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a b s t r a c t

Gel-based sensors have provided unprecedented opportunities for bioelectric monitoring. Until now, sen-

sors for underwater applicants have remained a notable challenge, as most sensors work effectively in air

but swell underwater leading to functional failure. Herein, we introduce an innovative amphibian-inspired

high-performance ionogel, where multiple supramolecular interactions in the ionogel’s network confer

good stretchability, elasticity, conductivity, and the hydrophobic C-F bonds play a key role in diminish-

ing water molecule hydration and provide outstanding environmental stability. These unique properties

of ionogels make them suitable as wearable amphibious flexible sensors, and the sensors are capable of

highly sensitive and stable human motion monitoring in air and underwater. Integration of the designed

sensor into an artificial intelligence drowning alarm system, which recognizes the swimmer’s movement

status by monitoring the amplitude and frequency, especially in the drowning status for real-time alarms.

This work provides novel strategies for motion recognition and hazard monitoring in amphibious envi-

ronments, meeting the new generation of wearable sensors.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the rapid progress of science and technology, there is a

growing interest in motion monitoring and hazard alarms. Soft

electronics have been extensively researched in this field due to

their high flexibility, lightweight, good fit, and high accuracy [1–4].

Wearable sensors, a vital component of soft electronics, play a cru-

cial role in monitoring various biological signals [5–7]. However,

traditional sensors that modify substrate materials with conduc-

tive or nanomaterials through dip-coating [8,9], spraying [10,11],

or chemical vapor deposition [12,13], still face shortcomings in

adaptability and tunability, significantly restricting their practical

applications. Under the circumstances, researchers have explored

the potential of utilizing conductive gel’s stretchability, adjustable

mechanical properties, and good conductivity to develop a novel

wearable flexible sensor [14–20]. These conductive gel-based sen-

sors overcome the limitations of their traditional counterparts but

also offer unique advantages, making them highly promising in
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the realms of human-computer interaction and medical monitor-

ing [21–24].

As the focus on underwater exploration, rescue, and monitoring

grows, the demand for underwater sensing technology is increas-

ing. Despite significant advances in traditional wearable sensors in

atmospheric environments, conductive hydrogels underwater allow

water molecules to easily penetrate the hydrogel network affecting

performance [25–28]. Therefore, gel-based sensors to achieve sta-

ble sensing in the air and underwater remain a unique challenge.

Notably, amphibians in nature exhibit exceptional locomotion and

stable adaptations in both water and terrestrial environments [29–

31]. Inspired by this outstanding environmental adaptability of am-

phibians, it is imperative to develop a conductive gel with excellent

mechanical properties and stability both underwater and in air.

In recent years, there has been notable attention on conduc-

tive ionogels formed by embedding ionic liquid (IL) within a three-

dimensional polymer network [32–35]. Significantly, IL-based iono-

gels exhibit excellent chemical stability and unique conductivity,

and fluorine-rich IL can confer hydrophobicity [36,37]. This prop-

erty is attributed to the high electronegativity of fluorine and the

strong electrostatic nature of the C-F bond rendering it a poor hy-

drogen donor and acceptor, which in turn minimizes interactions
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with water molecules [38–41]. Additionally, abundant supramolec-

ular interactions such as ion-ion, ion-dipole, and hydrogen bonds

between IL and copolymers play a crucial role in effectively pre-

venting IL diffusion [42]. The introduction of ILs or monomers with

C-F bonds into the gel network not only possesses good mechan-

ical and conductivity but also has the unique features of anti-

swelling and environmental stability. Consequently, the designed

ionogel can be used as an amphibious flexible sensor with excep-

tional potential for sensing applications both in the air and under-

water.

Herein, we developed a series of amphibian-inspired ionogels

(HDI) that exhibited excellent mechanical properties and envi-

ronmental stability both in air and water, making them ideal for

amphibious flexible sensors. The ionogel network is copolymerized

from the fluorinated acrylate monomer 2,2,3,4,4,4-hexafluorobutyl

acrylate (HFBA) with the monomer N,N-dimethylacrylamide

(DMAA) in fluorine-rich ionic liquid (IL) butyltrimethylammonium

bis(trifluoromethanesulfonyl) imide ([N4111]
+ [TFSI]−). Fluorine-rich

IL and hydrophobic monomer HFBA provide abundant C-F bonds to

the gel network, reducing the effect of water molecule hydration

on the gel. The presence of multiple supramolecular interactions

in the ionogel network fosters good compatibility between the IL

and both hydrophilic and hydrophobic chain segments, resulting

in good transparency, tensile properties, elasticity, stable adhesion

and conductivity, especially excellent environmental stability in air

and water. The designed ionogel proves as an effective amphibious

flexible sensor for monitoring human movement both in air and

water. It serves as a cornerstone in constructing an artificial

intelligence drowning alarm system, enabling real-time monitoring

of swimmers’ movements and prompt drowning alerts. Thus, the

ionogel-based wearable flexible sensor provides a new strategy for

the new generation of sensor technologies.

