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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   The gradient elastic modulus of the skin is key to achieving wide-range pressure perception.

■   The modulus of hydrogels can be precisely regulated by Hofmeister effect.

■   An iontronic sensor with a biomimetic gradient modulus (BGGITS) for ultra-sensitive, wide-range perception was proposed.
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Flexible  pressure  sensors,  vital  for  medical,  human-machine  interaction,
and intelligent recognition applications due to their  high-sensitivity, excel-
lent-linearity, and broad-pressure response, face challenges in achieving a
harmonious  balance  among  these  attributes.  Inspired  by  the  gradient
modulus in human skin layers, we proposed a pioneering method to adjust
the  gradient  elastic  modulus  of  amino  trimethylene  phosphonic  acid
(ATMP)-assisted  polyvinyl  alcohol  (PVA)  hydrogel  through  the Hofmeister
effect,  introducing  micro-pyramid  electrodes.  This  innovative  approach
successfully  constructs  a  bio-gradient  gel  iontronic  sensor  (BGGITS)  with
an  ultra-wide-range  perception.  The  BGGITS  exhibits  a  linear  high-sensi-
tivity of 700 kPa-1 within a broad-pressure detection range of up to 800 kPa.
The composite  design,  integrating  gradient  gel  and  microstructure  elec-
trodes,  demonstrates  exceptional  pressure  resolution  and  mechanical
stability. This biomimetic skin pressure sensor holds promise for achieving
linear high-sensitivity across a broader pressure range simultaneously and
may  find  applications  in  electronic  skin  for  health  monitoring  and  tactile
perception in the future.
 

INTRODUCTION

C≈ ε ε

With  the  rapid  development  of  intelligent  robots  and  wearable  medical
technologies,1-5 the  performance  requirements  for  flexible  pressure  sensors
have escalated.  An  ideal  flexible  pressure  sensor  should  possess  compre-
hensive  characteristics  such  as  high-sensitivity,  high-linearity,  and  a  wide-
pressure perception range.6-8 High-sensitivity enables the detection of subtle
mechanical  stimuli,  while  a  linear  signal  facilitates  signal  processing  using
simplified circuits and more accurate stimulus responsiveness. Compared to
sensors with a narrow-pressure perception range, those with a broader range
offer more extensive application scenarios. To achieve this goal, researchers
have  systematically  developed  and  studied  pressure  sensors  with  different
conduction  principles,5,9 such  as  resistive,10 capacitive,11 piezoelectric,12 fric-
tional,13 and  optical  sensors.14 Among  these,  capacitive  flexible  pressure
sensors (CTS) stand out as the preferred choice for tactile sensing systems
due  to  their  advantages  of  simple  device  structure,  stable  signals,  and  low
energy  consumption.  Typically,  flexible  capacitive  sensors  feature  a  three-
layer  structure  with  soft  dielectric  sandwiched  between  electrodes.  The
capacitance, denoted as A/d, where  is the dielectric constant, A is the
contact  area  between  the  electrode  and  dielectric,  and  d  is  the  distance
between  the  two  electrodes.  Meanwhile,  the  limited  capacitance  change  in
compressible  soft  dielectrics  results  in  low  sensitivity.  The  introduction  of
microstructures  such  as  micro-cones,15 micro-pyramids,11 and  micro-
columns16 has proven effective in enhancing sensor sensitivity by increasing
the compressibility of the soft dielectric. On the other hand, these microstruc-
tures are prone to signal saturation due to increased resistance against addi-
tional  loads  caused  by  structural  hardening.  Therefore,  sensors  with  such
microstructures exhibit poorer performance in signal linearity and perception
range.11,17-19 Recently,  Professor  Guo  and  his  team  proposed  an  iontronic
sensor,  forming  an  electronic  double  layer  (EDL)  at  the  interface  of  the
conductive hydrogel dielectric/electrode.20 The superior capacitive properties
of  EDL significantly  enhance the capacitance of  iontronic  devices,  achieving
extremely  high  pressure  sensitivity.21,22 In comparison  to  traditional  elas-
tomers,  conductive  hydrogels  possess  a  3D cross-linked network  and skin-
matching  elasticity,  providing  high  biocompatibility  and  tunable  mechanical

properties.23-29 However,  achieving  excellent-linearity  and  high-sensitivity
simultaneously  across  a  wide-pressure  perception  range  remains  a  major
challenge.

