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ABSTRACT: Temperature  is  a  fundamental
physical  quantity.  With  the  rapid  development  of
stretchable  electronics,  transparent  stretchable
temperature  sensors  are  in  critical  demand.
However,  performance  retention  under  strain  is  a
great  challenge,  and  the  influence  of  the  electrode
on  the  sensing  performance  is  rarely  reported.
Here,  a  transparent  strain-insensitive  stretchable
ionic  temperature  sensor  is  developed,  whose
sensing  performance  is  enhanced  through  an
electrode  engineering  strategy  by  inserting  MXene
between  two  Ag  NWs  layers.  MXene  largely  increases  the  electrode’s  adhesion  strength  to  the  ionogel  electrolyte,  and
hinders ion adsorption while,  in  the meantime,  bonds with neutral  ion pairs  whose dissociation enhances with increasing
temperatures.  The strain-insensitive sensing performance is  mainly  ascribed to a crack counteraction mechanism, where
the boosting effect of the expanding electrode area as strain enlarges is counteracted by the decline in conductive paths
owing to widening cracks. This crack counteraction mechanism is quantitatively verified through theoretical simulation. The
sensor  is  demonstrated  for  various  applications,  including  smart  prosthetic  hands,  motion  tracking,  and  temperature
monitoring  of  a  deforming  surface.  This  work  could  inspire  new  stretchable  sensor  designs  and  guide  strain-insensitive
stretchable electronics.
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 1    Introduction
Temperature is a fundamental physical quantity measured in daily,
scientific, and industrial applications. With the fast development of
stretchable  electronics,  which  are  recognized  as  next-generation
electronics  and expected to  revolutionize  various  areas,  stretchable
temperature sensors with high transparency are in critical demand
[1−5].  Transparent  stretchable  temperature  sensors  monitor
temperature without  obstructing the observation of  the conditions
of  the  monitored  surface,  which  have  significant  applications  in

myriad  areas  such  as  medical  care,  electronic  displays,  prosthetics,
and  food  testing  [6−9].  Stretchable  temperature  sensors  typically
leverage  the  temperature  dependence  of  electron,  dipole,  or  ion
motion  within  sensing  materials  to  achieve  their  sensing  function
[10−16],  categorizing  mainly  into  resistive  [17−19],  thermoelectric
[20, 21],  pyroelectric  [22, 23],  and  capacitive  [24, 25]  temperature
sensing  principles.  Stretchable  resistive  temperature  sensors  detect
temperature  through  resistance  change,  which  have  relatively
simple  device  structures  but  often  suffer  from low reproducibility;
stretchable  thermoelectric  temperature  sensors  detect  temperature
based  on  the  thermoelectric  effect,  which  work  without  external
power  source  and  have  fast  response  time  but  cannot  generate
electrical outputs when there is no temperature gradient; stretchable
pyroelectric  temperature  sensors  detect  temperature  based  on  the
pyroelectric  effect,  which  have  fast  response  to  temperature
fluctuation  and  are  self-powered  but  cannot  detect  static
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temperature.  Stretchable  capacitive  temperature  sensors  detect
temperature  through  capacitance  change,  which  possess  the
advantages  of  drift-free  operation,  high  sensitivity,  and  superior
cyclic  stability.  In  particular,  with  the  rapid  development  of
ionogels,  stretchable  temperature  sensors  employing the  interfacial
supercapacitive  nature  of  ion  adsorption/desorption  emerge  as  an
intriguing modality and attract increasing attention [26−30], which
have the potential to satisfy the demand of high transparency along
with high sensitivity and shape adaptability.

However, there have been few reports on stretchable temperature
sensors  achieving  high  transparency,  and  it  is  a  great  challenge  to
maintain  the  sensing  performance  under  deformation.
Furthermore,  the  relationship  between  the  electric  double-layer
capacitance  and  temperature  has  been  studied  with  an  emphasis
predominantly on the electrolyte,  lacking examination with regard
to the impact of the electrode on the sensing performance.

In this  work,  a  transparent  stretchable  ionic  temperature sensor
is  developed  with  strain-insensitive  sensing  performance,  whose
sensitivity is enhanced via an electrode engineering strategy through
introducing MXene into two layers of silver nanowires (Ag NWs).
The  addition  of  MXene  notably  enlarges  the  adhesion  strength  of
the  electrode  to  the  ionogel  electrolyte,  and  suppresses  the  ion
adsorption  on  the  electrode  surface,  but  meanwhile  binds  neutral
ion  pairs  whose  dissociation  enhances  with  increasing
temperatures, leading to more free ions on the electrode surface as
temperature  rises.  The  strain-insensitive  sensing  performance  can
be  mainly  ascribed  to  a  crack  counteraction  mechanism  that  the
reduced electron paths resulting from the widening cracks offset the
promoting  effect  of  the  enlarging  electrode  surface  area  on  the
capacitance  as  the  strain  increases.  This  crack  counteraction
mechanism is quantitatively verified via theoretical simulation. The
ionic temperature sensor can accurately detect the skin temperature
despite  various  motions.  A  temperature  alarm  system  was
constructed  based  on  the  sensor,  which  can  protect  the  prosthetic
hand from cold/hot  water  by  automatically  triggering  alarms.  The
ionic  temperature  sensor  array  can  conveniently  deliver  the
temperature  distribution  from  handshaking  between  a  prosthetic
hand  and  a  person,  track  the  motion  path  of  an  electric  warm
worm,  and  monitor  the  temperature  of  a  deforming  doll’s  belly
during breathing.

 2    Results and discussion

 2.1    Design and basic characteristics of the Ag NWs/T3C2Tx
MXene/Ag NWs (AMA)-PAT ionic temperature sensor

≥

The  transparent  strain-insensitive  stretchable  ionic  temperature
sensor  is  structured  with  a  poly(acrylamide-co-trifluoroethyl
acrylate)  (P(AAm-co-TFEA))/ionic  liquid  1-ethyl-3-
methylimidazolium  bis(trifluoromethylsulfonyl)  imide
([EMIM][TFSI])  (PAT  ionogel)  electrolyte  sandwiched  between
two  designed  stretchable  electrodes  (Fig.  1(a)),  with  an  ultrathin
thickness  of  180  μm  (Fig.  S1  in  the  Electronic  Supplementary
Material  (ESM)),  high  deformation  adaptation  (Fig.  1(b))  and
stretchability (Fig. 1(c)), as well as high transparency (transmittance
of  76.5% in  wavelengths  from 450  to  850  nm)  (Fig.  1(d)).  The
stretchable  electrode  (thickness:  15  μm,  Fig.  S1  in  the  ESM)  was
designed  through  an  electrode  engineering  strategy,  which  was
achieved  via  layer-by-layer  spin-coating  of  Ag  NWs/T3C2Tx

