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Abstract   Conductive hydrogel-based strain sensors, as key components of electronic skins, have garnered significant attention for the develop-

ment of advanced human-machine interfaces and flexible electronics. However, their intrinsic limitations of large hysteresis and poor mechani-

cal robustness pose significant challenges for achieving the high accuracy and long-term stability required for advanced sensing systems. Here,

we achieve hysteresis suppression and structural stability by constructing a microphase-separated interlocking network within a 3D-printable

poly(vinyl alcohol) (PVA)/conductive carbon black (CCB) hydrogel. The resulting conductive hydrogel strain sensor possesses low electrical hys-

teresis (0.82%) and high cycle stability (>1×104 cycles), enabling real-time and precise monitoring of joint bending and muscle contraction. By

converting finger motion into machine-learnable signal patterns, the sensor enables an identification system that decodes continuous strain sig-

nals into alphabetical information, offering a novel human-machine interaction modality. This work provides a promising conductive hydrogel

platform with enhanced sensing fidelity and interaction capability towards intelligent human-machine interactions.
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INTRODUCTION

Human-machine interfaces (HMIs) enable efficient bidirectional
communication via devices  such  as  smartphones  and  touch-
pads,  revolutionizing  interaction  modalities  and  serving  as  key
components  across  domains  ranging  from  industrial  automa-
tion to consumer electronics.[1−3] As core elements within inter-
active  systems,  flexible  strain  sensors  attract  broad  interest  in
HMI  applications  because  they  seamlessly  integrate  with  the
skin and transduce mechanical stimuli into electrical signals. Al-
though  flexible  sensors  based  on  elastomers,[4,5] conductive

nanomaterials,[6−8] and  liquid  metals  continue  to  advance,[9−11]

conductive hydrogel strain sensors are highly promising candi-
dates owing to their combined advantages of high stretchabili-
ty, softness, and biocompatibility.[12−15] However, a primary limi-
tation is  mechanical  hysteresis:  during repeated stretching,  en-
ergy  dissipation  accumulates  and  progressively  degrades  the
accuracy and stability of the output signals.[16,17]

Recent  efforts  focus  on  designing  conductive  hydrogels
with low mechanical hysteresis by regulating the energy dis-
sipation and recovery within polymer networks.[18−20] A com-
mon  strategy  introduces  dynamic  and  reversible  crosslinks
(e.g.,  borate  ester  bonds  and  metal-ligand  coordination),
which break under load to dissipate energy and reform upon
unloading  to  restore  the  structure.[21−23] However,  under
high-frequency or large-strain cyclic motion (such as continu-
ous  finger  bending  or  joint  flexion-extension),  hysteresis  in-
creases,  causing  strain-signal  drift  and  inaccurate  motion
tracking.  In  addition,  by  constructing  composite  networks
where  distinct  components  offer  elastic  support  and  dissi-
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pate energy, decoupling between low-energy dissipation and
fast  recovery  is  achieved.[24−26] However,  such  systems  often
rely on complex structural designs or demanding polymeriza-
tion  conditions,  and  certain  dynamic  bond  motifs  or  multi-
network  systems  exhibit  pronounced  fatigue  after  repeated
cycles, making it difficult to balance low hysteresis with struc-
tural robustness.[27,28] Therefore, there is an urgent need for a
structurally  simple,  yet  highly  effective  design  strategy  that
can achieve a balanced combination of stable energy dissipa-
tion and mechanical robustness.

To address these challenges,  we propose a strategy based
on  constructing  a  microphase-separated  interlocking  net-
work that leverages the synergistic integration of conductive
fillers  within  an  elastic  matrix.  PVA  forms  a  physically
crosslinked  matrix via freeze-thaw-induced  crystallites  and  a
hydrogen-bond  network,  providing  recoverable  structural
support.  CCB  serves  as  a  functional  filler  that  establishes  a
continuous  conductive  network  while  strengthening  inter-
chain  coupling  and  stress  transfer  through  interfacial  hydro-
gen  bonding  and  physical  adsorption.  This  multiscale  syner-
gy  creates  hierarchical  dissipation  pathways  at  the  micro-
scopic  level  and  enables  low-hysteresis,  high-durability,
mechanoelectrical  transduction  at  the  macroscopic  level.
Thus, PVA/CCB hydrogel sensors convert mechanical strain in-
to stable, discernible electrical outputs. We further integrate a
machine-learning-assisted  human-machine  interface,  which
demonstrates  a  systematic  route  from  structural  regulation
and  stable  conduction  to  intelligent  recognition  and  pro-
vides  new  material  and  architectural  concepts  for  reliable
conductive hydrogels aimed at wearable and cognitive inter-
action applications.