In order to develop novel amphibian-inspired conductive iono-

gels for multifunctional biosensing, the design strategy adopted in

this study was shown in Scheme 1. We first prepared hydrophobic

ionic liquid (IL) [N4111]
+ [TFSI]− by mixing cations and anions [43].

The 1H NMR spectroscopy provided evidence for the successful

preparation of [N4111]
+ [TFSI]− (Fig. S1 in Supporting information).

Significantly, we selected IL and the hydrophobic monomer HFBA

with C-F to construct the ionogels, because the high electroneg-

ativity of fluorine and the strong electrostatic properties of the

C-F bonds made them poor hydrogen donors and acceptors [44].

This interaction would avoid the interference of water molecules,

therefore endowing unique hydrophobicity for the ionogel and en-

vironmental stability. Meanwhile, the monomer DMAA effectively

was designed to modulate the mechanical properties of the iono-

gel [45,46]. The HDI ionogel formation process could be visual-

ized in Fig. 1A, and the internal supramolecular interactions in

Fig. S2 (Supporting information). The mixture of HFBA and DMAA

presented a light yellow liquid, transparent [N4111]
+ [TFSI]−, pho-

toinitiator and crosslinker were introduced into the solution. Sub-

sequently, the above homogeneous and transparent precursor so-

lution was transferred into a silica gel mold for photopolymer-

ization under UV light. According to Fig. 1B, the average trans-

mittance of the yellowish ionogel in the visible region (400-800

nm) was 87%. This good transparency confirmed the compatibil-

ity of [N4111]
+ [TFSI]− and the hydrophilic and hydrophobic chain

segments of the copolymer resulting in a homogeneous disper-

sion system. X-ray diffraction (XRD) spectral analysis revealed no

strong scattering peaks (Fig. S3 in Supporting information), indi-

cating that the ionogels were homogeneously dispersed structures

without phase separation at the nanoscale [47]. The morphology

and elemental distribution of the ionogels were analyzed by scan-

ning electron microscopy (SEM) and energy spectrometry (EDS)

(Fig. 1C). The X-ray photoelectron spectroscopy (XPS) was consis-

tent with EDS results (Fig. 1D). The N 1s spectrum in XPS could be

deconvoluted into two peaks centered at 402.2 and 398.9 eV, cor-

responding to the N atoms in N+ of IL [N4111]
+ cation and S-N-S of

IL [TFSI]− anions, respectively (Fig. S4 in Supporting information).

Significantly, high-resolution XPS can distinguish different environ-

ments of fluorine and carbon atoms, which can provide insight

into the interactions between the copolymer and [N4111]
+ [TFSI]−.

By comparing the F-atom binding energy of HDI with copolymer

P(HFBA-co-DMAA) it was found that the binding energy shifted

from 688.2 eV to 688.4 eV in Fig. 1E. Meanwhile, a comparison of

the C-atom binding energy revealed that the binding energy of the

HDI group was increased by 1.9 eV and the electron cloud den-

sity was decreased (Fig. S5 in Supporting information). These re-

sults indicated that the HFBA fragments in the polymer network

had ion-dipole interactions with the [N4111]
+ cations of the IL [48].

Furthermore, the existence of ion-dipole interactions could also be

demonstrated by Fourier transform infrared (FTIR) spectroscopy.

Scheme 1. The synthesis process of conductive HDI ionogels as wearable amphibious flexible sensors for underwater monitoring and drowning rescue warning.
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Fig. 1. (A) The gelation process of HDI ionogels. (B) Transmittance of the HDI-3 with 2 mm in the visible wavelength range. (C) The SEM and EDS images of the HDI-3

ionogel. Scale bar: 20 μm. (D) XPS survey spectra of the HDI ionogel. (E) F 1s spectra of HDI and P(HFBA-co-DMAA).