Influenced by the gradient distribution of elastic modulus from the outer to
inner layers of the dermis,  mechanical receptors within human skin demon-
strate  heightened  sensitivity  and  an  extensive  range  of  responsiveness  to
mechanical  stimuli.30,31 This  is  because  mechanical  receptors  on  the  skin's
surface, composed of Merkel cells and low elastic modulus Meissner corpus-
cles,  are  sensitive  to  minor  pressure  stimuli.  In  contrast,  deep  dermal
mechanical receptors,  consisting  of  high  elastic  modulus  Pacinian  corpus-
cles, demonstrate sensitivity to larger pressure stimuli. Therefore, construct-
ing a gradient hydrogel structure simulating the skin as the dielectric layer of
a sensor holds the potential to achieve both high-sensitivity and a wide-pres-
sure perception range. However, the precise adjustment of the gradient elas-
tic modulus still requires urgent resolution.

The Hofmeister effect, first  proposed  by  Franz  Hofmeister  in  1888,  eluci-
dates the impact of different salt ions on the denaturation of proteins, reveal-
ing  distinct  precipitating  abilities  for  proteins  in  aqueous  solutions.  The
establishment of the Hofmeister series based on the ionic solvation capacity
summarized  the  influence  on  proteins  behavior.  "Kosmotropes"  with  rich
hydration  capacity  enhance  the  mechanical  strength  of  hydrogel  networks,
while  "Chaotropes"  with  limited  hydration  capacity  weaken  the  mechanical
strength  of  hydrogel  networks.32-34 Inspired  by  the Hofmeister effect,  we
prepared  an  ATMP-PVA hydrogel  through  facile  freeze-thaw treatment  PVA
constructs  the  hydrogel  framework,  and  ATMP  contributes  to  the  hydrogen
bond network for electron or ion migration. The oxygen-containing functional
groups of ATMP molecule can form rich hydrogen bonds with PVA chains, or
interact with various hydrated cosolvents. The “Kosmotropic” effect acceler-
ates the aggregation of a hydrophobic solute and results in the entanglement
of polymer chains. By contrast, the “Chaotropic” effect suppresses hydration
and induces the polymer chain slack. Professor He and his team have exten-
sively investigated the Hofmeister effect on PVA hydrogels, aiming to modu-
late mechanical properties over a wide range.35 The Hofmeister effect offers a
versatile  and  convenient  methods  to  adjust  the  mechanical  properties  of
hydrogels.  This  capability  can  be  harnessed  for  constructing  the  dielectric
layer  in  pressure  sensors,  providing  a  swift  means  of  fine-tuning  sensor
performance. Modulating hydrogel mechanics through the Hofmeister effect
offers an innovative approach to building and optimizing the dielectric layer of
pressure sensors, providing a quick and accurate means to adjust the gradi-
ent elastic modulus of the sensors.

Inspired  by  the  gradient  elastic  modulus  distribution  in  human  skin  for
broad-range mechanical perception, we proposed a pioneering gradient elas-
tic modulus hydrogel layer in an iontronic sensor, with the ability to precisely
adjust  the  hydrogel  modulus  using  the Hofmeister effect.  Using  ATMP-PVA
hydrogel  as  the  dielectric  layer,  stacked  to  form a  gradient  elastic  modulus,
and  employing  a  layered  micro-pyramid  structure,  we  successfully
constructed  the  biomimetic  gradient  gel  interlayered  iontronic  sensor
(BGGITS).  The  gradient  hydrogel  forms  an  EDL  with  the  electrode.  Finite
element analysis  and  experimental  studies  demonstrate  its  superior  struc-
tural  compressibility  and  gradient  compressibility.  These  structural  features
significantly improve the BGGITS's sensitivity and extend the linear pressure
perception range.  Consequently,  the  BGGITS maintains ultra-high sensitivity
(>  700  kPa−1)  within  an  extremely-broad  linear  range  of  up  to  800  kPa,
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exhibiting  excellent  high-pressure  resolution  and  mechanical  stability.  We
further  apply  the  BGGITS  to  recreate  scenes  from  "Journey  to  the  West."
Utilizing the BGGITS 's linear high-sensitivity and outstanding performance in
wide-range  perception,  accurate  character  recognition  can  be  achieved
through  changes  in  electrical  signals.  The  biomimetic  design  based  on
BGGITS  provides  a  new  strategy  for  manufacturing  tactile  sensors  with  a
wide-range pressure perception. 