MXene/Ag  NWs  on  a  pre-stretched  plasma-etched  PDMS  layer

and  then  releasing  the  strain  to  create  a  wrinkled  surface  with
cracks  (thickness  of  the  AMA conductive  layer:  ~  75  nm;  wrinkle
height:  ~  450  nm)  (Fig.  1(e) and  Fig.  S2  in  the  ESM).  The  AMA
conductive  layer  preserves  the  crystal  structures  of  the  T3C2Tx

MXene and Ag NWs (Fig. S3 in the ESM), indicating that it has the
properties  of  both  nanomaterials.  The  plasma  etching  of  the
polydimethylsiloxane (PDMS) surface improved the hydrophilicity
and  roughness  (Fig.  S4  in  the  ESM),  which  are  conducive  to  the
adhesion  of  the  conductive  layer.  The  surface  roughness  of  the
designed  PDMS-AMA electrode  is  largely  enhanced  (increased  by
~ 178 times) compared with the pristine PDMS layer (Fig. S4 in the
ESM).

≥

The  PAT  ionogel  electrolyte  was  synthesized  through
photopolymerization  with  a  one-pot  multistep  process,  which
possesses  an  amorphous  structure  (Fig.  S5  in  the  ESM),  high
transparency  (transmittance  of  92.5% in  wavelengths  from 450
to  850  nm)  (Fig.  1(d)),  along  with  excellent  stretchability
(elongation  at  break:  1124.3%),  high  mechanical  strength
(maximum  tensile  stress:  0.478  MPa),  toughness  (2243.6  kJ·m−3),
and  tear  resistance  (fracture  energy:  1456.3  kJ·m−2)  (Fig.  S6  and
Note S1 in the ESM). The PAT ionogel electrolyte endows the ionic
temperature sensor with enhanced stretchability compared with the
PDMS-AMA  electrode  (elongation  at  break:  180.3%  vs.  137.8%)
(Fig.  S7  in  the  ESM).  Additionally,  the  PAT  ionogel  possesses
abundant polar groups (e.g., amide groups) (Fig. S8 and Note S1 in
the  ESM)  that  are  in  favor  of  the  adhesion  to  the  electrode  (Fig.
S9(c)  in  the  ESM).  Note  that  more  detailed  information  for  the
fabrication  of  the  AMA  electrode,  PAT  ionogel,  and  AMA-PAT
ionic temperature sensor can be seen in Methods.

It  is  found  that  the  PDMS-AMA  electrode  has  an  adhesion
strength to the PAT ionogel electrolyte that is ~ 3.7 and ~ 6.9 times
stronger  than  the  PDMS-AA  electrode  (spin-coating  Ag  NWs  for
two times  without  inserting  the  MXene layer)  and pristine  PDMS
layer, respectively (Fig. 1(f) and Fig. S9(b) in the ESM). Given that
the  surface  roughness  of  the  PDMS-AMA  and  PDMS-AA
electrodes is  very close (76.1 and 79.2 nm, respectively) (Fig.  S4 in
the  ESM),  the  increased  adhesion  strength  to  the  PAT  ionogel  of
the  PDMS-AMA  electrode  can  be  mainly  because  the  introduced
MXene has  surface  terminal  groups  (–O,  OH,  and –F)  (Fig.  1(g))
that can form hydrogen bonds with the PAT ionogel (Figs. S8 and
S9(c)  in  the  ESM).  Note  that  the  full  X-ray  photoelectron
spectroscopy (XPS) spectrum of MXene can be found in Fig. S10 in
the ESM, and a more detailed explanation for the superior adhesion
of the PDMS-AMA electrode to the PAT ionogel can be found in
Note  S2  in  the  ESM.  The  excellent  adhesion  between  the  PDMS-
AMA electrode and PAT ionogel electrolyte allows the formation of
a  reliable  and  stable  electrode/electrolyte  interface  that  can  help
maintain a stable electric double-layer structure under deformation,
ensuring  the  reliability  of  the  sensing  performance  of  the  AMA-
PAT  ionic  temperature  sensor.  Moreover,  the  AMA-PAT  ionic
temperature  sensor  with  the  PDMS-AMA  electrode  has  a
conspicuously higher temperature sensitivity (~ 5.3 and ~ 7.9 times
higher)  than  the  AA-PAT  and  M-PAT  ionic  temperature  sensors
with the  PDMS-AA electrode and PDMS-M electrode (only  spin-
coating a MXene layer on the PDMS), respectively (Fig. 1(h)). The
AMA-PAT  ionic  temperature  sensor  also  possesses  a  strain-
insensitive  property  that  can  maintain  its  sensing  performance
under strain, which enables it to accurately monitor temperature on
deformable  surfaces,  demonstrating  great  potential  for  health
monitoring  on  deforming  surfaces  (Fig.  1(i)).  More  details  for  the
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enhanced  sensing  performance  through  the  electrode  engineering
strategy  via  the  insertion  of  a  MXene layer  between two Ag NWs
layers and the strain-insensitive sensing performance of the AMA-
PAT  ionic  temperature  sensor  will  be  presented  in  the  following
paragraphs.

 2.2    MXene enhanced temperature sensing performance

C0

C0

The  electrode  engineering  strategy  of  the  introduction  of  MXene
between two layers of Ag NWs enhances the sensing performance
of  the  ionic  temperature  sensor,  with  the  maximum  sensitivity
(3.55  %·°C−1)  appearing  at  Ag  NWs:MXene  =  1:1/2  (ratio  of  mass
concentration)  (Figs.  2(a) and 2(b)).  This  enhanced  performance
could  be  mainly  because  of  two  reasons.  First,  the  addition  of
MXene  into  the  PDMS-AA  electrode  lowers  the  surface  potential
and  suppresses  the  adsorption  of  ions  on  the  electrode  surface
(Figs. 2(c)−2(e) and Fig. S11 in the ESM), correspondingly reducing
the  original  capacitance  ( )  of  the  ionic  temperature  sensor  (at
room  temperature  (RT)  of  25  °C  (Fig.  2(c)).  Note  that  as  the
amount of MXene goes up, the electrode’s surface potential and the

