
 
Fig.S1 Fluorescence microscopy for optical imaging of the sandwich-architecture hydrogel.

Figure S2. Internal hydrogel network structures of hydrogels corresponding to three different 

PNIPAM concentrations
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The Fourier-transform infrared spectrum of the PAAS hydrogel exhibited a 

characteristic peak at 1712.63 cm-1, attributable to the asymmetric stretching vibration 

of the carboxyl group. This peak was absent in the PAAS-PAM hydrogel. The observed 

absence can be attributed to the following factors: (1) the formation of hydrogen bonds 

between the amide groups of PAM and the carboxylic acid groups of PAAS, potentially 

suppressing the vibrational mode of the C=O bond or inducing a shift in its peak 

position; (2) spectral overlap between the amide I band of PAM (C=O stretching 

vibration) and certain characteristic peaks of PAAS.

Furthermore, characteristic peaks at 1635.54 cm-1 and 1458.08 cm-1 were 

observed, corresponding to the asymmetric stretching vibrations and absorption of the 

-NH-CO- moiety of the amide groups. The enhanced vibrational activity of the amide 

groups, promoted by the hydrogen bonding and other interactions between PAAS and 

PAM, resulted in a significantly lower peak intensity at these positions in PAAS 

compared to PAAS-PAM. The incorporation of PAM therefore facilitated the 

interaction within the hydrogel network, thereby enhancing the mechanical strength of 

the composite.

Upon the introduction of PNIPAM, the PAAS-PAM-PNIPAM hydrogel exhibited 

a shift in the C-H stretching vibration from 2985.63 cm-1 to 3001.21 cm-1 relative to 

PAAS-PAM. This shift suggests the formation of hydrogen bonds between the N-H 

groups of PNIPAM and either the carboxylic acid groups or other polar moieties within 

the PAAS-PAM matrix. The formation of such hydrogen bonds directly alters the 

chemical environment surrounding the C-H bonds, resulting in the observed 

wavenumber shift of the C-H stretching vibration.

Figure S3. Fourier-transform infrared (FT-IR) spectra of three distinct hydrogels



Figure S4. The comparative SEM analysis of the surface topography was conducted (a) 
pre-tensile and (b) post-tensile deformation.

Figure S5. The force distribution across the protruding array as determined by 
computational simulation.



Figure S6. Schematic diagram of PEDOT:PSS polymer conductivity mechanism

As illustrated in Figure S6, the conductivity of PEDOT:PSS stems from an 

intrinsic mechanism. Electrostatic interactions between cationic PEDOT and anionic 

PSS monomers facilitate the ordered arrangement of PEDOT oligomers along high 

molecular weight PSS chains [1, 2]. The entanglement of PSS chains and the π-π 

stacking interactions between the thiophene rings of PEDOT synergistically drive the 

formation of colloidal PEDOT:PSS nanoparticles. In aqueous environments, these gel 

particles exhibit a typical micellar structure, characterized by a hydrophobic core 

primarily composed of PEDOT and a hydrophilic shell enriched with PSS [3]. When 

the PSS content in the PEDOT solution is low, PEDOT:PSS crystallites can establish a 

continuous conductive network, thereby exhibiting high conductivity. However, as the 

PSS content increases, the conductive network becomes progressively fragmented by 

PSS regions. Upon exceeding a critical threshold of PSS content, the number of 

conductive pathways is significantly reduced, leading to a sharp decline in conductivity, 

and the conductive behavior shifts towards ionic conduction rather than electronic 

conduction.
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Fig.S7 Fluorescence microscopy for optical imaging of microstructural PAAS-PAM and PAAS-

PAM-PNIPAM cross-sections. (a) Optical images of the vertical cross-section at the interface 

between two gel sheets. (b,e) The thickness of the hydrogel film layers (excluding and including the 

conductive coating of PEDOT:PSS/Graphene).

Fig.S8 The appearance, cross-sectional morphology and annotated key dimensions of each 

layer

Table S1 Comparison of strain and gf performance parameters of existing flexible sensors 



and those obtained in this study

Sensor Material System Structure Type
Conductive 

Mechanism

Gauge 

Factor 

Strain 

Range
References

AM-LMA-AMPS-LiCl Interconnected Network Ion Conduction 22.15 0-1000% [4]

3D Print PEDOT:PSS/PVA Stratified Deposit
Electronic 

Conductivity
12.78 0-300% [5]

SCMC/PANI/AC-Bt Double Network Electron/Ion Hybrid 12.68 0-1675% [6]

MXene/PAA Single Network Combined Electrical Conductivity 3.64 10-700% [7]

PVA-HEDP Homogeneous Composite Ion Conduction 2.72 0-100% [8]

Alginate/GO/PAM Nano Composite Electron/Ion Hybrid 4.2 0.02-2000% [9]

rGo-Organohydrogel Surface Coating Surface Microcracks 140 0-400% [10]

PAAS-PAM-

PNIPAM/PEDOT:PSS/

Graphene

Sandwich Structure
Electronic 

Conductivity
25.76 0-350%+

This 

Work

Table S2 Comparison of temperature detecting range and TCR performance parameters of 
existing flexible sensors and those obtained in this study

Sensor materials Sensing Mechanism TCR (%/°C)
Test Operating 

Range (°C)

Reference

s

CPVA-QA Elastomer Improved Ion Mobility 10.8 - [4]

Carbon Black/Acrylate Network Thermal Expansion 6.2 33-40 [11]

MXene/PAA Photothermal/Ionic Effect -5.27 0-80 [7]

PI/MnCo2O4 Oxide Semiconductor Ntc -4.1 - [12]

Alginate/GO/PAM Electronic Transition/Ion Migration 2.0-2.7 25-65 [9]

PAAS-PAM-

PNIPAM/PEDOT:PSS/

Graphene

Phase-Change Induced Volume 

Contraction
8.33/16.96 30-45

This 

Work

Table S3 The chemical parameters for each layer of the sandwich structure

Layer Composition Sample Name Concentration Thickness

Acrylic Acid (AA) PAAS 10.5 mol/L
Top PAAS-PAM

Acrylamide (AM) PAAS-PAM 0.47 g/mL
1 mm

0.36 wt%

0.72 wt%

1.08 wt%

PEDOT-PSS 

0.36~1.44 wt%

1.44 wt%

Mid
PEDOT-

PSS/Graphene

PEDOT-PSS

/Graphene

Graphene PPS:Gr=1:1 (weight rate)

300 μm



PAAS 10.5 mol/L

PAM 0.47 g/mLAcrylic Acid (AA)
PAAS-PAM-PNIPAM 

0.1
PNIPAM 0.1 g

PAAS 10.5 mol/L

PAM 0.47 g/mLAcrylamide (AM)
PAAS-PAM-PNIPAM 

0.2
PNIPAM 0.2 g

PAAS 10.5 mol/L

PAM 0.47 g/mL

Bottom
PAAS-PAM-

PNIPAM

N-

isopropylacrylamide 

PAAS-PAM-PNIPAM 

0.3
PNIPAM 0.3 g

1 mm
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