MATERIALS AND METHODS 

Preparation of ATMP-PVA Hydrogel
Polyvinyl alcohol (PVA) powder (4 g) was dissolved in deionized water (30

mL) and aminotris (methylene phosphonic acid) (ATMP, 10 mL). The mixture
was  stirred  magnetically  and  heated  for  2  hours  at  105°C,  resulting  in  a
homogeneous  solution.  Subsequently,  the  solution  was  cooled  to  room
temperature and poured into preformed molds. The molds were then stored
at -18°C for 24 hours, yielding ATMP- PVA hydrogels with diverse morpholo-
gies.  The  PVA  Model 1799 (alcohol  solubility  98%~99%,  80,000~100,000
average molecular  weight  (Mw),  by  Macklin  co.  was  adopted  in  our  experi-
ment. 

Preparation of BGGITS
Gold-plated PDMS electrodes were obtained by deposition of 100 nm gold

on  the  surface  of  layered  micro-pyramid  PDMS  using  ultra-high  vacuum
resistance  evaporation  coating  device  (VZZ-400).  Then  the  ATMP-PVA
hydrogel film with different moduli is cut into a certain size of 1.5 cm × 1.5 cm
and  stacked  into  a  gradient  modulus  structure  as  the  dielectric  layer  of
BGGITS. Finally, the assembled BGGITS was packaged with PI tape. 

Characterization and measurements
The  finite  element  simulation  of  BGGITS  structure  was  conducted  using

ABAQUS software. Compression tests were performed on ATMP-PVA hydro-
gel  transformed  into  specific  cylinders  with  a  diameter  of  1.5  cm.  Prior  to
compression,  the  thickness  of  each  sample  was  measured  using  calipers.
Compression  stress-strain  data  were  acquired  using  an  electrical  universal
testing machine (AGS-X-10 KN) with a 1000 N load cell.  The microstructure
of the hydrogel was characterized using scanning electron microscopy (SEM)
with  a  ZEISS  Supra  40  VP.  Before  characterization,  the  hydrogel  samples
underwent freeze-drying,  exposing them to liquid nitrogen to induce internal
fractures, followed by gold sputtering. The BGGITS was electrically connected

with  copper  wire,  and  pressure  was  applied
using  a  JK-50E  single-column  microcomputer-
controlled universal  testing  machine.  Capaci-
tance  was  measured  using  an  LCR  meter
(IM3536, HIOKI). The distribution of micro-pyra-
mids was  observed  using  an  optical  micro-
scope. 

RESULTS 

Design concept and principle of BGGITS
The  skin,  serving  as  a  physical  barrier  in

mediating  interactions  with  the  surrounding
environment,  consists  of  epidermal  and  dermal
layers distinguished by a gradient distribution of
elastic  moduli.  Utilizing  the Hofmeister effect,
we have controlled the mechanical properties of
hydrogels.  Inspired  by  the  gradient  modulus

structure  of  the  human  skin  and  the Hofmeister effect,  we  proposed  an
iontronic pressure sensor with a gradient hydrogel structure (Figures 1 & S1 ).
The  BGGITS  (Figure  S2)  incorporates  a  gradient  hydrogel  as  the  sensing
material, with ATMP-PVA hydrogel serving as the dielectric layer. The oxygen-
containing functional  groups in ATMP molecules can form abundant hydro-
gen bonds with the PVA chains and coordinate with various ionic solutions.
Using  Au-PDMS  as  the  electrodes,  the  intention  is  to  replicate  and  surpass
the extensive sensing capabilities of human skin. In this work, we introduced
hierarchical micro-pyramids onto the gradient hydrogel structure (Figures S3-
4),  forming  an  iontronic  interface  with  high  compressibility.  This  interface
allows  stress  delocalization  to  prevent  signal  saturation  or  non-linearity
effectively. Specifically, the upper and lower hierarchical micro-pyramid elec-
trodes make  contact  with  the  perception  functional  layer,  creating  a  sand-
wich structure. 

Construction and characterization of biomimetic gradient gel mimicking
skin structure

In the Hofmeister series, three potential interactions may exist between the
hydrating solvent  and ATMP-PVA hydrogel:  hydrating interaction,  hydropho-
bic  interaction,  or  bonding  interaction.  Hydration  enhances  the  hydrogen
bond network, yielding higher mechanical performance; hydrophobic interac-
tion  causes  the  contraction  of  the  PVA  main  chains,  resulting  in  increased
mechanical  stiffness,  while  bonding  interaction  induces  chains  relaxation,
weakening the mechanical properties of the hydrogel. As shown in Figures 2A-
B,  the  mechanical  properties  of  ATMP-PVA  hydrogel  can  be  conveniently
modulated  using  the Hofmeister effect,  resulting  in  hydrogels  with  different
moduli.  The Hofmeister effect's  control  over  the mechanical  strength of  the
hydrogel can also be observed in the microstructure of the hydrogel polymer
network (Figure S6). A softer hydrogel exhibits larger cavity sizes in the poly-
mer network, as observed in I- soaking. The harder the hydrogel, the smaller
the cavity size in the polymer network, with a higher pore density, as seen in
SO4

