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Notes

Note S1. Theoretical modeling of porous ionogel structures
1-1. Porosity calculation of porous structures

The porosity ¢, of the porous ionogel can be expressed as:

9, BN 00w (1)

0

Where, V, isthe volume of the porous material in its natural state, and 7 1is the

absolute dense state volume of the porous material. We employed the weighing method
to determine the porosity of the porous ionic gels. This method calculates porosity
based on the change in weight before and after submersion in water'. The skeleton
volume of the porous structure can be obtained from the density and dry weight of the
ionic gel. Using this information, the porosity of the material can be calculated using

the following formula:
N
N+,
U
My | Poig + (m ~Mpi )/ Puwater

Dy
(2)

Dy =

Where, m,, is the initial weight of the porous ionic gel, and m is the total mass

of water inhaled by the same volume of porous ionic gel, p,; and 0 denote the

densities of porous ionic gels and water, respectively.
1-2. Young’s modulus calculation of porous ionogels

The dielectric layer of the tactile sensor is composed of a porous ionic gel.
According to Ashby's equivalent theory?, the equivalent Young's modulus of an open-

pore ionic gel can be expressed as follows:
2
EPIG:B'EIG'(I_(/’o) (3)
Where, E); is the Young's modulus of the base ionogel material, and B 1is a

constant that includes all geometric features. The constant for highly porous materials

can usually be expressed as B ~12.



1-3. Compression deformation analysis of porous ionogels

As a functional layer of the tactile sensor, the deformation of the porous ionogel
directly influences the sensor's response. All pores within the structure are open, and
the compression deformation of the sensor is calculated by considering the connectivity
of these pores within the porous framework. The compressive strain & of a porous

ionic gel can be expressed as:

0 EPIG A EPIG

Where, I, is the initial thickness of the porous ionogel, Af is the compression

deformation thickness of the porous ionogel, A is the electrode area, and F' is the
contact force applied on the electrode.
Combining equation (3) and (4), the compression strain of the tactile sensor can
be expressed as:
P

= 5
‘ B'EIG'(l_@o)2 ®




Note S2. Theoretical modeling of a bionic iontronic tactile sensor for

underwater sensing

The equivalent circuit of an iontronic sensor operating in an aquatic environment
can be divided into two parallel components: one part consists of a hydrophobic porous
ionogel connected to an electrode, while the other part consists of seawater and the rest
of the electrode. Due to their high ionic conductivity, both the ionogel and the seawater
dielectric generate electric double layer (EDL) micro-capacitance at the upper and
lower electrode layers. Assuming a uniform distribution of pores within the porous

ionogel, we can represent the dielectric of the capacitive sensor as two branches, as

illustrated in Figure.S3. The capacitance of the porous ionogel Cyp, ,; and the

capacitance of seawater in the pores C; are arranged in parallel.

DL _seawater
In the ith column of the equivalent circuit, the equivalent circuit model for the

capacitance of porous ionic gel C, and the capacitance of seawater in the pores

C

seawater

is expressed as’:

Z Z

sensor _i PIG i Z seawater _ i (6)

1 1 1
+

= joCyg ; + joC,

seawater _i

Therefore, the capacitance of ith column can be expressed as:

1
Cgensor i~
S ol (Zsensorii ) @)
=Cog ; + Connater i

Assuming that the pores of the ionic gel are uniformly distributed, the contact area

A. of each column of the equivalent circuit with the electrodes can be expressed as:

4= )

"'n
Where, A is the total area of the electrodes, and #n is the total number of

branches of the equivalent circuit.