The addition of [N4111]
+ [TFSI]− caused the C-F stretching vibra-

tion and S-N-S antisymmetric stretching vibration of the HDI to

higher wavenumbers (Fig. S6 in Supporting information). This in-

dicated that ion-dipole interactions led to cation attraction to the

[TFSI]− anion, cation coulomb force was weakened and S-N-S force

increased [44]. Therefore, the ion-dipole interactions effectively en-

hanced the compatibility of IL with the chain segment in ionogel,

and also prevented the IL leakage, providing excellent stability for

the ionogel.

Remarkable mechanical properties are one of the most crucial

parameters to promise the duration of ionogels as strain sensors.

We developed a series of ionogels with different mechanical prop-

erties by tuning the monomer molar ratio of HFBA to DMAA (3:1

to 1:3) and the contents of the IL (30%-50%). The groups of HDI

ionogels were named in Table S1 (Supporting information). Then,

the rheological behavior, tensile, compressive and adhesive proper-

ties of HDI ionogels were investigated. As shown in Fig. S7 (Sup-

porting information), the values of storage modulus (G’) and loss

modulus (G") for strain amplitude sweep of different HDI iono-

gels. These results indicated that both G’ and G" of HDI increase

significantly with increasing content of poly (DMAA) segments in

the ionogel. According to the tensile stress-strain curve, the five

groups of ionogels tested had maximum tensile stresses ranging

from 66.8 kPa to 284.5 kPa and tensile strains from 298% to 807%,

when the molar ratio of HFBA to DMAA decreased from 3:1 to

1:3 under the 40% IL content (Fig. 2A). Notably, the HDI-5 ionogel

had maximum stress of 284.5 kPa, Young’s modulus of 158 kPa,

and toughness of 1133 kJ/m3 (Fig. S8 in Supporting information).

In the compressibility test, the compression stress increased with

the increase of poly (DMAA) segments (Fig. 2B). These experi-

ment results showed that the increase of DMAA monomer con-

tent also provided more cross-linking sites in the gel network,

which further increased the cross-linking density of the gel net-

work so the gel would have higher modulus and strength. In ad-

dition, the poly(DMAA) segments could be considered as hard seg-

ments which played a positive role in the modulus and mechanical

properties of the gel. However, the poly(HFBA) segment has less in-

fluence on the mechanical properties of HDI and has a lower glass

transition temperature (Tg), which can be used as a soft segment

in the gel network [37]. The combination of hard and soft seg-

ments gave the ionogel adjustable modulus and mechanical prop-

erties. On the other hand, the IL content also affects the rheological

behavior and mechanical properties of HDI ionogels. The modulus

and stress reached their maximum value at 35% IL content, and the

modulus value decreased linearly as the IL content increased fur-

ther from 35% to 50% (Figs. S9A and B in Supporting information).

This suggested that the copolymer-ionic liquid covalent and non-

covalent forces in the gel network reach an optimal equilibrium at

an IL content of 35%, which has the highest modulus and strength

in the experimental range. As the IL content increased, a relatively

sparse network can be obtained leading to a decrease in modulus

and strength.

HDI-3 ionogel had good tensile strength, strain and tough-

ness and was selected for detailed analysis in combination with

subsequent solvation kinetics results. Rheological strain amplitude

sweeps revealed that the G’ and G" curves of HDI-3 intersected at

the strain of 93.8%, which was the critical strain damage point of

the gel network. The strain continues to increase to G" values ex-

ceeding G’, indicating the collapse of the HDI-3 ionogel’s network

and the transition to a sol state (Fig. 2C) [49,50]. Furthermore, the

HDI-3 ionogel exhibited good resilience and recyclability and could

be fully restored to its original length within 1 min by stretching

the ionogel in many cycles (Fig. S10 in Supporting information).

These results indicated that most of the hydrogen bonds were not

fully relaxed during stretching, thus preventing the polymer chains

free extension, and partially broken hydrogen bonds recombined

after strain disappearance. Notably, the ion-dipole interaction con-

tributed to the recyclability of the ionogel and facilitated its return

to its initial size [51].

To further investigate the viscoelasticity and stability of the

HDI-3 ionogel, tensile and compression cyclic tests were con-

ducted. The HDI-3 remained stable both continuous cycle tensile

and compression tests in Fig. 2D and Fig. S11 (Supporting informa-

tion). As shown in Figs. S12A and B (Supporting information), the

stress and hysteresis values decreased slightly as the number of cy-

cles increased, but stabilized after 5 cycles. These phenomena in-

dicated that the covalent network remained intact and the nonco-

valent bonds were partially broken during stressing, leading to sig-

nificant energy dissipation. Moreover, poly (HFBA) acted as a soft

segment in the copolymer network, giving ionogels a short relax-

ation time and high energy dissipation. As the tensile cyclic strain

increased from 50% to 300%, the hysteresis area increased (Fig. S13
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Fig. 2. Characterization of mechanical properties of HDI ionogels. (A) Tension curves. (B) Compression curves. (C) Strain amplitude sweep measurements of the HDI-3 ionogel.