2- soaking. SO4
2- induces salt-out reactions, causing cross-linking of poly-

mer chains, tightening the polymer network. I- and CH3COO- ions trigger salt-
in reactions,  leading to localized degradation of  the polymer and the forma-
tion  of  flexible  cavities.  The  role  of  anions  is  more  pronounced  in  the
Hofmeister effect  within  gels,  primarily  due  to  their  significant  influence  on
water structure and their specificity and charge effects when interacting with
gel components. However, cations also exhibit similar trends in the Hofmeis-
ter effect on gels, albeit less prominently (Figure S8).
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Figure 1.  Schematic  illustration  of  the  biomimetic
gradient gel iontronic pressure sensor (BGGITS) (A)
The  sandwiching  capacitance  with  hierarchical
pyramid  electrodes  and  gradient  hydrogel  dielectric
layer  construct  the  iontronic  sensor.  (B)  The
Hofmeister effect  in  the  hydrogel  manages  the  gel
elasticity  modulus  of  the  dielectric  layer  with  the
presence  of  various  chemical  cosolvents.  (C)
Schematic diagram  of  human  skin  gradient  modu-
lus structure.
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Following  the  convenient  modulation  of  ATMP-PVA  hydrogel  using  the
Hofmeister effect, we selected the hydrogel layers with the maximum modu-
lus (SO4

2--ATMP-PVA) and the minimum modulus (I--ATMP-PVA). The inter-
mediate  layer  of  the  gradient  hydrogel  was  chosen  as  Cl-,  CH3COO-,  and

HPO4
2-, and corresponding gradient hydrogel structures underwent compres-

sion  testing  to  obtain  stress-strain  curves  (Figure  S9).  As  illustrated  in
Figure 2E, when the intermediate layer of the gradient hydrogel was CH3COO-,
both the compressibility range and modulus reached their maximum values.

 

Figure 2.  Characterization and Performance of Biomimetic Gradient Gel Mimicking Skin Structure (A) Stress-strain curves of the ATMP-PVA hydrogel soaked in different ionic
solution. (B) Modulus of the ATMP-PVA hydrogel soaked in different ionic solution. (C-D) Stress-strain curve and its magnification in the case of CH3COO- in the middle layer. (E)
Modulus  of  the  different  gradient  gel  structure  combinations.  Among  them,  G-SClI  is  the  gradient  gel  layer  of  SO4

2-(S)-ATMP-PVA,  Cl-(Cl)-ATMP-PVA,  I-(I)-ATMP-PVA,  from
bottom to top; G-SPI is SO4

2-(S)-ATMP-PVA, HPO4
2-(P)-ATMP-PVA, I-(I)-ATMP-PVA; and G-SAI is SO4

2-(S)-ATMP-PVA, CH3COO-(A)-ATMP-PVA, I-(I)-ATMP-PVA. (F) Normalized
change in capacitance as a function of pressure up to 1200 kPa.
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Simultaneously,  the  stress-strain  curve  and  its  magnified  views  revealed  a
double inflection point during the compression process (Figures 2C-D).  This
phenomenon can be explained as modulus adaptation,  representing the key
factor behind  the  maximum  modulus  and  compressibility  range.  To  show-
case  the  advantages  of  this  gradient  structure,  we  subsequently  evaluated
the  capacitance  changes  under  pressure  for  hydrogels  consisting  of  three
layers  of  SO4

2-(S)-ATMP-PVA,  CH3COO-(A)-ATMP-PVA,  I-(I)-ATMP-PVA,  and
the  gradient  structure  (S-A-I),  as  shown  in Figures  2F  &  S10.  The  gradient
structure  (S-A-I)  amalgamates  the  individual  strengths  of  the  three  layers,
exhibiting  sensitivity  comparable  to  the  softest  layer  (I--ATMP-PVA)  and  a
broad pressure detection range similar to SO4

2--ATMP-PVA. We believed that
other  gradient  gel  combinations  may  also  exhibit  skin-like  properties,  as
gradient  gel  structures  regulated  by  the Hofmeister effect  are  commonly
present. When the range of gel properties regulated by the Hofmeister effect
is sufficiently large, other matched gradient gel combinations have the poten-
tial to demonstrate skin-like characteristics. 