MATERIALS AND METHODS

Materials
Poly(vinyl  alcohol)  (PVA; Mw =  (1.24×105‒1.86×105)  Da,  Sigma-
Aldrich),  conductive  carbon  black  nanoparticles  (CCB;  average
primary particle size 30−45 nm, XFNANO), and Sylgard 184 sili-
cone  elastomer  (polydimethylsiloxane,  PDMS;  catalog  no.
0008912877,  Dow  Corning)  with  a  curing  agent  (catalog  no.
H052J9A063;  Dow  Corning)  were  purchased  and  used  as  re-
ceived  without  further  purification.  All  experiments  were  con-
ducted using Milli-Q ultrapure water.

Preparation of Hydrogel Inks
A 10 wt% PVA solution was prepared by dissolving 10 g of PVA
powder in 90 g of deionized water, followed by stirring at 90 °C
for 2 h until complete dissolution. Separately, a 1 wt% CCB dis-
persion was obtained by adding 0.1 g of CCB to 9.9 g of deion-
ized water, which was then vigorously stirred and subsequently
ultrasonicated  for  30  min  to  achieve  a  homogeneous  suspen-
sion. The PVA solution and CCB dispersion were then mixed in
specific  mass  ratios  to  formulate  a  series  of  PVA/CCB  inks.  The
CCB contents  were set  to 1 wt%,  5  wt%,  10 wt%,  and 20 wt%,
calculated as the mass of CCB divided by the combined mass of
PVA and CCB solids. The mixtures were degassed via centrifuga-
tion  at  5000  r·min–1 for  30  min,  yielding  homogeneous,  3D-
printable PVA/CCB inks.

3D Printing and Formation of Hydrogels
The  rheological  properties  of  the  PVA/CCB  hydrogel  precursor

inks  were  characterized  using  a  Discovery  Hybrid  Rheometer
(TA Instruments, USA) at 20 °C with a 4 mm parallel-plate geom-
etry. The shear rate ranged from 0 s–1 to 400 s–1 to evaluate the
shear-thinning behavior and printability.

Printing  geometries  were  designed  in  Adobe  Illustrator
2019,  saved  as  SVG  files,  and  imported  into  the  DB-100  3D
printer  (Shanghai  Mifang  Electronics  Technology  Co.,  Ltd.)
software  for  model  adjustment  and  tool-path  planning.  The
nozzle  diameter,  pneumatic  pressure,  and  printing  speed
were  optimized.  The  printed  hydrogel  precursors  subse-
quently  underwent  three freeze-thaw cycles  (freezing at –20
°C for 8 h and thawing at 20 °C for 2 h per cycle), which yield-
ed  PVA/CCB  conductive  hydrogels  with  enhanced  mechani-
cal  performance and sensing functionality.  The PDMS curing
agent was mixed with the PDMS precursor solution at a mass
ratio  of  1:10,  followed by mechanical  stirring for  30  min and
centrifugation  to  remove  trapped  air,  yielding  a  homoge-
neous PDMS ink. The prepared ink was used to print the sub-
strate and encapsulation layers of the device. To prevent pre-
mature  curing,  the  PDMS  ink  was  prepared  immediately  be-
fore use.

Mechanical and Electrical Properties

σ

Mechanical  properties  were  measured  on  a  microcomputer-
controlled  universal  testing  machine  (ZQ-990LB,  Zhiqu  Preci-
sion  Instruments).  The  sample  width  and  gauge  length  were
measured using a Vernier caliper,  and the thickness was deter-
mined  using  a  micrometer  screw  gauge.  Each  specimen  was
clamped in a tensile grip to ensure alignment between the cen-
tral  axis  of  the  specimen  and  the  loading  direction.  Electrical
properties  were  characterized  using  a  precision  LCR  meter
(TH2829C, Tonghui; 20 Hz‒1 kHz) in a four-probe configuration.
During  testing,  the  electrode  probes  were  brought  into  firm
contact with the two ends of the specimen to ensure low con-
tact  impedance.  The  electrical  conductivity  ( )  was  calculated
using the following equation:

σ = L/(R ⋅W ⋅ T) (1)

L R W Twhere , , ,  and  denote  the  length  (m),  resistance  (Ω),
width (m), and thickness (m) of the sample, respectively.