(D) Cyclic loading-unloading curves of HDI-3 ionogel. (E) Adhensive strength of HDI ionogels. (F) Photographs of HDI-3 adhering to various substrates. (G) Solvation kinetics.

(H) Comparison of the HDI-3 with other HDI ionogels. (I) Solvation kinetics curves of HDI-3 in different solvents. (J) Photographs of HDI-3 adhering to various substrates

underwater. (K) The conductivity of HDI ionogels.

in Supporting information), suggesting that there was high energy

dissipation in the more noncovalent bond breakage with increas-

ing strain [52]. Overall, the presence of a large number of hydrogen

bonds, and ionic dipole interactions in the system gave the HDI-3

ionogel good recyclable stability and shape recovery.

Adequate adhesion property was one of the most essential re-

quirements for ionogels as wearable flexible sensors, which could

promise stable contact between the ionogel and the interface

facilitating obtained accurate sensing signals [53]. The adhesion

strength of ionogels was quantitatively characterized by using a

shear test. According to Fig. 2E, the adhesion strength gradually

increased from 16.8 kPa to 186.1 kPa as the molar ratio of HFBA

to DMAA monomers decreased from 3:1 to 1:3, suggesting that

the adhesion of ionogels mainly originated from the poly(DMAA)

chain segments in the gel network. The adhesion strength of HDI-

3 was 77.4 kPa, and it had good adhesion to a wide range of sur-

faces, including agate, glass, plastic, copper, silica gel, and rubber

(Fig. 2F). Meanwhile, the adhesion of HDI-3 to different substrates

was quantitatively analyzed in Fig. S14 (Supporting information).

This remarkable adhesion might be due to the interactions of func-

tional groups within the ionogel with different substrate materials,

including dipole-dipole, ion-dipole, electrostatic, cation-π , and van

der Waals interactions (Fig. S15 in Supporting information) [54–

57].

Conventional gels tend to swell or lose water during prolonged

exposure to water or air, which could lead to functional loss

and limited stability. Amphibians showed good survival adapta-

tions both in aquatic and terrestrial environments, which inspired

the development of an amphibian conductive ionogel was crucial.

We regulated the ratio of hydrophilic poly(DMAA) and hydropho-

bic poly(HFBA) segments and the IL contents in ionogel network,

which could impact the hydrophilic-hydrophobic and anti-swelling

properties of the ionogel. As shown in Fig. S16A (Supporting in-

formation), the morphology changes observed in HDI ionogels af-

ter 10 days in water revealed that the diameters of HDI-4 and

HDI-5 increased from the original 2 cm to 2.2 cm and 2.5 cm, re-

spectively, compared to the negligible changes in the diameters of

the other three groups. Quantitative analysis of the hydrophobic-

ity and swelling kinetics of the ionogels was performed by deter-

mining the water contact angle and weight change. The contact

angle boundaries of HDI-3 without swelling behavior and HDI-4,

HDI-5 with swelling behavior are 78°, 62° and 54° respectively
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in Fig. S16B (Supporting information). Literature reported that the

hydrophilic-hydrophobic contact angle boundary was 65°, which

also indicated that HDI-3 was hydrophobic [58]. According to Fig.

2G, the swelling ratio of HDI-5 and HDI-4 in water reached equi-

librium after incubation for 3 days, measuring 146% and 34%, re-

spectively, while HDI-3 and the other two groups were close to

0%. These results suggested that more hydrophobic poly (HFBA)

segments in HDI ionogels would confer good hydrophobicity and

anti-swelling properties. This was attributed to the presence of a

large number of C-F bonds minimized the interaction of the iono-

gel with water molecules.

Additionally, adjusting the IL content could also influence the

hydrophobicity and swelling kinetics of ionogels. As the IL content

increased, the water contact angle showed a monotonic increase,

while the swelling rate was gradually reduced to -8% (Fig. S17 in

Supporting information). This suggested that the C-F bond could

resist more water molecule forces and became more hydrophobic

with increased IL content, but excess IL could cause IL leakage due

to insufficient ionic-dipole interaction force between IL and the

ionogel network [59]. Overall, fluoropolymer monomer HFBA and

fluorine-rich IL synergistically interacted in appropriate ratios to

enable HDI ionogel achieve outstanding hydrophobicity and anti-

swelling properties.