The capacitance of the porous ionic gel and seawater can be expressed as:



C _ GpiG "€ 'APIG_i
PIG i —
lpig i

)
&

seawater

¢

seawater _i

&, A

seawater 7

seawater i

Where, &,; and ¢

seawater

are the relative permittivity of porous ionic gels and

seawater respectively, &, is the vacuum dielectric constant, A4,.,, and 4 .., are

the contact areas of the ith column of ion gel and seawater with the electrodes

respectively, 7, 1s the thickness of the ith column of porous ionic gel, and

t 1s the thickness of the ith column of seawater between electrodes.

seawater_i

From the uniformly distribution of the pores of the porous ionogel:

tPIGJ = tPIG72 == tPIan =lpg
APIGJ =dpig 2 T T APIGJ, = APIGJ'
(10)
tseawaterJ = tseawater72 == tseawaterfn = tseawater
‘/4seawater71 = Aseawater72 == Aseawaterfn = seawater i
Equation (9) and (10) can be solved as:
CPIGJ = CPIG72 == CPIGJ, = CPIG (1 1)
seawater _ 1 = Cseawater_z == Cseawater_n = Cseawater

Combining equation (5), (7) and (11), the output capacitance of a porous iontronic

sensor in an aquatic environment can be expressed as:

n
Csensor = Zizl (CPIGJ + Cseawaterfi)
=n { 8PIG ) 80 ' APIGJ‘ + 8seawater ) 80 ’ IqseawaterJ' J

tPIG tseawater

(12)

EPIG .EO'A.(1_§00)+gseawater '80 AqDO

tPlG tseawater




Note S3. Theoretical modeling of equivalent contact force and

capacitive response mechanism

From equation (5), the compressive strain of the porous ionic gel can be expressed

as:

(13)

From equation (2), the porosity of the porous ionogel pair is denoted as ¢,. The

initial thickness 7, of the ionogel and the initial thickness ¢, of seawater

seawaterQ

within the pores are represented as follows:
Ipigo =t0'(1—(00) (14)

tseawaterO = 0 gDO (15 )

Where, the thickness ¢ is the initial spacing between the top and bottom electrodes.
When ¢ < ¢,, the sensor response is calculated as the relative change in capacitance
between the ionic gel and seawater during the pore closure phase. This measurement is
essential for understanding the sensor's behavior in varying environmental conditions.
At this stage, the thickness of the ionic gel is incompressible, i.e. f; =1f, . The

nominal compressive strain of the tactile sensor can be expressed as follows:

1o +

£ = seawater ( 1 6)
tO
&= 1 _ tPlGO _ tseawater
4 4
L (17)
&= q)o __ _seawater
tO

Combining equation (13) and (17), The variation ¢ of the seawater

seawater
thickness between the electrodes can be expressed as follows:

P
B-Eg '(1_%)2

(18)

tseawater = tO : ¢0 -



Thus, the contact force-response relationship for bionic porous tactile sensors

utilized in aquatic environments can be described as follows:

Epi €y A &€ &y A-
Csensor — PIG 0 + seawater 0 gDO (19)

to t-| g - P
' ! B'EIG'(I_Q)O)2
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Figure S1. Schematic illustration of the preparation process for the iontronic

tactile sensor with a bionic porous ionogel dielectric layer.



Figure S2. Digital photos of the major preparation steps and the sensor under
different types of deformations. (a) Flexible electrodes. (b) Bionic porous ionogel
dielectric layer. (¢) Integrated deep-sea tactile sensor array. Bionic tactile sensor (d, e)

compression (f) bending deformation.
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Figure S4. ATR-FTIR spectra of ionogels of different polymers. ATR-FTIR spectra
of PBA, PMMA, PBA-co-MMA ionogels.
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Figure S5. XPS survey (Cls) spectra of P((BMIM]TFSI-co-BA-co-MMA) ionogel.
In the XPS spectra, the characteristic peaks at 288.5 eV can be attributed to O-C=0 and
at 286 eV to C-O-C, further demonstrating the network compatibility of butyl acrylate

with methyl methacrylate.
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Figure S8. The images illustrate the compression deformation of the three porous
ionogels before and after compression. Compared to Figure. a, the P([BMIM]TFSI-
co-BA-r-MMA) porous ionogel demonstrates a quicker recovery time under the same