Sensing Performance

H

The  PVA/CCB  hydrogel  sample  was  mounted  on  a  universal
testing machine, with both ends connected to an LCR meter via
conductive carbon cloth. Based on the integrated area of the re-
sistance  versus  strain  curves  obtained  during  the  loading  and
unloading processes, the electrical hysteresis ( ) was calculated
using the following equation:

H = (1 −
A2

A1
) × 100% (2)

H A1 A2where  represents  the  hysteresis  (%),  and  and  denote
the areas of the loading (increasing segment of the resistance-
strain  curve)  and  unloading  (decreasing  segment  of  the  resis-
tance-strain curve) processes, respectively.

GF

To  further  investigate  the  strain-sensing  performance  of
the hydrogel, an LCR meter was used to monitor the real-time
resistance  changes  in  the  sample  under  different  applied
strains. By analyzing the relationship between the relative re-
sistance  change  and  applied  strain,  the  sensitivity  of  the  hy-
drogel sensor, defined as the gauge factor ( ), was calculat-
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ed using the following equation:

GF = ΔR
R0 ⋅ ε

(3)

GF ΔR
R0 ε

where  represents the gauge factor,  is  the change in re-
sistance,  is  the  initial  resistance,  and  is  the  applied  strain,
respectively.

To evaluate the cyclic stability of the sample, multiple load-
ing-unloading  tests  were  conducted  at  a  stretching  rate  of
500 mm/min, and the variations in each cycle were recorded
in real time.

Machine Learning Modeling and Performance
Evaluation
The  machine  learning  network  was  trained  using  the  Tensor-
Flow  framework  for  experimental  data  modeling  and  perfor-
mance prediction. The experimental environment was based on
an  Ubuntu  18.04  operating  system,  equipped  with  an  NVIDIA
GeForce RTX 3080 Ti GPU. The input data were one-dimension-
al signals that were normalized and subjected to feature extrac-
tion before being fed into a three-layer neural  network model.
To guarantee reproducibility, we employed a fixed random seed
to randomly split the dataset into training (80%) and validation
(20%) subsets. The validation set was leveraged during training
for progress monitoring and early stopping. Parameter updates
were  performed  using  mini-batch  training,  with  a  consistent
batch size of 32. The network weights were optimized using the
backpropagation  algorithm  to  minimize  the  mean  squared  er-
ror  loss  function,  and  dropout  and  early  stopping  strategies
were  applied  to  prevent  overfitting.  After  training,  the  model
performance was evaluated using the test dataset.  The accura-
cy curves of  the training and validation stages were plotted to
analyze the convergence behavior, and a confusion matrix was
calculated  to  assess  the  classification  accuracy  and  error  distri-
bution,  thereby  verifying  the  stability  and  generalization  capa-
bility of the model.

RESULTS AND DISCUSSION

Design of High-performance Hydrogel Strain Sensors
Reliable human-machine interactions are underpinned by high-
performance hydrogel  strain sensors operating in concert  with
advanced algorithms.  However,  conventional  hydrogel  sensors
are often plagued by signal hysteresis, compromising their relia-
bility as core components in human-machine interfaces. The hy-
drogel  sensor  we  develop  shows  low  hysteresis,  ensuring  that
its  electrical  output  faithfully  reflects  the  instantaneous  me-
chanical  state  of  the  material,  thereby  establishing  an  efficient
information  interaction  platform  (Fig.  1a).  PVA  serves  as  a  hy-
drogel  matrix,  providing  a  robust  and  biocompatible  frame-
work.[29−31] Concurrently, CCB is introduced as a nanofiller to es-
tablish continuous electron transport pathways within the com-
posite, which are essential for achieving reliable and stable sig-
nal transmission.[32,33]