Perception characteristics of BGGITS
The  working  schematics  and  equivalent  circuit  of  BGGITS  (Figure  3A).

Massive  positive  and  negative  ions  distribute  in  the  ATMP-PVA  hydrogel.
Upon  contact  of  the  gradient  hydrogel  with  the  electrode  in  the  iontronic
sensor, an electrochemical double layer (EDL) forms at the iontronic interface,
with the capacitance proportional  to  the interface contact  area.  Thus,  in  the
iontronic  sensor,  the  adjustment  of  linearity  is  straightforward-requiring
consideration of a single parameter (Ac). In this context, the EDL interface of
the  gradient  hydrogel  possesses  a  variable  contact  area  determined  by  the
applied pressure. Notably,  two microstructure interfaces (C1 and C2) respec-
tively form two EDL capacitors. These two capacitors are connected in series
through bulk resistance (Rs) and in parallel with the coupling capacitance (CE)
generated by the two electrodes. The measured capacitance can be defined
as C = CE + 1/[(1/C1) + (1/C2)]. Here, the value of C2 is much larger than that of
C1,  as  it  contacts  the  hardest  gel  layer,  primarily  serving  the  function  of
capacitance supply. C1 changes sensitively under loading, while CE is signifi-
cantly smaller than the EDL capacitance, thus can be neglected. Importantly,
the microstructure  deformation  at  the  iontronic  interface  remains  unsatu-
rated within 800 kPa. Therefore, when the applied pressure is not high, C1 is
much  smaller  than  C2,  and  the  measured  capacitance  (C)  is  approximately
equal  to  C1.  However,  as  pressure  continues  to  rise,  the  variation  of  C1

decreases while C2 continues to change, serving the function of capacitance
supply,  determined  by  the  contact  area  at  the  iontronic  interface.  Finite
Element  Analysis  (FEA)  simulations  below  demonstrate  a  linear  Ac-P rela-
tionship  for  the  gradient  hydrogel  and  micro-pyramids,  suggesting  that
sensors employing this structure are expected to exhibit a linear response to
applied  pressure  (Figure  4C).  In  summary,  the  synergistic  effects  of  the
designed  structure  and  the  signal  enhancement  provided  by  the  iontronic
interface  confer  upon  the  BGGITS  a  combination  of  high-sensitivity,  linear-
response, and broad-perceptual capabilities.

S =
”δ(ΔC/C0)

”δp

Sensitivity, signal linearity, and sensing range are critical parameters for the
BGGITS  in  this  work.  Sensitivity  of  a  pressure  sensor  is  defined  as

, where C0 is the initial capacitance before loading, and ΔC is

the  change  in  capacitance  when  pressure  is  applied.  High  sensitivity  is
achieved  when  small  changes  in  pressure  result  in  significant  capacitance
variations ΔC, with the ΔC / C0 of iontronic pressure sensors reaching up to
106 due  to  the  formation  of  the  electric  double  layer  (EDL)  at  the
dielectric/electrode interface.36,37 Various configurations of iontronic pressure
sensors based on the gradient hydrogel structure were studied for sensitivity
changes and comparisons (Figure S11). The results revealed that when only
the upper layer had micro-pyramid structures, whether they were at the same
level or graded, the sensitivity was consistently low, and the response signal
was nonlinear. However, the graded pyramid structure showed an advantage
over  the  same-level  pyramid  structure,  maintaining  continuous  contact
between  the  micro-pyramid  cone  and  the  gel  interface,  ensuring  increased
contact  area  during  pressure  loading,  and  thus,  capacitive  response.  When
both  upper  and  lower  electrodes  were  structured  with  graded  micro-pyra-
mids,  adjusting the stacking order  of  the gradient  hydrogel  resulted in  three
different combinations. Only when the gradient hydrogel layers were arranged