 experience slight increases (when Ag NWs:MXene = 1:1) during

the  declining  trend,  which  could  result  from  the  nonuniform
distribution caused by the aggregation of MXene sheets (Fig. S11(d)
in  the  ESM).  The  surface  potential  of  the  electrode  with  Ag
NWs:MXene = 0:1 (i.e.,  the PDMS-M electrode) is too small to be
detected by the test instrument. Second, MXene constrains neutral
ion  pairs  of  [EMIM]TFSI  through  hydrogen  bonding  on  the
electrode  surface,  whose  dissociation  is  enhanced  with  the
increasing  temperatures  [31, 32],  leading  to  an  increase  in  free
charged  ions  adsorbing  on  the  electrode  surface.  As  shown in  the
FTIR spectra in Fig. 2(f), the characteristic peaks associated with the
imidazole  ring  of  the  ionic  liquid  modified  MXene  exhibit
noticeable  blue  shifts  compared with  the  pristine  ionic  liquid:  The
peaks of the C–N (CH3(N)) stretching show conspicuous blue shifts
(from  611  to  614  and  1170  to  1182  cm−1),  and  the  peaks  of  C=N
and C–H stretchings also show blue shifts (from 1573 to 1574 and
from 3157 to 3160 cm−1, respectively). The Raman spectra show that
the  peak  assigned  to  Ti–O vibration,  indicating  the  attachment  of
–O  and –OH  undergoes  a  clear  red  shift  from  200  to  196  cm−1

(Fig.  2(g)).  The  FTIR  and  Raman  results  prove  that  the  MXene
forms  strong  interactions  with  the  ionic  liquid,  which  can  be  the

 

Figure 1    Design and basic characteristics of the AMA-PAT ionic temperature sensor. (a) Schematic diagram of the AMA-PAT flexible temperature sensor. (b) and (c) A
typical AMA-PAT sensor is mounted on the skin under twisting and stretching. Scale bar, 0.5 cm. (d) Transmittance of the PAT ionogel,  PDMS-AMA electrode, and
AMA-PAT  sensor.  Inset:  photograph  of  the  sensor  over  a  university  logo.  (e)  SEM  images  of  the  PDMS-AMA  electrode.  (f)  Adhesion  strength  of  the  PDMS-AMA
electrode, PDMS-AA electrode, and pure PDMS to the PAT ionogel. (g) High-resolution Ti 2p and F 1s XPS spectra of Ti3C2Tx MXene. (h) Relationships between the
relative capacitance changes and temperature of the AMA-PAT, AA-PAT, and M-PAT ionic temperature sensors. (i) Schematic illustration showing the AMA-PAT ionic
temperature sensor array monitoring the skin temperature and temperature of an external touch for the deforming belly during respiration.
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hydrogen  bonding  between  the –OH  of  MXene  and –N  of  ionic
liquid [33−37].

To investigate whether this electrode engineering strategy can be
applied to temperature sensors with other kinds of gel electrolytes,
the  temperature  sensors  with  thermoplastic  polyurethane
(TPU)/[EMIM]TFSI  ionogel,  PAAm  hydrogel,  and  PAAm/NaCl
ionic hydrogel as electrolytes have been fabricated and examined. It
is found that the electrode engineering strategy of MXene insertion
can  also  enhance  the  sensing  performance  of  the  temperature
sensor  with  the  TPU  ionogel  as  the  electrolyte  (Fig.  S12(a)  in  the
ESM); however, it has little effect on the sensing performance of the
temperature  sensors  with  the  PAAm  hydrogel  and  PAAm/NaCl
ionic hydrogel as electrolytes (Figs. S12(b) and S12(c) in the ESM),
which  could  be  because  the  PAAm  hydrogel  has  hardly  any  free
ions, and NaCl undergoes complete ionization in the PAAm/NaCl
ionic  hydrogel  during  the  whole  sensing  temperature  range,
respectively.  This  result  further  proves  the  mechanism  for  the
enhanced sensitivity  by  the  insertion of  MXene in  the  AMA-PAT
ionic temperature sensor, and suggests that it is applicable to ionic
temperature  sensors  whose  neutral  electrolyte  ion  pairs  can  bond

Ω

with  MXene  and  have  enhanced  ion  dissociation  with  increasing
temperatures. Note that the M-PAT ionic temperature sensor has a
smaller  sensitivity  than  the  AA-PAT  ionic  temperature  sensor,
which  can  be  mainly  because  the  resistance  of  the  PDMS-M
electrode is too large (over hundreds of M ), failing to sufficiently
adsorb  the  augmented  free  ions  at  the  rising  temperature.  The
capacitances  of  the  ionic  temperature  sensors  in  this  work  were
measured at a frequency of 100 Hz, where the capacitances mainly
originate  from the electric  double-layer  charge storage mechanism
(Fig. S13 and Note S3 in the ESM).

Combining  the  above  results  and  discussions,  the  temperature
sensing  mechanism  for  the  AMA-PAT  ionic  temperature  sensor
can  be  mainly  attributed  to  the  following  three  factors  (Fig.  2(h)).
First,  the  constraint  of  polymer  chains  weakens  with  increasing
temperatures.  The  storage  modulus  and  loss  modulus  of  the  PAT
ionogel decrease from 19,270 and 8388 to 12,830 and 3538 Pa as the
temperature  rises  from  25  to  55  °C,  respectively  (Fig.  S14  in  the
ESM),  demonstrating  that  the  strengths  of  the  connection  among
polymer chains as well as interactions between polymer chains and
ions decline, delivering more free space for ion migration. Second,

 

Figure 2    MXene  enhanced  temperature  sensing  performance.  (a)  and  (b)  Relationships  between  the  relative  capacitance  changes  and  temperature  of  the  ionic
temperature sensors with the electrodes having different amounts of MXene inserted between two Ag NWs layers. (c) Surface potentials of the electrodes having different
amounts of MXene inserted between two Ag NWs layers and the original capacitances of the corresponding ionic temperature sensors. (d) and (e) AFM images showing
the  surface  potentials  of  the  PDMS-AMA and  PDMS-AA electrodes.  (f)  and  (g)  FTIR  and  Raman spectra  of  the  pure  ionic  liquid  (IL)  and  IL-modified  MXene.  (h)
Schematic  illustration  showing  the  temperature-sensing  mechanism of  the  AMA-PAT ionic  temperature  sensor.  Three  main  factors:  weakened  constraint  of  polymer
chains, accelerated ion transportation, and increased free charged ions. Specifically, the introduction of MXene suppresses ion adsorption while binding neutral ion pairs,
which release more free charged ions as the temperature rises.
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the  charge  transfer  resistance  reduces  and  ion  mobility  enhances
with  the  increasing  temperatures  (Fig.  S15  in  the  ESM),  bringing
about accelerated ion transportation at higher temperatures. Third,
the  dissociation  of  ion  pairs  augments  with  increasing
temperatures,  resulting in increased free charged ions.  Particularly,
the  introduction  of  MXene  suppresses  the  ion  adsorption  but
meanwhile traps neutral ion pairs, which release more free charged
ions  on  the  electrode  surface  as  the  temperature  rises.  The  ion
conductivity  of  the  PAT  ionogel  increases  with  the  elevating
temperature (from 2.48 to 5.06 mS·cm−1 as the temperature elevates
from 25 to 55 °C) (Fig. S16 in the ESM), which corresponds to the
faster  ion  migration  and  larger  ion  concentration.  Note  that  the
resistances of the PDMS-AMA and PDMS-AA electrodes have little
change during the temperature sensing range (Fig. S17 in the ESM).