To  meet  the  demand  for  high-performance  strain  sensors
in  diverse  applications,  3D  printing  is  employed  for  the  cus-
tomized  fabrication  of  PVA/CCB  hydrogel  sensors,  enabling
precise  geometric  control  and  complex  architectures.  No-
tably, 3D printing induces an ordered alignment of molecular
chains and fillers along the printing path, which further opti-
mizes  the  continuity  of  the  conductive  network  and  en-
hances  the  stress  transfer  efficiency.  The  printed  constructs

are  subsequently  subjected  to  cyclic  freeze-thaw  processing
to engineer a multilevel cooperative network. This post-print-
ing treatment induces the formation of crystallite domains, a
dense  hydrogen-bond  network,  and  interchain  entangle-
ments  (Fig.  1b).  At  low  temperatures,  PVA  chains  reorganize
into crystallites that serve as robust physical crosslinks, signifi-
cantly reinforcing the network integrity.[34−36] Meanwhile, hy-
drogen bonds function as reversible sacrificial bonds that dis-
sociate under applied strain to dissipate energy and alleviate
stress  concentration,  and  then  reversibly  reform  during  un-
loading to restore the structure. Simultaneously, chain entan-
glements provide flexible topological constraints that restrict
chain  slippage  and  facilitate  shape  recovery,  thereby  syner-
gistically  enhancing  the  cyclic  stability  and  markedly  reduc-
ing the hysteresis loss. The incorporation of CCB endows the
system with electrical conductivity and improves mechanical
robustness  through  nano-reinforcement  effects.  CCB  inter-
acts  with the PVA chains via hydrogen bonding and electro-
static  interactions,  stabilizing  the  conductive  network  and
maintaining  pathway  continuity  during  deformation.  Uni-
form dispersion of nanoscale CCB enables efficient load trans-
fer and mitigates stress concentration while cooperatively in-
teracting  with  crystallite  domains  and  hydrogen  bonds  to
construct a microphase-separated interlocking network. As il-
lustrated in Fig. 1(c), conventional covalently crosslinked con-
ductive hydrogels often exhibit pronounced electromechani-
cal  hysteresis  during  cyclic  stretching-release  owing  to  long
chain  segments  between  crosslinking  points  and  the  asyn-
chronous responses of mechanical and conductive networks.
In contrast, the microphase-separated interlocking network in
this  work  promotes  synchronized  mechanical  deformation
and  conductive  pathway  evolution,  thereby  achieving  low
hysteresis and high cyclic stability.

3D Printing of PVA/CCB Hydrogels
The  excellent  dispersibility  of  the  CCB  within  the  PVA  matrix
provides  a  crucial  foundation  for  the  formulation  of  3D-print-
able inks. To determine the optimal composition, we systemati-
cally evaluate the appearance and dispersion state of inks with
varying  CCB  loadings  (Fig.  2a).  Although  increasing  the  CCB
content  enhances  the  electrical  conductivity,  excessive  filler
densifies  the  polymer  network  and  compromises  extensibility,
whereas  an  inadequate  amount  fails  to  establish  continuous
conductive  pathways.  Therefore,  the  ink  with  10  wt%  CCB  is
chosen as  the optimal  formulation for  printing.  This  optimized
ink  demonstrates  pronounced  shear-thinning  behavior,  where
the  viscosity  decreases  significantly  with  increasing  shear  rate
(Fig.  S1  in  the  electronic  supplementary  information,  ESI).  The
reduced viscosity enables smooth extrusion, whereas rapid vis-
cosity  recovery  after  the  cessation  of  shear  prevents  collapse
and  sustains  the  stability  of  printed  architectures.[37,38] In  addi-
tion,  both  the  storage  modulus  (G')  and  loss  modulus  (G")  in-
crease with angular frequency (Fig. S2 in ESI), with G" remaining
slightly  higher  than G',  indicating  favorable  flowability  under
low shear, together with sufficient viscoelastic support to satisfy
the DIW forming requirements.[39,40]

We systematically evaluate the key DIW parameters, includ-
ing nozzle diameter, pneumatic pressure, and printing speed,
to establish the optimal printing regime. It is found that an in-
sufficient nozzle diameter (60 μm) or pressure (40 kPa) caus-
es nozzle clogging, whereas excessive values result in signifi-
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cant linewidth drift.  Optimal extrusion stability and reliability
are  achieved  with  a  160  μm  nozzle,  which  operates  consis-
tently over the widest operational pressure window (Fig. 2b).
Furthermore,  at  a  fixed  printing  speed  of  6  mm·s–1,  the  ap-
plied  pressure  serves  as  an  effective  control  parameter  for
tuning the printed linewidth (Fig. 2c and Fig. S3 in ESI), there-
by enabling precise dimensional control (Fig. S4 in ESI).