load. Additionally, the deformation observed is greater than that shown in Figure. c.
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Figure S10. The swelling images of immersion in three aquatic environments. The
swelling images depict 15 mm diameter and 2 mm high ionogel samples that were
immersed for 10 days in three environments: air, deionized water, and a 3.5 wt% NaCl
saline solution. The background grid used for reference has a side length of 10 mm. The
ionogel samples are composed of [BMIM]TFSI, BA and MMA with a weight ratio of
8: 1.5: 0.5. The results indicate that the ionic gel did not exhibit swelling when

immersed in any of the three environments tested.
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Figure S11. FTIR analysis of chemical bond in ionogel before and after 10 days
immersion in 3.5 wt% NaCl solution. FTIR analysis reveals negligible changes in the
cross-linking bonds of the ionogel after soaking in saline for 10 days, indicating that

the stable network structure contributes to the durability of the material underwater.
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Figure S12. EDS Mapping analysis of ionogel elements before and after 10 days
immersion in 3.5 wt% NaCl solution. Energy-dispersive X-ray spectroscopy (EDS)
mapping results indicate roughly no Na* and CI" penetration into the ionogel after 10

days of soaking in saline.
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Figure S13. Effect of natural seawater ions (Na*, Mg*, SO+, CI, etc.) on the
performance of the ionogel. (a) Swelling rate variation of the ionogel after immersion
in natural seawater. (b) Capacitance variation of the ionogel after immersion in natural
seawater. The ionogel’s swelling ratio reached equilibrium after 3 days of immersion in
natural seawater, with negligible further changes. Its capacitance also stabilized after 3

days, with a fluctuation of <3% in the subsequent 8 days (total 11 days of immersion).
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Figure S14. Electrical properties of the P([BMIM]TFSI-co-BA-co-MMA) with
varying weight ratios of wiLs;: wiBa): wimma). With the increase in the proportion of

ionic liquid, the initial capacitance of the ionogel increases significantly.
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Figure S15. Ionic liquid leakage test from ionic gels polymerized with different
weight ratios of [BMIM]TFSI when subjected to applied external pressure. The
ionogel synthesized with 90 wt% ionic liquid exhibits the poorest mechanical strength,

leading to cracking and ionic liquid leakage.
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Figure S16. The images illustrate the mechanical performance test samples and
the testing platform used in the experiments. (a) The dimensions of the uniaxial
compression sample. (b) The loading mode employed during the uniaxial compression
experiment. (¢) Additionally, a schematic of the multifunctional loading platform used
in the uniaxial compression experiment is presented, with insets highlighting specific

loading details.
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Figure S17. Mechanical properties of hydrophobic ionogels. (a) Young’s modulus,
and (b) strength and fracture strain of ionogels with various crosslink densities. Data in

(a) and (b) are presented as mean values = SD, n = 3.
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Figure S19. The images presenting experimental conditions during adhesion tests
of ionogels. (a) The loading method for the adhesion experiment and the arrangement
of the ionogel samples. (b) The dimensions of the ionogel sample utilized in the
adhesion tests. (c¢) Additionally, a schematic of the multifunctional loading platform
used in the adhesion experiment is shown, with insets highlighting specific details of

the adhesion setup.
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crosslink density.
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Figure S21. Mechanical properties of ionogels with 1 wt% crosslink density. (a)
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Figure S22. The schematic diagram illustrates a small laboratory pressure tank
designed to simulate a hydrostatic environment. This pressure tank can achieve
maximum pressures of up to 20 MPa, equivalent to a submerged depth of approximately
2000 meters. The inset highlights the arrangement of the bionic tactile sensor and the

device used for real-time acquisition of sensing signals, connected via watertight cable.
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Figure S23. Cross-sectional micrographs of the porous ionogel before and after
hydrostatic pressure loading. The microstructural images were obtained from the
porous ionogel after being subjected to 50 MPa seawater pressure for 12 hours, with
comparative images taken before pressure application. The comparison demonstrates
that the pores and skeleton structure of the porous ionogel showed almost negligible
collapse or deformation before and after pressure loading, confirming that negligible
structural damage occurred in the porous ionogel under high-pressure seawater