 2.3    Characterization of the performance of the AMA-PAT
ionic temperature sensor
Besides  the  high  sensitivity  with  excellent  linearity  (R2 =  0.9981)
(Figs.  1(h) and 2(a)),  the  transparent  stretchable  AMA-PAT  ionic
temperature  sensor  possesses  high  resolution,  reproducibility,
stability, and reliability. As shown in Fig. 3(a), the AMA-PAT ionic

temperature  sensor  can  accurately  detect  the  tiny  step-wise
temperature change of 0.1 °C with excellent linearity (R2 = 0.9995),
demonstrating  a  high  resolution  of  at  least  0.1  °C.  The  output
capacitance  responding  to  a  given  temperature  during  the
reciprocating  heating/cooling  process  and  cyclic  sensing  test  is
almost the same (Figs. 3(b) and 3(c)), proving high reproducibility.
The  response  time  and  recovery  time  are  approximately  36  and
40 s, respectively (Fig. 3(d)). Note that the response/recovery time is
mainly  impacted  by  the  ion  transport  process  and  heat  diffusion.
Accelerating  the  ion  movement  through  methods  such  as  the
optimization of  the  ionogel’s  polymer  network and facilitating  the
heat  diffusion  through  methods  such  as  the  creation  of  porous
structures  could  help  achieve  faster  response/recovery  time.  The
sensor  exhibits  highly  repeatable  and  reliable  response  to
temperature  changes,  with  the  sensing  performance  nearly
unchanged  for  45  cycles  of  temperature  variation  (Fig.  3(e)).
Moreover,  the  sensing  performance  is  nearly  unchanged  under
various  humidity  conditions  for  8  h  or  when  soaked  in  sweat  for
8  h  (Fig.  3(f) and 3(g)).  The  AMA-PAT ionic  temperature  sensor
also maintains its sensing performance under pressure of < 0.5 kPa
(Fig. 3(h)). Note that the corresponding output capacitances under

 

Figure 3    Performance of the AMA-PAT ionic temperature sensor. (a) Dependence of the capacitance on temperature with a stepwise increase of 0.1 °C. (b) Dependence
of the capacitance on temperature under the reciprocating heating/cooling cycle. (c) Repeatable temperature sensing under cyclic heating. (d) Typical time-response curve
to temperature. (e) Cyclic time-response curve to temperature. (f)–(h) Stable temperature sensing performance under different humidity (for 8 h), sweat immersion (for 8
h), and various pressures (0–0.5 kPa).
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−

the influence of humidity, sweat, and pressure can be found in Figs.
S18  and  S19  in  the  ESM.  In  addition,  the  AMA-PAT  ionic
temperature  sensor  presents  antifreeze  property  and  high  thermal
stability,  with  a  wide  working  temperature  range  from 35  to
70 °C (Fig. S20 in the ESM). These environmental tests demonstrate
the  high  reliability  of  the  AMA-PAT ionic  temperature  sensor  for
practical  applications.  Note that  the sensing range primarily  tested
in  this  work  is  25–55  °C,  which  is  sufficient  for  wearable
applications such as on-skin epidermal electronics.

 2.4    Strain-insensitive  sensing  performance  of  the  AMA-
PAT ionic temperature sensor
The  transparent  stretchable  AMA-PAT  ionic  temperature  sensor
possesses strain-insensitive sensing performance, with its sensitivity
nearly  unchanged  under  strain  from  0  to  50%  (Fig.  4(a)).  To
demonstrate this strain-insensitive sensing property, an AMA-PAT
ionic temperature sensor was worn on the finger joint of a person,
and  it  shows  that  the  temperature  sensing  performance  remains
stable  under  various  finger  motions  (Fig.  4(b)).  Note  that  the
corresponding  output  relative  capacitance  change  (ΔC/C0)  can  be
found in Fig. S21 in the ESM. As mentioned above, the AMA-PAT
ionic  temperature  sensor  operates  as  an  electric  double-layer
capacitor, whose capacitance can be given as [38]
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1
2
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CHS +CD

=
1
2

ε0εr
xHS +xD
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2
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√
ε0εrRT
2F2ci

Seff =
1
2
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R F ci T
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where , ,  and  are  the  total  capacitance  of  the  device,
vacuum permittivity,  and permittivity of  the PAT gel,  respectively.

, , , , and  are each electrode’s electric double-layer
capacitance,  capacitance  of  the  Helmholtz  or  Stern  layer,
capacitance of the diffuse layer, thickness of the Helmholtz or Stern
layer, thickness of the diffuse layer, respectively. , , , and  are
the  universal  gas  constant,  Faraday  constant,  ion  concentration  in
the  bulk  electrolyte,  and  temperature,  respectively.  is  the
effective  overlap  surface  area  of  the  electrode,  and  is  the
capacitance per unit effective overlap surface area of the electrode.

Cu T Ctotal T
Seff

Cu

When the device structure, electrode and electrolyte materials are
determined,  is  only related to ,  and  is  only related to 
and . When the device is stretched, owing to the Poisson effect,
the  thickness  of  the  device  shrinks,  and  the  total  surface  area
expands.  The  reduction  in  the  thickness  of  the  device  does  not
affect the  because the thickness of the electric double layer near
the  electrode  surface  is  far  thinner  than  the  device  thickness.  The

 

Figure 4    Strain-insensitive sensing performance of the AMA-PAT ionic temperature sensor. (a) Relationships between the relative capacitance change and temperature
under different strains. (b) Stable temperature sensing of the sensor mounted on a finger joint under various finger motions. (c) Relative capacitance change under strain
of  0–100%.  (d)–(g)  SEM images  showing the  morphologies  of  the  PDMS-AMA electrode  under  strain  of  0,  25%,  50%,  and 100%.  (h)  Relationship  between the  total
surface  area  and  strain  acquired  from  the  theoretical  simulation.  (i)  Relative  capacitance  change  under  strain  of  0–100%  obtained  from  theoretical  simulation.  (j)
Sensitivities of, and measured temperatures of the testing compartment by the AMA-PAT ionic temperature sensor under cyclic tensile strain of 50% during 1000 cycles.
Note: The temperature of the testing compartment was maintained at 25 °C.