The  shear  flow  generated  during  the  printing  process  in-
duces  the  orientation  of  the  PVA  chain  segments  and  CCB

fillers  along  the  printing  path,  thereby  forming  continuous
conductive  networks.  This  structural  arrangement  imparts
lower  hysteresis  and  superior  cyclic  stability  to  the
material.[41,42] Adopting a forward-printing strategy aligns the
strain  direction  with  the  printing  trajectory,  which  mitigates
the  stress  concentration and maintains  the  continuity  of  the
conductive  pathways.[43−45] Using  this  approach  under  opti-
mized  parameters,  rectangular  and  U-shaped  hydrogels  are
obtained with uniform, continuous filaments and sharp inter-
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Fig.  1    Design  of  hysteresis-free  and  fatigue-resistant  conductive  hydrogel  electronics  for  intelligent  human-machine  interaction.  (a)  Strain-to-
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faces (Figs. 2d and 2e). Their exceptional structural integrity is
confirmed  by  the  absence  of  cracks  or  delamination  after
freeze-thaw cycles  and bending.  Consequently,  PVA/CCB (10
wt%) ink, with its synergistic shear-thinning and rapid recov-
ery  properties,  provides a  complete DIW solution for  high-fi-
delity  shaping  and  continuous  fabrication,  creating  a  robust
platform  for  developing  stable,  low-hysteresis  flexible  sen-
sors.

Mechanical and Electrical Properties of PVA/CCB
Hydrogel
PVA/CCB  hydrogels  exhibit  excellent  compliance  and  stable
electrical  conductivity  under  mechanical  deformation,  indicat-
ing their  potential  as core sensing layers in flexible strain-sens-
ing systems. The CCB content exerts a significant regulatory ef-
fect  on  the  mechanical  properties  of  PVA/CCB  hydrogels  (Fig.
3a).  The  structure  of  the  pure  PVA  hydrogel  is  maintained  by
crystalline  domains  and  hydrogen  bonding,  resulting  in  high
stiffness but limited extensibility. As the CCB content increases,
interfacial interactions arise between the filler particles and PVA
chains,  generating  additional  physical  crosslinking  points  and

promoting  stress  dispersion  during  deformation,  thereby  en-
hancing  the  deformation  adaptability.  When  the  CCB  content
reaches 10 wt%, the strain capacity achieves its optimum value,
with a fracture strain as high as 482% (Fig. 3b). However, when
the CCB content is further increased to 20 wt%, nanoparticle ag-
gregation  readily  occurs,  leading  to  local  stress  concentration
and network disruption, which significantly reduces extensibili-
ty.  These  findings  indicate  that  an  appropriate  amount  of  CCB
not only acts as a stress transfer node but also participates in en-
ergy dissipation,  serving as a key factor in constructing a com-
pliant and robust network.

With  increasing  CCB  content,  the  Young's  modulus  drops
to approximately 32 kPa, which is comparable to that of soft
skin tissue, following a general decreasing trend with increas-
ing  filler  loading  (Fig.  3c).  This  compliant  characteristic  en-
sures good conformability and signal stability and effectively
mitigates the interfacial slippage induced by external motion.
Both toughness and fracture strength decrease at higher filler
ratios (Figs.  3d and 3e),  whereas their  variations remain rela-
tively  small  within  the  range  of  1  wt%‒10  wt%,  indicating
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PVA/CCB  ink  using  different  nozzle  sizes  and  printing  pressures;  (c)  Schematic  diagram  of  line  widths  obtained  using  a  160  μm  nozzle  under
different air pressures; (d, e) Printing process and actual demonstration of rectangular and U-shaped hydrogel films.
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that  a  moderate  amount  of  CCB  does  not  compromise  the
overall  mechanical  strength.  Meanwhile,  the  multiscale
crosslinking  formed  through  the  freeze-thaw  process  pro-
vides  compensatory  reinforcement  to  the  network.  Overall,
an appropriate CCB content achieves a  dynamic balance be-
tween  the  compliance  and  load-bearing  capacity,  ensuring
both deformability and structural integrity.