conditions.
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Figure S24. Hydrostatic pressure response of porous and solid tactile sensors. The
schematic illustrates (a) the porous ionogel sensor and (b) the solid ionogel sensor,
showing the relative capacitance change over time at 50 MPa hydrostatic pressure.
Figure (a) indicates that the response signal of the porous sensor remains essentially
constant over time at this pressure. In contrast, the solid sensors exhibit fluctuating

responses. Data in (a) and (b) are presented as mean values + SD, n = 3.
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Figure S25. Durability test of the deep-sea tactile sensor under hydrostatic
pressure. The tactile sensor was immersed in seawater within a pressure chamber,
maintained at a constant hydrostatic pressure of 50 MPa for a continuous 12-hour
pressure-holding test. The sensor’s capacitance signal remained nearly constant
throughout the 12-hour test, with a fluctuation of less than 1.5%. This 12-hour stable
performance is sufficient to cover the duration of typical sea trial tasks, including the

entire process of diving, underwater operation, and resurfacing.
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Figure S26. Stability of FPCB electrodes under hydrostatic pressure. (a) Resistance

variation of the electrode under hydrostatic pressure. (b) Resistance variation of the

electrode after immersion in seawater. The resistance of the electrodes remained stable

throughout the 12-hour hydrostatic pressure test, with negligible further fluctuation.

This directly indicates that the electrodes did not crack or experience structural damage

under hydrostatic pressure. The FPCB was immersed in natural seawater for 10 days,

the electrode resistance (monitored daily via a precision multimeter) was stably

maintained at ~0.86 + 0.05 Q, with negligible changes in conductivity by oxidation.
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Figure S27. Sensing stability of the deep-sea tactile sensor in natural seawater. (a)

Hydrostatic pressure response of the sensor under different loads in a natural seawater

environment. (b) Cyclic curves of the sensor in natural seawater. The capacitance

fluctuation of the sensor was less than 1% with the increase of hydrostatic pressure

under all tested load conditions. The sensor’s capacitance response remained stable

throughout 5000 cycles, with negligible signal drift or decay. This result confirms that

the high-pressure natural seawater environment does not cause significant interference

with the sensor’s contact force sensing performance.
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Figure S28. The optical images and scanning electron microscope schematic

illustrate the compression and release process of the porous iontronic sensor. These
images clearly demonstrate the closure of the pores under applied pressure, highlighting

the structural changes that occur during the compression.
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Figure S29. The scanning electron microscope (SEM) images and statistical pore

sizes of porous iontronic sensors at various compressive strains. The pore SEM

images and the statistical analysis of the porous structure of the porous ionogels are

shown for three conditions: (a) the unstressed initial state, (b) the 25% compressive

strain, and (c) the 50% compressive strain. These observations allow for a clear

visualization of the changes in pore size and skeleton structure as a function of

compressive strain.



Motor

Loading cell

Experimental
water tank

Acrylic plate

ol Pressure
Acrylic plate loading

platform

LCR Meter

Figure S30. Schematic diagram of the experimental platform for testing tactile

sensor performance in an aquatic environment.



a 50
$,=0.4240
40412.03~50.21kPa $,=0.0368
50.21~350kPa
30
(=]
o
9 20
2=|
10- R2=0.992
$,=1.6348
~12.03kP (] 3 3 12
0 a Pressure (kPa)
0 100 200 300 400
Pressure (kPa)
c 50
20% 40% 60%
40
A30'
(18
£
O 20
G20
101
0-
0 20 40 60 80 100
Time (s)

40
30
ey
£
© 201
b
10-
0_
0 20 40 60 80 100 120
Time (s)
d 20
15- 5kPa
™
£ 10-
o
4
Response Recovery
51 time time
~128ms ~212ms
0-
0 5 10 15 20 25 30 35
Time (s)