The comprehensive comparison of five aspects of swelling ra-

tio, tensile and compressive stresses, storage modulus, and adhe-

sion showed that HDI-3 had good integration properties in Fig. 2H.

Therefore, HDI-3 was selected for the environmental stability study

of the system. We further evaluated the stability of HDI-3 in var-

ious complex environments by immersing HDI-3 in pH 2, pH 12,

NaCl, and seawater. Macromorphological comparisons showed no

significant morphological changes (Fig. S18 in Supporting informa-

tion), but solvation kinetics revealed a 22% increase in mass for

the pH 12 group (Fig. 2I). This may be due to alkaline ions af-

fecting the C-F bonds, which reduced the swelling resistance of

the ionogels. In addition, the underwater environmental stability

of the ionogels was investigated by testing their tensile properties

and adhesion stability after 24 h of immersion in different solu-

tions. The stress-strain behavior of HDI-3 in different solutions was

almost unchanged, and adhesion strength was similar to that in

air (Figs. S19 and S20 in Supporting information). It was worth

noting that in water environments HDI-3 still had stable adhe-

sion to different materials in Fig. 2J. These results indicated that

HDI-3 had good hydrophobicity under the synergistic effect of hy-

drophobic segments and hydrophobic IL, rich in supramolecular

interactions, low surface energy, and both water and other solu-

tions were difficult to penetrate the ionogel network. The HDI-3

morphology and mass did not change in room temperature weight

loss experiments (Fig. S21 in Supporting information), indicating

that the ionogel did not undergo IL volatilization and leakage at

room temperature. All in all, the designed amphibian-inspired HDI-

3 ionogel had excellent environmental stability both in air and

water.

The conductivity and sensing performance of the ionogel for

amphibious wearable flexible sensor applications were very criti-

cal. Conductive properties of HDI ionogels were verified by circuit

pathway experiment (Fig. S22 in Supporting information). Conduc-

tivity of ionogel derived from the presence of anions and cations in

the IL. Electrochemical impedance spectroscopy (EIS) was used to

quantificationally analyze the conductivity of ionogels with differ-

ent IL contents (Fig. S23 in Supporting information). The conduc-

tivity increased one order of magnitude from 6.72 × 10−6 S/cm to

6.28 × 10−5 S/cm as the molar percentage of IL increased from 30%

to 50%, demonstrating that the higher IL content provided more

free ions and improved conductivity (Fig. 2K). The cyclic voltam-

metry (CV) images displayed an increased hysteresis area with in-

creasing IL content, which is consistent with the EIS results in Fig.

S24 (Supporting information). The designed HDI-3 ionogel applica-

tion targeted an amphibious flexible sensor, the sensitivity gauge

factor (GF) was a key metric for evaluating the flexible sensor. As

shown in Fig. S25 (Supporting information), the GF value of iono-

gel was about 2.63 in the strain range of 0-200% and reached 5.03

with further increase to the strain of 400%, reflecting the good sen-

sitivity of the HDI-3 ionogel within the measured strain range. The

HDI-3 ionogel was also highly sensitive to both small strains (4%-

16%), large strains (100%-400%), and different frequencies (0.004-

0.064 Hz) without obvious delay in Figs. S26A-C (Supporting in-

formation). Additionally, during 300 cycles of 100% strain tensile

cycle testing, the relative resistance change remained stable, indi-

cating ionogel flexible sensor exhibited excellent fatigue resistance

and stability (Fig. S27 in Supporting information). HDI-3 ionogel

was designed as an amphibious wearable sensor with excellent

environmental stability, not only having exceptional sensing per-

formance in air but also in water. After water immersion, the GF

in the 0-200% strain range was 2.04 slightly lower than that in

air and remained stable during 180 tensile cycle tests (Fig. 28 in

Supporting information). Overall, all these results confirmed that

the HDI-3 as an amphibious sensor accurately and consistently col-

lected sensing signals both in air and water.