as  I--ATMP-PVA,  CH3COO--ATMP-PVA,  and  SO4
2--ATMP-PVA,  the  BGGITS

exhibited  a  linear  response  and  similar  sensitivity  values  in  three  repeated
cases (Figure  3B)  (S1 =  704.47 kPa−1,  S2 =  738.70 kPa−1,  S3 =  724.81 kPa−1),
with a sensing range of up to 800 kPa. Table S1 illustrates a comparison of
the sensitivity and linear sensing range of our sensor with existing capacitive
sensors. It is evident that most reported flexible capacitive sensors have low-
sensitivity  or  a  narrow-linear  sensing  range.  For  instance,  Wang  et  al.
reported  a  sensor  with  a  linear  sensing  range  of  0-1000 kPa,38 which  is
impressive,  but its sensitivity is only 40.12 kPa−1.  Iontronic pressure sensors
can provide higher sensitivity. Recently, Bai et al.  reported an iontronic pres-
sure sensor with a graded built-in structure, achieving a sensitivity as high as
3302.9 kPa−1, but its response signal is nonlinear.18 In contrast, the proposed
biomimetic gradient gel interlayered iontronic sensor (BGGITS) achieves ultra-
sensitive, linear, and wide-range pressure sensing. Its broad detection capa-
bility is attributed to the bio-gradient gel structure, which maintains ultra-high
sensitivity across a wide linear range. This outstanding performance enables
BGGITS to be applicable across various scenarios and presents a promising
universal  design concept for pressure sensors,  with potential  applications in
fields  such  as  electronic  skin.  Because  the  capacitance  change  of  the
iontronic sensor is related to the contact area, the observed sensitivity differ-
ences based on different combinations in the gradient hydrogel during exper-
iments can be explained by finite element simulation of the device compres-
sion  process,  extracting  changes  in  the  contact  area  between  the  micro-
pyramid and the gel.

Response speed is another crucial parameter for pressure sensors widely
used  to  assess  their  dynamic  performance.39-41 Graded  micro-pyramids  are
introduced  to  shorten  the  response  and  relaxation  time,  as  microstructures
can  rapidly  store  and  release  energy  for  elastic  recovery.  In  this  work,  the
BGGITS  with  graded  micro-pyramid  electrodes  on  both  upper  and  lower
layers was introduced, which can effectively shorten the response relaxation
time.  When subjected to a pressure of  ~50 Pa,  our  sensor exhibited a rapid
response,  with  a  response  time  of  30  ms  (Figure  3C),  nearly  matching  the
response  time  of  human  skin  (30-50  ms).  The  repeatability  of  the  BGGITS
under  different  pressures  (0-500  kPa)  was  investigated  (Figure  3D).  The
output  curves  at  various  pressures  showed  that  the  capacitance  gradually
increased  with  increasing  pressure,  and  after  loading  and  unloading  for  5
cycles, the  capacitance  curve  remained  stable,  indicating  excellent  repeata-
bility. Owing to the design of the layered pyramid structure (with varying pyra-
mid heights), the BGGITS maintained a linear capacitance-pressure response
under different initial pressure backgrounds. When the initial pressure (P0 = 0,
10  kPa)  was  first  applied  to  the  BGGITS,  it  exhibited  a  noticeable  response
between  50  and  200  Pa  pressures  (Figures  3E-F).  Mechanical  durability  is
significant  for  the  application  of  flexible  pressure  sensors.  The  BGGITS
underwent repetitive compression-release cycles under a pressure of 50 kPa
for  250  cycles,  and  throughout  the  entire  cyclic  testing  process,  the  sensor
exhibited  no  apparent  drift  or  fluctuation  (Figure  3G).  In  summary,  BGGITS
possesses ultra-high sensitivity,  a  linear  wide working pressure range,  short
response time, and high mechanical durability. These characteristics make it
well-suited for practical applications in various scenarios. 

Principles of BGGITS design and the perception mechanism
To  further  analyze  the  sensing  performance  of  the  sensor,  finite  element

simulations  using  ABAQUS  software  were  conducted  to  investigate  the
deformation process of  different  gradient  gel  combinations and the assem-
bly  of  graded  micro-pyramids  under  various  pressures.  As  shown  in
Figures  4A  &  S12, with  the  gradual  increase  in  pressure,  the  pores  trans-
formed from a large diameter to a small diameter. Specifically, at lower pres-
sures,  significant  deformation  occurred  in  the  large-diameter  portion,  while
the  application  of  higher  pressure  caused  substantial  deformation  in  the
middle  and  small-diameter  regions,  confirming  the  gradient  compression
characteristics of the gradient gel structure. Additionally, when a certain pres-
sure  is  applied  to  the  device,  the  contact  interface  between  the  hierarchical
micro-pyramid electrode and the gel forms a double electric layer. The unique
microstructure  of  the  graded  micro-pyramid  electrode  ensures  that,  during
the pressure loading process, pyramids of different heights maintain continu-
ous  contact  with  the  gel.  This  helps  in  maintaining  a  stable  increase  in  the
electrode-gel interface contact area, preventing a decrease in BGGITS sensi-
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tivity  despite  an  increase  in  external  pressure  stimulus  (Figure  4B). Further-
more,  through  the  post-processing  module,  the  calculation  of  the  total
contact  area  variation  with  pressure  confirms  a  broader-linear  response
range.  This  indicates  that  within  the  range  of  0-800  kPa,  the  contact  area
between  the  dual  graded  micro-pyramid  electrode  and  the  gradient  gel
exhibits a linear relationship with pressure (Figure 4C). This further validates
enhanced sensitivity and an expanded linear pressure response range occur
only  when  the  three  gradient  gel  combinations,  namely  I--ATMP-PVA,
CH3COO--ATMP-PVA,  and  SO4