Cao et al. Nano Research | Vol. 19, No. 10

Nano Research, 2026, 19, 94908861 94908861 (6 of 12)

https://www.sciopen.com/article/10.26599/NR.2026.94908861
https://www.sciopen.com/article/10.26599/NR.2026.94908861
https://www.sciopen.com/article/10.26599/NR.2026.94908861
https://www.sciopen.com/article/10.26599/NR.2026.94908861
https://www.sciopen.com/article/10.26599/NR.2026.94908861
https://www.sciopen.com/article/10.26599/NR.2026.94908861
https://www.sciopen.com/article/10.26599/NR.2026.94908861
https://www.sciopen.com/article/10.26599/NR.2026.94908861


Ctotal

Ctotal ≤

C0

C0

C0

expansion of the electrode area is expected to increase . But the
actual values of  are nearly unchanged under various strain (
50%) at the same temperature (Fig. 4(c)), which can be attributed to
the fact that the enlarging strain widens the cracks on the electrode
surface and increasingly cuts off the conductive paths for electrons
of  the  electrode  (Figs.  4(d)−4(g)),  counteracting  the  expanding
surface  area  by  the  strain.  As  a  result,  the  effective  overlap surface
area of the electrode is nearly unchanged during the stretching, and
the capacitances under various strains remain nearly unchanged at
the  same  temperature,  leading  to  the  strain-insensitive  sensing
performance.  Note  that  the  electrode  resistance  of  the  AMA-PAT
sensor  increases  from about  120  to  1300  Ω as  the  strain  increases
from 0 to 50% (Fig. S22 in the ESM). Since the electrode resistance
changes little with temperature variation (Fig. S17 in the ESM) and
the equivalent series resistance was over 3124 Ω during the sensing
range  (Fig.  S15  in  the  ESM),  much  larger  than  the  electrode
resistance, the effect of the electrode resistance on the capacitance of
the AMA-PAT sensor within 50% strain could be neglected. As the
strain further increases over 50%, the electrode resistance undergoes
an  abrupt  increase,  leading  to  sharply  reduced  (Fig.  4(c))  and
loss  of  the  strain-insensitive  property  (Fig.  S23  in  the  ESM).
Strategies such as optimizing the conductive network by employing
locally  bundled  dual  ligands  modified  Ag  NWs  to  extend  the
resistance  breakpoint  under  strain  may  help  further  widen  the
strain-insensitive range of the sensor. The degree of the prestrain of
the electrode impacts the  and the sensitivity of the sensor. As the
prestrain  increases  from  0  to  100%,  the  sensitivity  gradually
decreases  while  the  first  increases  and then decreases,  with  the
maximum value achieved when the prestrain is 50% (Fig. S24 in the
ESM).  Considering  the  sensitivity,  stretchability,  and  application
scenarios,  a  prestrain of  50% was employed in this  work,  which is
sufficient  for  wearable  applications  with  moderate  stretchability
requirements [39, 40].

S

To quantitatively describe the crack counteraction-enabled strain-
insensitive  property,  numerical  simulations  were  implemented  in
COMSOL multiphysics using the finite element method. The total
surface area  of the electrode expands with the increasing strain as
follows (Fig. 4(h) and Fig. S25 in the ESM)

S= S0 +Aε (2)

S0 ε
A

K(ε)

where  is  the  total  surface  area  without  strain,  is  the  applied
strain,  and  is  a  constant  representing  the  stretching  coefficient.
Considering  the  influence  function  of  the  electrode  cracks,
the effective overlap surface area of the electrode can be given as

Seff = (S0 +Aε)K(ε) (3)

Seff Ctotal

K(ε)

To quantitatively explain the influence of the electrode cracks on
the  effective  overlap  surface  area  and ,  the  influence
function  can be given as

K(ε) =

{
1− r1ε, 0≤ ε < 0.5
1−0.5r1 − r2(ε −0.5), 0.5≤ ε ≤ 1

(4)

r1 r2where  and  are the fracture coefficients under unit strain for the
two  stages.  Then,  a  model  of  the  electric  double-layer  capacitor
corresponding to the ionic temperature sensor was established (Fig.
S26  in  the  ESM),  where  an  applied  voltage  between  the  two
electrodes leads to a potential drop in the ionogel (Fig. S27(a) in teh
ESM), the equivalent surface charge density of the electric double-

Ctotal

layer capacitor increases with the applied voltage (Fig. S27(b) in teh
ESM), and ion concentrations decrease with the increasing distance
from  the  electrode  surface  at  various  applied  voltages  (Fig.  S28  in
the ESM). Consequently, the  of the device can be calculated as
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The calculated capacitances of the AMA-PAT ionic temperature
sensor  from  the  theoretical  simulation  have  the  same  changing
trend as  the  experimental  results  with  the  enlarging  applied  strain
(Fig.  4(i)),  quantitatively  verifying  the  crack  counteraction
mechanism  for  the  strain-insensitive  sensing  performance.  Note
that more detailed information for the theoretical simulation can be
found in Note S4 in the ESM.

The  strain-insensitive  property  of  the  AMA-PAT  ionic
temperature  presents  high  cyclic  stability,  with  the  temperature
sensitivity  of  the  sensor,  the  measured  temperature  of  the  testing
compartment by the sensor,  and the corresponding capacitance of
the sensor all nearly unchanged during 1000 cycles of tensile strain
at  50%  (Fig.  4(j) and  Fig.  S29  in  the  ESM).  Note  that  the
temperature  of  the  testing compartment  was  maintained at  25  °C.
The  high  stability  of  the  sensor  under  cyclic  strain  can  be  mainly
because  the  excellent  elasticity  of  the  PDMS,  along  with  the  high
adhesion strength of the PDMS-AMA electrode to the PAT ionogel
(Fig. 1(f) and Fig. S9 in the ESM), ensures that the AMA-PAT ionic
temperature sensor can return to its original state after stretching.

