  analysis  of  the  relative  resistance  curve
feedback from the gel sensor, the motion of different human
joints can be distinguished. This result further confirmed that
the sensor not only had excellent electrical  stability,  but also
had good sensitivity.

CONCLUSIONS

This  study  presented  a  robust  and  versatile  conductive  hydro-
gel  engineered  by  integrating  a  P(AMPS/AA)  copolymer  net-
work  with  dynamic  G–C  hydrogen  bonds  and  a  dual-ionic-liq-
uid-modified CNTs dispersion strategy. The synergy of covalent
cross-linking,  reversible  physical  interactions,  and  a  uniform
CNTs network endowed the hydrogel with remarkable mechan-
ical properties, excellent short-term cyclic stability and good fa-
tigue resistance. Furthermore, the CNTs network ensured stable
and  sensitive  electrical  conductivity.  With  its  self-healing  capa-
bility and good adhesion, this hydrogel meets the multifaceted
requirements  of  next-generation  wearable  sensors,  offering  a
rational  design  strategy  for  advanced  flexible  electronics  and
human-machine interfaces.
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Fig. 7    Hydrogel sensor for monitoring electrical signals. Human joint sensing diagram: monitoring of the (a) neck, (b) elbow, (c) wrist, and (d) knee
joints, (e) schematic illustration of human body showing strain sensors attached to the corresponding joints.
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Graphical Abstract

Multifunctional Property Enhancement of 2-Acrylamido-2-methyl-1-propanesulfonic Acid/Acrylic Acid
Hydrogels with Dual-ionic Liquid Functionalized Carbon Nanotubes
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A  high-stretch,  adhesive  and  self-healing  conductive  hydrogel  was  constructed via guanine-cytosine  (G-C)  hydrogen
bonds and ionic liquid functionalized carbon nanotubes (CNTs) for wearable motion sensing.
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