Figure S31. Sensing properties of the bionic iontronic tactile sensor in air

environments. (a) The normalized change in capacitance as a function of the pressure

of the tactile sensor. The figure directly shows the sensitivity of the sensor and the inset

show the linearity of capacitance changes at the first stage pressure. (b) Stepped loading

and unloading curves of flexible tactile sensor with different pressures. (c)

Repeatability curves of capacitive response of the tactile sensor at various pressures

(20%, 40%, and 60% strain). (d) Response and recovery time of tactile sensor at SkPa

pressures.
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Figure S32. Sensing properties of the bionic iontronic tactile sensor in 3.5 wt%

NaCl saline environments. (a) The normalized change in capacitance as a function of

the pressure of the tactile sensor. The figure directly shows the sensitivity of the sensor

and the inset show the linearity of capacitance changes at the first stage pressure. (b)

Stepped loading and unloading curves of flexible tactile sensor with different pressures.

(c) Repeatability curves of capacitive response of the tactile sensor at various pressures

(20%, 40%, and 60% strain). (d) Response and recovery time of tactile sensor at SkPa

pressures.
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Figure S33. Effect of natural seawater ions (Na*, Mg*, SO+, CI, etc.) on the
performance of the ionogel. (a) Swelling rate variation of the ionogel after immersion
in natural seawater. (b) Capacitance variation of the ionogel after immersion in natural
seawater. The ionogel’s swelling ratio reached equilibrium after 3 days of immersion in
natural seawater, with negligible further changes. Its capacitance also stabilized after 3

days, with a fluctuation of <3% in the subsequent 8 days (total 11 days of immersion).
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Figure S34. Influence of saltwater and seawater on sensor performance. (a) Cyclic
loading response of the sensor in saltwater. (b) Cyclic loading response of the sensor in
seawater. The environmental relative permittivity &seawaer (Formula 3) of different
solutions only affect the measured capacitance of the sensor, while they have no impact

on the sensor’s contact force detection in a single solution.
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Figure S35. Theoretical and experimental results comparing the contact force
exerted by different weights. For the 50 g weight, the gravity is 0.49 N, while the
buoyancy in water is 0.0637 N, resulting in an applied contact force of 0.4263 N. In the
case of the 100 g weight, the gravity is 0.98 N, and the buoyancy is 0.1274 N, yielding
an applied contact force of 0.8526 N. The experimental errors for the 50 g and 100 g

weights are 0.60% and 1.82%, respectively. These results confirm the accuracy of deep-

sea tactile sensors in detecting contact forces.
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Figure S36. Soft gripper with integrated deep-sea tactile sensors gripping marine
organisms. Mapped pressure distributions of (a) scallop, and (b) razor clam grasped by

tactile sensors integrated in a soft gripper.
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Figure S37. Robotic systems with integrated deep-sea tactile sensors. (a) Two-finger

robotic sensing system. (b) Soft manipulator with integrated array sensors for gripping

applications.
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Figure S38. Objects of different hardness for grasp recognition applications. (a)

and (b) Samples for different hardnesses.
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Figure S39. Response of a manipulator integrated with a flexible tactile sensor to

grasp objects of different hardness in an aquatic environment.



a Pressure gauge

Gripper

Water pump
[
—
Obi
Water tank Watertight Il c. 0.0000nF
\ camera/(g o 3
) b 0.00000

S A
High Hydrostatic Pressure Chamber LCR Meter

N W . Y
b Pressure (?f
gauge

Weight
Sensor
—1
Water tank Watertiaht
cameg 5 C,  0.0000 nF
\ S D 0.00000
- Q .
AN Y A W W W . -
High Hydrostatic Pressure Chamber L LCR Meter