 2.5    Applications  of  the  AMA-PAT  ionic  temperature
sensor

±

The AMA-PAT ionic temperature sensor shows great potential for
applications in various areas such as healthcare, prosthetics, sports,
and  robotics.  Besides  the  application  of  monitoring  body
temperature  exhibited  in Fig.  4(b),  which  presents  stable  sensing
performance  under  deformation  from  finger  motion,  applications
of  the  smart  prosthetic  hand  (temperature  warning  and  human-
prosthetic  interaction),  motion  tracking,  and  temperature
monitoring  of  deforming  surface  were  also  demonstrated.  As
shown  in Fig.  5(a) and  Movies  S1–S3  in  the  ESM,  a  temperature
alarm  system  based  on  the  AMA-PAT  ionic  temperature  sensor
was constructed with the sensor worn on a prosthetic hand, which
can  protect  the  prosthetic  hand  from  extreme  temperatures  that
hurt  the  human  body/skin.  Benefitting  from  the  fact  that  the
capacitance of the AMA-PAT sensor monotonically increases with
the  increasing  temperature  from −35  to  70  °C  (Fig.  S20(a)  in  the
ESM),  the  lower  and  upper  temperature  limits  of  5  and  50  °C
(corresponding  capacitances  of  the  amounted  device  were  7  and
24  nF),  respectively,  were  set  to  a  circuit  board  controlled  by  a
capacitive switch. Note that the lower and upper temperature limits
were  set  to  protect  the  person  wearing  the  prosthetic  hand  from
potential harm posed by cold and hot touches. Studies have found
that  the threshold temperature for  pricking pain in human skin is
43.9  0.7 °C [41], and prolonged exposure to temperatures below
0  °C  will  result  in  frostbite  injury  [42].  Considering  the  heat
diffusion  distance  from  the  prosthetic  hand  to  the  wearer’s
body/skin  and  a  normal  living  environment  of  human  beings,
5  and  50  °C  were  set  as  the  lower  and  upper  temperature  limits,
respectively,  and  touching  temperatures  on  the  prosthetic  hand
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within  these  two  temperature  limits  were  defined  as  safe.  More
details  for  the  circuit  board  can  be  found in  Fig.  S30  in  the  ESM.
When  a  human  finger  touched  the  sensor,  it  detected  the  finger’s
temperature  of  30  °C,  recognizing  as “Safe”.  When  a  beaker
containing hot water of  ~ 70 °C or crushed ice of  ~ 0 °C touched
the  sensor,  warnings  were  activated  with  the  buzzer  ringing  and
light-emitting diode (LED) illuminating, recognizing as “Alarm”.

×Then, an AMA-PAT sensor array with 4  4 pixel devices was
fabricated  and  worn  on  a  prosthetic  hand,  which  can  accurately
detect  the  temperature  information  in  contact  from  handshaking
with  a  person  (Fig.  5(b)).  This  sensor  array  was  then  applied  for
motion tracking. As shown in Fig. 5(c), when a warm electric worm
(a piece of heating pad was attached to its bottom surface) crawled
through  the  sensor  array,  its  moving  path  can  be  accurately

×

detected.  Furthermore,  owing  to  the  strain-insensitive  sensing
property,  the  AMA-PAT  sensor  can  accurately  monitor  the
temperature of the deforming surface. As shown in Fig. 5(d), a 4 
3  AMA-PAT  sensor  array  was  worn  on  the  belly  of  a  doll  to
monitor its body temperature and external touch during breathing.
The doll’s belly with the attached sensor array bulged on inhalation
and sucked in  on exhalation (Figs.  5(d2) and 5(d4)).  Despite  such
deformation  during  breathing,  the  sensor  array  mounted  on  the
doll’s  belly  maintained  its  accurate  detection  of  the  temperature
distribution  of  the  doll’s  belly  touched  by  a  cold  block  during
breathing, with the belly expanding and shrinking (Figs. 5(d3) and
5(d5)).  Note  that  the  corresponding  ΔC/C0 distributions  for  the
sensor  array  in  these  applications  can  be  found  in  Fig.  S31  in  the
ESM.

 

Figure 5    Applications  of  the  AMA-PAT ionic  temperature  sensor.  (a)  A temperature  alarm system based on a  sensor  detecting the  temperature  of  finger  touch and
delivering warnings of hot/cold temperatures: (a1) without touch, (a2) safe touch from a human finger, ((a3) and (a4)) alarm touches from hot water and crushed ice.
Scale bar,  5 cm. (b) A prosthetic hand with a temperature sensor array detecting the temperature distribution from handshaking with a person. Scale bar,  2 cm. (c) A
temperature sensor array monitoring the motion path of a warm electric worm. Scale bar, 3 cm. (d) A temperature sensor array worn on a doll’s belly monitoring the
temperature during breathing with the belly shrinking and expanding: (d1) front view, (d2) inhale, (d3) temperature map during inhale, (d4) exhale, and (d5) temperature
map during exhale. Scale bar, 5 cm.
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 3    Conclusions

≥
≤

In  summary,  an  ionic  temperature  sensor  is  developed  with  high
transparency  (transmittance  76.5%)  and  stable  sensing
performance  under  strain  of  50%.  An  electrode  engineering
strategy  of  inserting  MXene  into  two  Ag  NWs  layers  was
discovered  to  be  capable  of  enhancing  the  sensing  performance,
with  a  sensitivity  reaching  ~  5.3  times  higher  than  the  sensor
without  inserting  MXene  in  the  electrode.  This  is  mainly  because
the insertion of MXene lowers the surface potential and suppresses
the  adsorption  of  ions  on  the  electrode  surface,  but  meanwhile,
MXene  bonds  with  neutral  ion  pairs  whose  dissociation  enhances
with temperature, releasing more free ions on the electrode surface
as  the  temperature  rises.  This  MXene-enhanced  performance  is
applicable  to  ionic  temperature  sensors  having  neutral  electrolyte
ion  pairs  that  can  bond  with  MXene  and  have  augmented  ion
dissociation  as  the  temperature  elevates.  The  strain-insensitive
sensing  property  is  mainly  owing  to  a  crack  counteraction
mechanism, where the promoting effect of the expanding electrode
surface  area  with  the  extending  strain  on  the  capacitance  is
counteracted  by  the  decreased  conductive  paths  due  to  the
widening  cracks.  This  crack  counteraction  mechanism  was
quantitatively  verified  through  systematic  theoretical  simulations.
The  transparent  strain-insensitive  stretchable  ionic  temperature
sensor  was  demonstrated  for  applications  of  body  temperature
monitoring,  smart  prosthetic  hand,  motion  tracking  and
temperature monitoring of deforming surface, which can accurately
detect  skin  temperature  despite  body  motion,  warn  the  touch  of
hot/cold  temperatures  through  constructing  an  alarm  system,
record the touch information from handshaking, track the motion
path of a warm electronic worm and monitor the temperature of a
deformable  belly  during  breathing.  The  ionic  temperature  sensor
exhibits  high  environmental  reliability  with  maintained  sensitivity
under sweat, various humidity conditions and pressures. The strain-
insensitive  sensing  performance  also  presents  high  cyclic  stability
with  the  sensitivity  nearly  unchanged  over  1000  cycles  of  50%
strain.  For  future  research,  the  sensitivity  of  the  ionic  temperature
sensor  can  be  further  enhanced  through  routes  such  as  exploiting
an ionogel  with a bigger change in the dielectric constant per unit
temperature;  the  response/recovery  time  can  be  further  shortened
through  strategies  such  as  optimizing  the  ionogel’s  polymer
network  to  accelerate  the  ion  movement  and  creating  porous
structures  to  facilitate  the  heat  diffusion;  and  the  adhesion  of  the
sensor to the body or other electronic components can be improved
through methods such as surface modification of the PDMS outer
layer by plasma and the mixture of adhesive additives into PDMS.
This  work  provides  new  insights  for  the  development  of  novel
stretchable sensors and offers fundamental guidance for the strain-
insensitive property of stretchable electronics.