2--ATMP-PVA,  are  assembled  with  the  dual-
gradient micro-pyramid electrode.

The combined design of the gradient gel and dual micro-pyramids enables
BGGITS  to  achieve  both  a  broad-linear  response  and  ultra-sensitivity.
Furthermore,  we conducted finite  element simulation analysis  on alternative
combinations  of  gradient  gels  to  explore  the  deformation  process  under
different  pressures.  This  further  elucidated  the  impact  of  gel  stacking  order
on the linear range (Figure S13-14). Results indicate that when stacked from
top to bottom as I--ATMP-PVA, SO4

2--ATMP-PVA, CH3COO--ATMP-PVA, and
CH3COO--ATMP-PVA,  I--ATMP-PVA,  SO4

2--ATMP-PVA,  the  compression
deformation  process  remains  the  same,  but  the  extracted  interface  contact
area  shows  a  nonlinear  relationship  with  pressure.  This  phenomenon  is
primarily  attributed  to  the  placement  of  the  hardest  gel  layer,  SO4

2--ATMP-
PVA, in the middle position, where both upper and lower micro-pyramid elec-

trodes  initially  contact  the  two  softer  gel  layers,  leading  to  a  substantial
increase  in  the  initial  contact  area.  However,  as  the  pressure  reaches  a
certain  value,  stress  gradually  shifts  to  the  middle  layer,  causing  a  sharp
reduction  in  the  interface  contact  area,  resulting  in  a  nonlinear  response
signal (Figure S13). In contrast, when the softer gel layer is placed at the top
and the softest layer is in the middle, the finite element simulation graph indi-
cates  that,  during  the  compression  process,  when  the  pressure  reaches  a
certain value, stress begins to transfer to the middle softest layer, causing a
sudden  significant  decrease  in  modulus,  leading  to  an  increased  contact
area. This scenario demonstrates a nonlinear relationship between the inter-
face  contact  area  and  pressure  (Figure  S14).  Only  when  the  gradient  gel
combination from top to bottom is I--ATMP-PVA, CH3COO--ATMP-PVA, SO4

2--
ATMP-PVA, with a gradient increase in modulus across the three layers, does
the  combination  exhibit  a  linear  relationship  between  the  two  interface
contact areas and pressure. 

Application of BGGITS with ultra-sensitivity perception resolution
The key advantages of BGGITS,  based on the gradient gel  structure,  lie  in

its  linear  high-sensitivity  and  excellent  pressure  resolution  across  a  wide-
pressure range. Existing capacitive pressure sensors (CPS) or electronic skins
with  surface  microstructure  dielectrics  typically  exhibit  low-sensitivity  or
saturated responses above 50 kPa, leading to anticipated low-pressure reso-

 

Figure 3.  Perception performance of BGGITS (A) Device schematic and circuit diagram of the BGGITS. (B) Normalized change in capacitance as a function of pressure up to
800 kPa. (C) Response and relaxation time when loading a pressure of ~50 Pa and release. (D) Capacitance of the sensor under different pressures (50 Pa, 500 Pa, 5 kPa, 50 kPa
and 500 kPa). (E-F) The resolution is about 50 Pa as the reference pressure of 0, 10 kPa, respectively. (G) Working stability test over 250 cycles with 50 kPa pressure loading or
releasing.
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lution.42-45 However, an ideal flexible pressure sensor should not only operate
with  precision  under  low-pressure  but  also  accurately  detect  variations  in
pressure under high-pressure conditions.  The BGGITS is applied in reenact-
ments  of  two  scenarios  from  the “Journey  to  the  West” story: Scenario 1
involves Tang Monk rescuing Sun Wukong trapped under  the Wuzhi  Moun-
tain, and Scenario 2 features Sun Wukong saving Tang Monk captured by the
White Bone Demon (Figure 5).