Figure S40. The schematic diagram depicts the high hydrostatic pressure
environment grasping system. (a) Experimental setup for the grasping application; (b)
Load application device. The pressure within the hydrostatic chamber is regulated by a
water pump, while a watertight stepper motor controls the manipulator's grasping
actions. Sensor responses are collected in real time through watertight cable

transmission, and the entire grasping process is recorded by a camera.
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Figure S41. High hydrostatic pressure application test setup and deep sea tactile
sensors arrangement. (a) High hydrostatic pressure test chamber. (b) Gripping system
mounted on the cage. (c-d) The pressure-resistant soft gripper actuator and the deep-

sea tactile sensor.
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Figure S42. Grasping response of the tactile sensors at atmospheric pressure.
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Figure S43. Experimental setup for grasping under hydrostatic pressure. The
sampled object is fixed in position relative to the soft manipulator and the finger closure

spacing is the same for each grasp.
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Figure S44. Experimental setup for human-robot-environment tactile feedback

system.
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Figure S45. Schematic diagram of the aluminum block lifting process by the
manipulator. (a) Schematic of the experimental process. (b) Schematic of relative
sliding and capacitance variation mechanism. During the lifting process, gravity causes
relative sliding between the aluminum block and the sensor surface (mounted on the
manipulator fingertip). This relative sliding induces morphological changes in the
sensor’s sensitive layer, which further leads to fluctuations in the sensor’s capacitance

signal.



Table S1 The performance comparisons of underwater tactile sensors

Material
Underwater  Tactile Commercial
Device Durability Application Ref.
depth sensing  rigid chips
(Underwater)
Contact Force
Piezoresistive sensor <lm Yes No 10-day [4]
Detection
Magnetoelastic
25m Yes No 21-day Waste Sorting [5]
force sensor
Iontronic force sensor 40 m Yes No 10-day Shape Mapping [6]
lontronic tri-axis
50 m Yes No N/A Force Detection [7]
force sensor
Piezoionic force sensor 100 m Yes No N/A Hardness differentiation  [8]
Optical waveguide
2700 m Yes No N/A Biological sampling [9]
force sensor
Magnetic SDEFS
5000 m Yes Yes (100 $) N/A Hardness testing [10]
sensor
Object Classification/
Deep-sea iontronic This
5000 m Yes No 11-day Non-Destructive
skin work

Operations

Note: The “N/A” denotes no relevant performance data.



Table S2 The stability comparisons of underwater sensing functional materials

Underwater Swelling  Long-term stability
Components Application  Ref.
stabilization time ratio (underwater)
P(DMAEMA-co-

12 h 26% 72 h Strain sensor  [11]

HEA)-SDS-Cis-Fe3*
SF/TA@PPy 3 days 15% 9 days Strain sensor  [12]
BA-AA-CABIL-TA 4 days 7% 15 days Strain sensor  [13]
PVA/PSBMA-H,S04 5 days 6% 30 days Strain sensor  [14]

PVA/P (SBMA-co-
5 days 9% 30 days Strain sensor  [15]

HEMA)
Pressure
PM/M/A hydrogels 2 days 6% 20 days [16]
sensor
P(IBMIM]TFSI-co- Tactile This
3 days 4.7% 10 days

BA-co-MMA) sensor work

Note: “Underwater stabilization time” refers to the time required for the material

to reach stable performance after being immersed in water.



Table S3. Performance comparisons of underwater tactile sensors

Underwater Linearity Linear Response/recover  Stability
Ref. Sensitivity
depth (R?) range time (ms) (cycles)
0.06-150
(4] <l'm 0.0338 kPa'! / 100, 400 3000
kPa
[17] <lm 0.024 kPa’! / 0-200 kPa 21,23 10000
[18] 80 cm 0.195 V kPa’! 0.977 5-50 N 85,/ 3500
[7] 50 m 0.058 N*! 0.999 0-12N 200, 250 3000
[19] 100 m 1.2 kPa’! / 45-625 kPa 150, 530 1200
(8] 100 m 0.62 kPa’! / 50-600 kPa 190, 670 1500
[10] 5000 m 82.62 N! / 0-1N 30, 30 /
This work 5000 m 0.667 kPa"! 0.9977 0-10 kPa 180, 200 5000

Note: The symbol “/” in the table indicates that the corresponding performance

parameter is not reported or specified in the referenced study.