The  electrical  conductivity  increases  with  increasing  CCB
content,  reaching  0.065  and  0.134  S·m–1 for  10  wt%  and  20
wt%, respectively (Fig. 3f). A stable percolation pathway is es-
tablished  using  10  wt%  CCB,  enabling  the  network  to  main-
tain  electrical  continuity  under  deformation  while  avoiding
the  brittleness  and  interfacial  energy  dissipation  typical  of
higher filler concentrations. This mechanically and electrically
coupled  network  suppresses  irreversible  chain  slippage  and
interfacial  friction  during  cyclic  loading,  thereby  reducing
hysteresis  and  improving  the  signal  linearity  and  stability.  In
uniaxial  tensile  tests,  the  resistance  increases  rapidly  with
strain,  indicating  that  deformation  stretches  or  partially  dis-
rupts the conductive pathways. In contrast, twisting, pressing,
and  bending  induce  only  minor  fluctuations,  demonstrating
that the network is highly sensitive to strain direction and ex-

hibits strong anti-interference capability (Figs. 3g‒3i). Consid-
ering  the  combined  mechanical  and  electrical  performance,
as  well  as  the  compatibility  with  3D  printing,  subsequent
studies  focus  primarily  on  PVA/CCB  hydrogels  with  a  CCB
content of 10 wt%.

Sensing Performance of PVA/CCB Hydrogel
To assess the sensor’s potential for wearable electronics, we fab-
ricate  a  flexible  strain  sensor  by  encapsulating  a  3D-printed
PVA/CCB hydrogel  between two thin PDMS films (Fig.  4a).  The
sensitivity  profile  of  the  sensor  exhibits  three  distinct  linear
regimes, with gauge factors (GF) of 0.69 (0%‒100% strain), 1.06
(100%‒200%),  and 1.62  (200%‒300%),  and the linear  fitting of
all  three  regimes  yields R2 values  of  approximately  0.997  (Fig.
4b).  This  segmented  response  enables  discernible  signal  varia-
tions under small deformations and maintains a stable signal re-
sponse  at  larger  strains,  thereby  satisfying  the  wide  dynamic
range  requirements  of  wearable  monitoring  systems.  During
the rapid  loading-unloading cycles,  the  sensor  demonstrates  a
response  time  of  162.75  ms  and  a  recovery  time  of  57.33  ms
(Fig.  4c).  Such  rapid  response  and  recovery  behaviors  indicate
that  the  conductive  network  can  undergo  swift  structural  ad-
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Fig. 3    Mechanical and electrical properties of PVA/CCB hydrogels with different CCB concentrations. (a) Stress-strain curves of PVA/CCB hydrogels
with varying CCB concentrations; (b) Breaking strain; (c) Young’s modulus; (d) Toughness; (e) Fracture strength; (f) Conductivity; (g, h, i) Resistance
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justments upon the application and release of deformation.
The  hydrogel  sensor  demonstrates  exceptional  cyclic  sta-

bility with ultralow hysteresis. The hysteresis ratio remains as
low as 0.82% in the initial cycle and shows only a minimal in-
crease  to  1.16%  after  1000  cycles  (Fig.  4d).  In  addition,  out-
standing operational durability is confirmed by tests at a ten-
sile  speed  of  500  mm·min–1,  which  show  negligible  drift  in
both  resistance  and  stress  over  1×104 cycles  at  100%  strain
(Fig.  4e).  Benchmarking against existing hydrogel sensors re-
veals that our design achieves a superior combination of low
hysteresis and robust cyclic stability (Table S1 in ESI). This per-

formance  advantage  is  demonstrated  in Fig.  4(f).[46−55] This
advantage is governed by a rationally designed structural hi-
erarchy  for  energy  dissipation,  where  reversible  hydrogen
bonds  serve  as  sacrificial  elements  to  dissipate  local  stress,
crystallites  function  as  persistent  crosslinking  sites,  and  3D
printing-induced chain orientation maintains long-range con-
ductivity. These features operate synergistically to inhibit the
irreversible deformation and energy loss.

For segmented strain recognition, the sensor delivers clear
and  distinguishable  stepwise  responses  during  periodic
stretch-release at prescribed strains of 50%, 100%, 150%, and
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Fig. 4    Sensing performance of the PVA/CCB hydrogel. (a) The PVA/CCB hydrogel is encapsulated with PDMS as a strain sensor; (b) Sensitivity (GF)
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200%,  with  stable  amplitude  gradations  between  levels  and
high inter-cycle consistency (Fig. S5 in ESI). This behavior indi-
cates a reliable graded interpretation of strain. Frequency ro-
bustness  tests  show  that  across  different  stretching
speeds/loading  frequencies,  the  output  waveform  preserves
comparable  amplitude  and  phase  features  without  notice-
able distortion or drift (Fig. 4g). Taken together, the PVA/CCB
flexible sensor achieves a combined performance of low hys-
teresis,  high  sensitivity,  and  long-term  stability  through  the
synergy  of  reversible  crosslinking,  conductive-network  de-
sign,  and  3D-printing-guided  architecture.  This  system  real-
izes  an  integrated  structure-function  pathway  from  material
to  device  and  provides  a  high-reliability  platform  for  wear-
able sensing and precise detection of human motion.