 4    Methods

 4.1    Materials
All chemicals were of analytical grade and were utilized as received
without  further  purification.  Acrylamide  (AAm,  ≥  99%)  and  2-
hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone  (I2959,  98%)
were  purchased  from  Shanghai  Titan  Scientific  Co.,  Ltd.  2,2,2-
Trifluoroethyl  acrylate  (TFEA,  98%)  was  purchased  from  Shang
Fluoro.  [EMIM][TFSI]  (98%)  was  purchased  from  Monils
Chemical  (Shanghai)  Co.,  Ltd.  Silver  nanowires  (1  wt.% IPA, D =
30  nm·L−1 =  30  μm)  was  purchased  from  Zhongke  Leiming

(Beijing)  Technology  Co.,  Ltd.  Titanium  aluminum  carbide
(Ti3AlC2,  ≥  99%)  was  purchased  from  Laizhou  Kai  Kai  Ceramic
Materials  Co.,  Ltd.  Lithium  fluoride  (LiF,  99%),  polyvinyl  alcohol
(PVA, 1788), ammonium persulphate (APS, ≥ 99.99%), and N,N'-
methylenebisacrylamide  (MBAA,  ≥  97%)  were  purchased  from
Shanghai Aladdin Biochemical  Technology Co.,  Ltd.  Hydrochloric
acid  (HCl,  36-38%)  was  purchased  from  Guangzhou  Chemical
Reagent Factory. N,N,N',N'-Tetramethylethylenediamine (TEMED,
≥ 99%) was purchased from Thermo Fisher  Scientific,  Inc.  PDMS
(Sylgard 184) was purchased from Dow Chemical (China) Co., Ltd.
TPU (EG-85A-B20) was purchased from Lubrizol Special Chemical
(Shanghai) Co., Ltd.

 4.2    Fabrication of the ionic temperature sensors

 4.2.1    Synthesis of Ti3C2Tx MXene

The  Ti3C2Tx MXene  (hereinafter  referred  to  as  MXene)  was
synthesized by stripping the MAX phase (Ti3AlC2) through a mild
LiF/HCl  etching  method.  First,  1.98  g  of  LiF  powder  was  poured
into 30 mL of 9 M HCl solution and dissolved for 5 min, followed
by slowly adding 1 g of Ti3AlC2 powder.  After stirring for 30 min,
the mixed solution was reacted at 40 °C for 45 h. Subsequently, the
supernatant  was  removed  by  decantation,  and  the  sediment  was
washed  several  times  with  deionized  water  by  centrifugation  until
the pH > 4. The multilayer MXene sediment was then dispersed in
150 mL of deionized water, and the solution was sonicated for 1 h
in  an  ice  bath  protected  by  an  Ar  flow  to  obtain  MXene  with
monolayer or few layers. Finally, after centrifuging at 3500 rpm for
1 h, the MXene suspension for spin coating was obtained.

 4.2.2    Preparation of the stretchable electrodes

A PVA sacrificial layer was first prepared on a clean glass substrate,
followed by  spin-coating  the  PDMS fluid  on the  PVA layer.  After
the PDMS was cured, the PVA layer was dissolved and removed by
deionized  water  to  obtain  the  PDMS  layer.  The  PDMS  layer  was
then stretched to  a  strain  of  50%,  and the  surface  of  the  stretched
PDMS  layer  was  etched  via  plasma  treatment.  Next,  a  conductive
film was formed on the pre-stretched PDMS via spin coating of Ag
NWs, MXene,  and Ag NWs (AMA) in turn at  1000 rpm for 60 s
each time,  followed by slowly releasing the prestrain of  the PDMS
layer.  Then,  the  obtained  PDMS-AMA  layer  was  placed  in  a
vacuum oven overnight to remove the residual solvent. Finally, the
stretchable  PDMS-AMA  electrode  was  acquired.  Note  that  the
mass concentration of the Ag NWs suspension for spin coating was
2 mg·mL−1. The amount of MXene added between the two Ag NWs
layers  was  regulated  by  adjusting  the  mass  concentration  of  the
MXene  suspension  for  spin  coating.  The  PDMS-AA  stretchable
electrode  was  fabricated  by  spin  coating  Ag  NWs  for  two  times
without  the  addition  of  MXene,  and  the  PDMS-M  stretchable
electrode  was  fabricated  by  only  spin  coating  MXene  (1  mg·mL−1)
for one time.

 4.2.3    Preparation of the ionogel electrolytes

Preparation of the PAT ionogel: 0.2843 g of AAm, 1.2327 g of TFEA
(as  two  monomers),  and  7.6  mg  of  I2959 (as  the  initiator,  0.5  wt.%
with respect to monomers) were first dissolved in 2.2755 g of ionic
liquid  [EMIM]TFSI  under  magnetic  stirring  to  obtain  a
homogenous solution.  Then, after bubbling with Ar for 10 min to
remove  oxygen,  the  solution  was  poured  into  a  homemade
rectangular  module  with  a  silicone-rubber  frame (height:  150 μm)
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between  a  glass  plate  and  a  PET  plate,  followed  by  photoinitiated
polymerization under ultraviolet  (UV) light  (2 mW·cm−2,  365 nm)
for  2  h  in  an  inert-atmosphere  glove  box  that  maintained  low
oxygen  and  humidity  levels.  Finally,  the  PAT  ionogel  with  a
thickness  of  150 μm was obtained.  Note  that  the reaction formula
of the PAT ionogel can be found in Fig. S8(c) in the ESM.