References

1

10

11

12

13

14

15

16

17

18

Liu, Q. X. et al. High-Porosity Foam-Based lontronic Pressure Sensor with
Superhigh Sensitivity of 9280 kPa™'. Nano-Micro Letters 14 (2022).

Gibson, L. J. & Ashby, M. F. Cellular Solids: Structure and Properties. 175-234
(Cambridge University Press, 1997).

Ha, K. H. et al. Highly Sensitive Capacitive Pressure Sensors over a Wide Pressure
Range Enabled by the Hybrid Responses of a Highly Porous Nanocomposite. Adv.
Mater. 33 (2021).

Zhang, 7., Xiang, F., Mei, D. & Wang, Y. Waterproof and flexible aquatic tactile
sensor with interlocked ripple structures for broad range force sensing. Advanced
Materials Technologies 9, 2301513 (2023).

Zhou, Y. et al. A multimodal magnetoelastic artificial skin for underwater haptic
sensing. Sci. Adv. 10, eadj8567 (2024).

Cheng, Y. et al. Aquatic skin enabled by multi - modality iontronic sensing. Adv.
Funct. Mater. 32, 2205947 (2022).

Xiang, F., Zhang, Z., Han, Y., Mei, D. & Wang, Y. Highly sensitive aquatic
iontronic-based tri-axis force sensor array for underwater robotic gripping. /EEE
Transactions on Instrumentation and Measurement 74, 1-10 (2025).

Wang, Q. et al. Self - powered underwater pressing and position sensing and
autonomous object grasping with a porous thermoplastic polyurethane film sensor.
Adv. Funct. Mater. 34, 2315648 (2024).

Teeple, C. B., Becker, K. P. & Wood, R. J. Soft curvature and contact force sensors
for deep-sea grasping via soft optical waveguides. 2018 IEEE/RSJ Internationa
Conference on Intelligent Robots and System (IROS), 1621-1627 (2018).

Liu, S. et al. Tactile sensing for soft robotic manipulators in 50 MPa hydrostatic
pressure environments. Adv. Intell. Syst. 5, 2300296 (2023).

Wang, S. et al. Ultrasonic-Induced Synthesis of Underwater Adhesive and
Antiswelling Hydrogel for Strain Sensor. ACS Appl. Mater. Interfaces 14, 50256-
50265 (2022).

Zheng, H., Chen, M., Sun, Y. & Zuo, B. Self-Healing, Wet-Adhesion silk fibroin
conductive hydrogel as a wearable strain sensor for underwater applications. Chem.
Eng. J. 446 (2022).

Sun, C. et al. Water-resistant and underwater adhesive ion-conducting gel for
motion-robust bioelectric monitoring. Chem. Eng. J. 431 (2022).

Ren, J. et al. Super - tough, non - swelling zwitterionic hydrogel sensor based on
the hofmeister effect for potential motion monitoring of marine animals. Adv.
Mater. 36, 2412162 (2024).

Ren, J. Y. ef al. An anti-swellable hydrogel strain sensor for underwater motion
detection. Adv. Funct. Mater. 32, 2107404 (2022).

Hu, J. et al. The evolution of underwater microelectronic encapsulation: an
universal marine wearable hydrogel. Adv. Funct. Mater. 35, 2418681 (2024).

Liu, J. et al. Underwater gesture recognition meta-gloves for marine immersive
communication. ACS Nano 18, 10818-10828 (2024).

Hao, Y. et al. Octopus-inspired multichannel tactile sensor for enhanced



underwater material identification. Chem. Eng. J. 507 (2025).
19 Wang, Q. et al. Multi - hierarchically porous SWNTs - TPU/C - WPU composite

film for underwater self - powered multi - modal tactile information sensing. Adv.
Funct. Mater., 2509538 (2025).