Application of 3D Printed PVA/CCB Hydrogel Strain
Sensor
Given  the  favorable  mechanical  and  sensing  properties  of  the
PVA/CCB hydrogel, we deploy it for human motion monitoring

(Fig.  5a).  Benefiting from low-hysteresis and highly cycle-stable
conductive  networks,  the  sensor  maintains  accurate  and  re-
peatable  signals  under  complex  dynamic  deformations.  When
attached to the elbow and knee (Figs. 5b and 5c), the resistance
exhibits pronounced oscillations during bending and extension,
indicating  real-time  and  accurate  capture  of  large-amplitude
joint motion. For practical applications, the device also requires
a  high  responsiveness  to  small  deformations.  Therefore,  we
place  it  on  low-strain  regions,  such  as  the  forehead  and  chin
(Figs. 5d and 5e), and the resistance changes remain clearly dis-
cernible  under  subtle  facial  or  muscle  movements,  confirming
signal resolvability and sensitivity at low strain. Meanwhile, dur-
ing  finger  flexion-extension  monitoring,  the  PVA/CCB  sensor
outputs  stable  and  reproducible  step-like  plateau  signals  and
exhibits  pronounced  pulse  peaks  at  the  transition  moments,
demonstrating its capability for the reliable detection of dynam-
ic finger motions (Fig. 5f). Furthermore, we implement the sen-
sor on a robotic finger to demonstrate its practical  sensing ap-
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Fig.  5    PVA/CCB  strain  sensor  for  human  and  robotic  finger  motion  monitoring.  (a)  Schematic  illustration  of  human  motion  monitoring;  (b−f)
Applications  of  the  PVA/CCB  hydrogel  strain  sensor  in  monitoring  elbow,  knee,  forehead,  chin,  and  finger  motions;  (g)  Schematic  illustration  of
robotic finger motion monitoring; (h, i) Applications of the PVA/CCB hydrogel strain sensor in monitoring repetitive bending motions and different
bending angles of robotic finger.
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plication (Fig. 5g).  During periodic flexion and extension of the
robotic  finger,  the sensor  output  exhibits  stable  and highly  re-
producible square-wave signals (Fig. 5h), with the signal ampli-
tude and waveform remaining essentially consistent across suc-
cessive  cycles.  Moreover,  when  the  robotic  finger  moves  step-
wise at different bending angles (0°, 5°, 30°, 60°, and 90°), the rel-
ative resistance change of the sensor shows a distinct staircase-
like  increasing  trend  (Fig.  5i).  The  results  obtained  from  the
robotic  finger  demonstrate  that  the  sensor  not  only  identifies

discrete  motion  states  but  also  effectively  distinguishes  differ-
ent strain amplitudes, enabling the accurate perception of joint
bending angles.  This  series  of  applications  further  underscores
the  positive  role  of  low  hysteresis  in  terms  of  signal  recovery
and waveform fidelity. Collectively, the PVA/CCB flexible sensor
delivers sensitive, stable, and repeatable responses across multi-
ple body sites and strain levels, enabling the real-time monitor-
ing of diverse human motions.

During finger  motion monitoring,  bend-release actions in-
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Fig.  6    PVA/CCB strain sensor  for  intelligent human-machine interaction.  (a)  Schematic  illustration of  converting finger  motions into stable and
distinguishable  electrical  signals  for  information  interaction;  (b)  Simulation  of  the  "HYDROGEL"  signal;  (c)  Simulation  of  the  "ACT"  signal;  (d)
Workflow diagram of machine learning neural  network;  (e)  Training performance and results of machine learning after 50 epochs;  (f)  Continuous
strain signals; (g) Classification and mapping results of the interactive system.
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duce resistance variations. Owing to the accuracy and reliabil-
ity of  the PVA/CCB hydrogel  sensor,  these variations in resis-
tance enable information interactions (Fig.  6a).  The response
signatures of the resistance changes can be mapped to Morse
code dits and dahs. Rapid bend-release produces short-dura-
tion  resistance  peaks  corresponding to  dits,  whereas  a  bend
with  a  hold  yields  sustained  resistance  changes  correspond-
ing  to  dahs.  Based  on  this  principle,  we  realize  a  Morse  ren-
dering  of  "HYDROGEL"  using  sequential  finger  strains  (Fig.
6b).  Furthermore,  because  information  in  electronic  systems
is  typically  transmitted  in  binary  form,  the  sensor  discrimi-
nates short and long high-resistance states to represent logi-
cal  "0"  and  "1,"  thereby  enabling  binary  encoding  of  "ACT"
(Fig. 6c).