The above-mentioned excellent performance of HDI-3 ionogel

encouraged us to further develop its amphibious flexible sensor

function, specifically monitoring a wide range of human move-

ments in real-life scenarios. The HDI-3 sensor could be directly at-

tached to the finger and acquire significant sensing signals during

bending (Fig. S29A in Supporting information). It was worth noting

that the results were symmetrical which indicated that the sen-

sor was stable, accurate and repeatable for motion detection. When

the sensor was pressed regularly with a finger, a distinct peak in

the sensing signal was observed (Fig. S29B in Supporting informa-

tion). The compression signal peak was opposite of the stretched

state, indicating that the free ions in the ionogel move shorter dis-

tances in the compressed state resulting in an increased transmis-

sion rate and lower resistance. The cellular experiments demon-

strated that HDI-3 ionogel had good biocompatibility and was non-

invasive to the skin (Fig. S30 in Supporting information).

As shown in Fig. S31A (Supporting information), the HDI-3

ionogel-based sensor adhered to the robot, different motion rates

of the robot in the water could induce the sensor to produce differ-

ent sensing signals with peak constant frequency acceleration. No-

tably, the peak of the sensing signals increased strongly when the

robot was retrieved from the water, and the signals recovered after

the robot was put back in the water (Fig. S31B in Supporting infor-

mation). This phenomenon was attributed to the conductivity dif-

ferences between environments, where the conductivity of the air

was lower than that of water, resulting in a significant increase in

the relative resistance of the sensor. This property provided a crite-

rion for determining whether a sensor had left the water, making

it promising for applications in the protection and tracking marine

life.

We monitored underwater motion with the developed amphibi-

ous wearable sensor, which was attached to the finger to detect

the sensing signals from bending the finger in water in Fig. S32

(Supporting information). Next, we used the mannequin to model

the swimmer’s breaststroke and drowning process, and sensors ad-

hered to the elbow and knee of the mannequin to monitor mo-

tion signals. Additionally, the breaststroke movement pattern was

regular, the sensing data showed a frequency of 0.5 Hz at the

two sites. During the subsequent simulated drowning, the sensors

detected about 500% and 40% sensing signals at the elbow and

knee of the mannequin, respectively (Fig. S33 in Supporting infor-

mation). Comparison of the elbow signals revealed that the sig-

nal strength of the drowning group was 500% with 2 Hz, which

was higher than the 15% and 0.5 Hz breaststroke group signals
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Fig. 3. (A) Designed a signal acquisition, analysis and hazard alarm device for alarming drowning. (B) The working principle of the data identification and analysis system.

(C) The simple logic diagram for sensing signal recognition, analysis and output of results.

(Fig. S34A in Supporting information). This suggested that during

drowning, the sensor’s sensing environment was altered and the

rate increased by the rapid swinging of the arm, resulting in a

strong change in the sensing signal and an increase in frequency.

Similarly, the intensity and frequency of knee sensing signals in the

drowning group were significantly higher than breaststroke group

in Fig. S34B (Supporting information). This indicated that the legs

also produced rapid and forceful water treading motions during

simulated drowning, resulting in increased sensing signal strength

and frequency.

Based on the above high-performance wearable amphibious

flexible sensors, an artificial intelligence drowning alarm system

with signal acquisition and analysis function was designed and

constructed to achieve the drowning alarms (Fig. 3A). We input the

collected sensing data into the designed data recognition and anal-

ysis system, the working principle in Fig. 3B. The system uploaded

the swimmer’s status to the phone by comprehensively analyzing

the strength and frequency of the sensing signals. The designed

system would first analyze the collected elbow and leg sensing sig-

nals based on intensity and frequency, and classify the results into

breaststroke and drowning groups.

The second analysis was based on the combination of sensing

signals at both elbow and knee positions. For example, when both

elbow and knee results were in the breaststroke group it would

output “Normal” on the phone. When the sensing signal at one

position was in the drowning group and the other position was in

the breaststroke group, display the word "Attention" on the phone

to remind the observer of the possible danger. If the sensing sig-

nals of both elbow and knee belonged to the drowning group, the

system immediately determined the drowning state and outputted

"Help!!!", which triggered a rescue operation (Fig. 3C).

In summary, we designed and developed an amphibian-inspired

high-performance ionogel. Notably, multiple supramolecular inter-

actions and C-F bonds confer ionogel good stretchability, elastic-

ity, conductivity, and outstanding environmental stability both in

air and water. The advantages of ionogels make them suitable for

wearable amphibious flexible sensors with high sensitivity and sta-

bility for multifunctional sensing in air and water. Additionally,

constructing an artificial intelligence alarm system can monitor

swimmer’s status on the phone for timely rescue in case of dan-

ger. This unique sensor offered new insights into future for motion

sensing and hazard monitoring.
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