To  showcase  the  outstanding  performance  of  BGGITS  during  scenario
demonstrations,  we aim to rely  solely  on changes in  capacitance to identify
the  rescuer  of  Sun  Wukong,  confirm  the  success  of  Sun  Wukong's  rescue,
determine who is rescuing Tang Monk, and verify the repulsion of the White
Bone Demon. Initially,  it  is crucial to record the mass of each moving object
along with its corresponding capacitance changes (Table S2).

As  illustrated  in Figures  5A-D,  each  moving  object  exhibits  distinctive
capacitance  changes.  In Scenario 1,  showcasing  Tang  Monk  rescuing  Sun
Wukong under the Wuzhi Mountain, Figure 5E reveals that when Tang Monk
approaches Sun Wukong under the mountain,  the capacitance increases by
150.38 nF, aligning with the previously recorded capacitance changes for the
Tang Monk character. As the story progresses, and Sun Wukong is success-
fully rescued,  resulting  in  the  removal  of  the  Wuzhi  Mountain,  the  capaci-
tance  decreases  by  172.09  nF,  corresponding  to  the  recorded  capacitance
change for the Wuzhi Mountain. In the Scenario 2 demonstration, changes in
capacitance  indicate  Sun  Wukong's  intervention  to  rescue  Tang  Monk.
Subsequently,  a  decrease  in  capacitance  corresponds  to  the  White  Bone
Demon's  capacitance  change,  signifying  Sun  Wukong's  victory  over  the
demon and the successful  rescue.  In both story scenarios,  by recording the
respective  capacitance  changes,  we  can  identify  which  object  is  in  motion.
The combination of the gradient gel structure features and dielectric proper-
ties ultimately results in our device exhibiting outstanding perception behav-

ior within  a  sufficiently  large  pressure  range.  At  the  same  time,  we  supple-
ment the capacitive response of the sensor at different masses (Figure S15).
It  can  be  seen  that  the  capacitance  responds  linearly  when  the  mass
changes from 1.5g to 2000g, and the weight of the characters in our Journey
to the West story is also within the mass range of 1.5g to 2000g. we added
the  experiment  that  objects  of  different  masses  can  be  identified  under
different  base  weights  (Figure  S16). The  capacitance  change  values  corre-
sponding to objects of different masses are measured in advance (Table S3).
Then, when the base weights are 0, 1000, and 2000 g, the mass changes can
be accurately  identified  only  by  the  capacitance change values.  This  further
demonstrates the sensor's recognition capabilities. 

DISCUSSION
In summary, we proposed a biomimetic design based on the gradient elas-

tic modulus of the skin, regulated by the Hofmeister effect, to simultaneously
achieve ultra-sensitive, linear, and wide-range pressure perception. The inter-
face between the micro-pyramid structure and the gradient gel forms an EDL,
exhibiting  excellent  capacitive  characteristics  with  a  significant  capacitance
response  under  specific  pressure  conditions.  The  linear  response  is  mainly
attributed  to  the  gradient  micro-pyramids  of  different  heights.  As  external
pressure increases, pyramids of varying heights sequentially contact the gel,
ensuring  a  stable  increase  in  the  electrode-gel  interface  contact  area.  This
innovative  design prevents  a  decrease in  BGGITS sensitivity  with  increasing
external pressure. Finally, the wide detection capability is primarily credited to
the  biomimetic  gradient  gel  structure,  maintaining  ultra-high  sensitivity  of
over  700 kPa−1 within  an exceptionally  broad-linear  range of  up  to  800 kPa.
The results show a response time of 30 ms (compared to the human skin's
tactile  response  time  of  30-50  ms)  and  sustained  high  stability  over  250
cycles  of  loading/unloading  at  a  peak  pressure  of  50  kPa.  Finite  element
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Figure 4.  Working mechanism of BGGITS based pressure sensor (A) Finite element simulation of the iontronic sensor based on the gradient hydrogel structure using ABAQUS
software. (B) Schematic illustration of the corresponding microscale compression process in the finite element simulation. (C) Variation curve of the contact area with stress.
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simulations  verify  the  mechanism  between  the  contact  area  of  the  BGGITS
and interface stress. Furthermore,  we demonstrated the BGGITS 's ability to
accurately  identify  scenario  from  the  "Journey  to  the  West"  story  solely
through changes in capacitance values. We envision that the combination of
this biomimetic gradient gel structure and iontronic sensing technology could
offer a universal design approach for other pressure sensors requiring linear
ultra-high  sensitivity  across  a  wide-pressure  range.  Additionally,  we  believe
that BGGITS-based technology could find extensive applications in electronic
skins for health monitoring and tactile perception.
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