Building  on  the  foregoing  Morse  and  binary  demonstra-
tions, the PVA/CCB hydrogel sensor confirms the precise per-
ception of  strain signals  with different  durations.  By leverag-
ing  this  response  feature,  we  further  explore  intelligent
recognition.  To  achieve  efficient  mapping  from  mechanical
strain  to  electrical  signals  and  accurate  discrimination  be-
tween  short- and  long-duration  high-resistance  states,  we
construct  a  duration-based  dataset  and  design  a  three-layer
fully connected neural network for classification (Fig. 6d). The
model  uses  ReLU  activation  and  L2  regularization,  together
with  dropout,  to  suppress  overfitting.  Benefiting from stable
and reproducible outputs under cyclic deformation, the mod-
el converges rapidly and maintains a high level of generaliza-
tion. The classifier achieves 99.49% accuracy for the two cate-
gories,  and  the  confusion  matrix  verifies  near-perfect  deci-
sions  (Fig.  6e).  These  results  indicate  that  high-fidelity  strain
transduction  enabled  by  the  low-hysteresis  conductive  net-
work  provides  stable  and  separable  features  for  signal-pat-
tern recognition.

The  strain  signals  generated  by  continuous  finger  flexion
contain  richer  temporal  features  (Fig.  6f).  Building  on  stable
front-end signals  and high-accuracy  feature  extraction  using
a machine-learning model, we construct a continuous finger-
strain  recognition  system.  The  system  adopts  a  sliding  time
window  mechanism  to  segment  real-time  signals  and  per-
form dynamic encoding. Each segment is independently clas-
sified by the neural network and converted into a binary sym-
bol, and the outputs are concatenated temporally to form an
instruction  sequence.  A  configurable  mapping  table  estab-
lishes  the  correspondence  between  binary  codes  and  func-
tions,  such  as  "010101"  for  Move  and  "011010"  for  Launch
(Fig.  6g).  Users  can  optimize  individual  signal  boundaries
without  retraining  by  adjusting  decision  thresholds  or  em-
ploying a multi-frame upload strategy, thereby enabling real-
time  decoding  and  interaction  for  complex  actions.  This  hu-
man-machine  interaction  prototype  demonstrates  a  fusion
strategy  that  employs  material  stability  as  the  foundational
layer  and intelligent  algorithms as  the perception layer,  pro-
viding  a  practical  route  towards  cognitive  and  logic-driven
applications of flexible sensors in wearable command control,
rehabilitation training, and virtual interaction.

CONCLUSIONS

In  summary,  we  develop  a  3D-printable  PVA/CCB  conductive
hydrogel  that  serves  as  a  low-hysteresis  sensing  platform,  es-

tablishing a direct connection between the material design and
intelligent interaction.  By constructing a microphase-separated
interlocking network,  the PVA/CCB conductive hydrogel  syner-
gistically  integrates  dynamic  energy-dissipating  bonds  with  a
nano-reinforced  framework.  This  architecture  achieves  a  dy-
namic balance between energy release and structural recovery,
effectively  minimizing  hysteresis  responses  and  thereby  grant-
ing exceptional  compliance,  ultralow hysteresis,  and long-term
stability to the hydrogel-based strain sensor. Building on this re-
liable  sensing  foundation,  we  further  incorporate  machine
learning  to  extend  its  capability  beyond  simple  motion  detec-
tion,  enabling  a  human-motion  recognition  system  that  de-
codes continuous strain into commands. The integration of sta-
ble material performance with intelligent signal processing pro-
motes  fluid  and  trustworthy  human-machine  dialogue.  There-
fore, this work not only elucidates the critical role of multiscale
low-dissipation  structures  in  designing  reliable  soft  materials
but also provides a robust blueprint for next-generation intelli-
gent interactive technologies where signal fidelity is paramount.
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