Preparation  of  the  TPU  ionogel  gel: Initially,  1.5  g  of  TPU
particles was dissolved in THF with a mass ratio of 1:5 at 60 °C for
1  h,  and  2.2755  g  [EMIM][TFSI]  was  added  to  form  a
homogeneous viscous solution. Next, 3 mL of the acquired solution
was  transferred  to  a  beaker;  then,  it  was  first  placed  in  a  fume
cupboard  overnight  to  evaporate  most  of  the  THF  solvent,  and
subsequently  put  into  a  vacuum  oven  to  thoroughly  remove  the
solvent. Finally, the TPU ionogel was obtained. The obtained TPU
ionogel had the same mass concentration as the PAT ionogel.

Preparation  of  the  PAAm  hydrogel: 1.4  g  of  AAm  (as  a
monomer), 7 mg of APS (as the initiator, 0.5 wt.% with respect to
the  monomer),  and  1.4  mg  MBAA  (as  the  cross-linking  agent,
0.5 wt.% with respect to the monomer) were dissolved in 5 mL of
deionized water. Then, the acquired solution was transferred to an
ice  bath  and  stirred  for  10  min.  Next,  5  μL  of  TEMED  was
continuously  added,  accompanied  by  quick  stirring.  The  resulting
solution  was  then  poured  into  a  polytetrafluoroethylene  (PTFE)
mold.  After  1  h  of  reaction  at  room  temperature,  the  PAAm
hydrogel was obtained.

Preparation of the PAAm/NaCl ionic hydrogel: The PAAm/NaCl
ionic  hydrogel  was  prepared  through  the  same  processes  as  the
PAAm  hydrogel,  except  that  0.672  g  of  NaCl  was  additionally
added during the mixing process. The obtained PAAm/NaCl ionic
hydrogel had the same ionic concentration as the PAT ionogel.

 4.2.4    Construction of the sensors

The ionic temperature sensors were assembled by sandwiching the
PAT ionogel layer between two stretchable electrodes. Two copper
wires  were  led  out  from  the  upper  and  lower  electrodes  on  both
sides, respectively, for the following electrical tests, and the electrical
connections were protected by encapsulating a PDMS layer.

 4.3    Fabrication of the AMA-PAT ionic temperature sensor
array

×
The  stretchable  PDMS-AMA  electrodes  were  first  arranged  on  a
polyvinylidene difluoride (PVDF) substrate in a 4  4 array as the
top  and  bottom  electrodes.  Copper  wires  were  then  led  in  each
horizontal row of the bottom electrodes,  as well  as in each vertical
row of the top electrodes. Next, the PAT ionogel was placed at the
corresponding  position  of  the  bottom  electrodes,  and  the  top
electrodes  were  subsequently  assembled  in  alignment.  After  the
encapsulation by PDMS and release from the PVDF substrate,  the
AMA-PAT  ionic  temperature  sensor  array  was  obtained,  and  the
size of each temperature sensor was about 8 mm × 8 mm.

 4.4    Characterization and measurement

 4.4.1    Temperature sensing tests

The  capacitances  of  the  temperature  sensors  in  the  electrical  tests
were  measured by an LCR meter  (Microtest  6367A) at  an applied
voltage of 1 V under a frequency of 100 Hz. All temperatures were
controlled  with  a  thermoelectric  cooler-based  water-cooled
temperature control platform (TLT-AT150-150, accuracy 0.01 °C).

 4.4.2    Structural and morphological characterizations

The  morphologies  of  all  samples  were  characterized  by  scanning
electron microscopy (SEM, Gemini 500) at  a voltage of  5 kV. The
surface  roughness  was  tested  by  atomic  force  microscopy  (AFM,
Bruker).  The  XPS  measurement  was  conducted  on  a  Thermo
Fisher  Nexsa.  The  Fourier-transform infrared  spectroscopy (FTIR,
Nicolet  6700  spectrometer),  Raman  spectroscopy  (Renishaw
Raman  microscope,  laser  excitation  of  532  nm)  and  nuclear
magnetic resonance spectroscopy (NMR, Bruker) were carried out
to  acquire  the  microscopic  molecular  structures.  Note  that  the
samples  of  MXene  modified  by  ionic  liquid  were  prepared  by
impregnating the MXene with ionic liquid for 24 h.

 4.4.3    Electrical tests

The  surface  potentials  were  measured  by  the  Kelvin  probe  force
microscopy  of  an  AFM  (Bruker).  The  electrochemical  impedance
spectroscopy  (EIS)  was  performed  using  an  electrochemical
workstation  (CHI760)  over  a  frequency  range  of  0.1  Hz–1  MHz
with an amplitude of 10 mV.

 4.4.4    Mechanical and adhesion tests

Tensile  tests  were  performed  at  a  strain  rate  of  100  mm·min−1 by
using  an  electronic  universal  testing  machine  (Sansi  Taige,  CMT).
The  adhesion  tests  were  conducted  by  using  a  force  and  torque
measurement  equipment  (Mark-10)  at  an  applied  peel-off  rate  of
25 mm·min−1, with the force-displacement data recorded by a 25 N
load cell.

 4.4.5    Other characterizations

The transmittance of light was characterized by a UV–visible-near
infrared spectrophotometer (300–1000 nm). The small-angle X-ray
scattering (SAXS) spectrum was measured by an SAXS instrument
(Xenocs).  The  dynamic  rheological  tests  were  performed  using  a
rotational  rheometer  (Malvern  Instruments  Ltd.,  Kinexus  pro+).
The  glass  transition  temperature  (Tg)  and  the  thermal
decomposition temperature of the PAT ionogel were obtained by a
differential  scanning  calorimeter  (PerkinElmer)  and  a
thermogravimetric analyzer (209F1 Libra R), respectively.

 Electronic  Supplementary  Material: Supplementary  material
(characterization  of  PAT  ionic  gels,  electrode  adhesion
mechanisms,  sensor  performance,  and  theoretical  simulations)  is
available  in  the  online  version  of  this  article  at https://doi.org/
10.26599/NR.2026.94908861.
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