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[bookmark: OLE_LINK10]Supplementary Note 1 | Structure Design and Mechanical Characterization of Self-Healing Fluorinated Polyurethanes (SFPU).
[bookmark: OLE_LINK17][bookmark: OLE_LINK1]The synthesis procedures, structural design and function of each component of the SFPU are illustrated in Supplementary Fig. 1. In this design, hydroxyl-terminated polybutadiene (HTPB) is used as the soft segment, enhancing the polyurethane elastomer's stretchability, chain mobility and hydrophobicity. The hard segment is composed of isophorone diisocyanate (IPDI) combined with the F-chain extender (2,2,3,3,4,4,5,5-octafluoro-1,6-hexanediol) and the S-chain extender (4-aminophenyl disulfide), together imparting improved toughness, self-healing ability and hydrophobicity to the material. Supplementary Fig. 2 further demonstrates the uniform distribution of key elements (carbon, nitrogen, oxygen, fluorine and sulfur) within the SFPU, confirming the homogeneity of its chemical composition and molecular chain arrangement.
[bookmark: OLE_LINK9][bookmark: OLE_LINK8][bookmark: OLE_LINK23][bookmark: OLE_LINK26][bookmark: OLE_LINK30]The successful synthesis of SFPU is verified through 1H-NMR analysis, as depicted in Supplementary Fig. 3, where the characteristic proton peaks corresponding to each polymer unit are clearly identified. Supplementary Table 1 provides a detailed summary of the ratios of hard to soft segments as determined from the 1H-NMR spectra, alongside the molar ratios of the various polymer components, the molecular weight and distribution of the SFPUs. As illustrated in Supplementary Fig. 4, an increase in the proportion of soft segments results in greater strain capacity of the SFPUs, attributed to the balance between the structural rigidity provided by the hard segments and the increased chain mobility provided by the soft segments. The mechanical properties, including stress, strain, modulus and toughness, are comprehensively summarized in Supplementary Table 2, with SFPU-2 and SFPU-3 demonstrating the highest toughness among the samples.









Supplementary Note 2 | Structural Design and Microstructural Characterization of Self-healing Piezo-ionotropic Polymers (ShPiP).
[bookmark: OLE_LINK6][bookmark: OLE_LINK34]The ionic liquid (IL, [BMIM]+[TFSI]-) was utilized as an ion donor and combined with SFPU to fabricate a self-healing piezo-ionotropic polymer (ShPiP). Microscopic phase analysis, as shown in Supplementary Fig. 5, indicated that there was no observable phase separation within the SFPU/[BMIM]+[TFSI]- composites, suggesting that the series SFPU-1 through SFPU-4 exhibited excellent compatibility with [BMIM]+[TFSI]- when blended at a 60wt%/40wt% ratio. This compatibility is crucial for maintaining the homogeneous distribution of components, which enhances the material's uniform properties and overall performance.
[bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK67][bookmark: OLE_LINK37]Impedance measurements (Supplementary Fig. 6a) demonstrated that the ionic conductivities of the SFPU/[BMIM]+[TFSI]- composites (SFPU-#-IL) gradually increased with the addition of fluorine content, reaching a maximum when SFPU-3 was used as the matrix, before decreasing. This trend can be attributed to the combined effects of SFPU's polarization and ion-dipole interactions. With an increase in fluorine content, the dielectric constant of SFPU also increased (Supplementary Fig. 6b), allowing more efficient polarization under an electric field, which enhances the migration of [BMIM]+[TFSI]- and thus boosts the ionic conductivity. However, excessive fluorine content strengthens ion-dipole interactions, which restricts the mobility of [BMIM]+, leading to a reduction in ionic conductivity (Supplementary Fig. 6c). Consequently, under the competing influences of increased dielectric constant and reduced ion mobility, SFPU-3-IL demonstrated the most optimal ionic conductivity. Considering its superior toughness and other mechanical properties, SFPU-3 was selected as the primary stretchable matrix for further studies on ShPiP.
[bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: OLE_LINK68][bookmark: OLE_LINK40]To optimize ionic conductivity further, the loading amount of [BMIM]+[TFSI]- in SFPU-3 was varied, as shown in Supplementary Fig. 7. The results indicated that the maximum loading capacity of [BMIM]+[TFSI]- that SFPU-3 could accommodate was 70%; beyond this point, clustering of [BMIM]+[TFSI]- was observed. The ionic conductivity of the ShPiPs increased with a higher loading of [BMIM]+[TFSI]-, but appeared to saturate at a 60% loading level (Supplementary Fig. 8). SFPU-3-IL60% showed superior mechanical properties and a modulus closer to that of human skin tissue (Supplementary Fig. 9) compared to SFPU-3-IL70%. Therefore, SFPU-3-IL60% was chosen as the final ShPiP for subsequent studies on its applications in auditory perception.
[bookmark: OLE_LINK46][bookmark: OLE_LINK47][bookmark: OLE_LINK42][bookmark: OLE_LINK43][bookmark: OLE_LINK41][bookmark: OLE_LINK45][bookmark: OLE_LINK48][bookmark: OLE_LINK49][bookmark: OLE_LINK50][bookmark: OLE_LINK7][bookmark: OLE_LINK44]Infrared spectroscopy and X-ray diffraction analysis were conducted to validate the findings from the Independent Gradient Model (IGM) analysis. The FTIR spectra revealed a blue shift in the asymmetric stretching bands of S=O (1346 cm-1) and N-S (1051 cm-1) of [TFSI]- within ShPiP with increasing fluorine content, indicating a gradual weakening of Coulombic interactions between [BMIM]+ and [TFSI]- and the formation of stronger ion-dipole interactions between [BMIM]+ and the C-F dipoles in SFPU (Supplementary Fig. 10a).1, 2 Moreover, as the fluorine group content increased, the intensity ratio between the associated carbonyl groups (1692 cm-1) representing hard domains and the free carbonyl groups (1720 cm-1) indicative of hard segments decreased, suggesting that more [BMIM]+ ions were being embedded into the hard domains, disrupting them and increasing the number of free hard segments (Supplementary Fig. 10b). X-ray diffraction spectra further supported these results, showing that the introduction of [BMIM]+[TFSI]- led to an additional peak in the diffraction pattern, indicating partial embedding of [BMIM]+[TFSI]- into the hard domains due to ion-dipole interactions (Supplementary Fig. 10c).3 As fluorine content increased, the intensity of this peak also increased, confirming the strengthening of these interactions (Supplementary Fig. 10d).















Supplementary Note 3 | Fabrication and Auditory Sensing Characterization of the Piezo-Ionotropic Multi-Resonance Acoustic Sensor (PiMAS).
[bookmark: OLE_LINK20][bookmark: OLE_LINK51][bookmark: OLE_LINK66][bookmark: OLE_LINK52][bookmark: OLE_LINK53][bookmark: OLE_LINK54][bookmark: OLE_LINK55]The distribution of ShPiP and AgNW interdigitated electrodes within each sensor channel in PiMAS is shown in Figure 2b, while the detailed fabrication process is outlined in Supplementary Fig. 11, with specific steps described in the figure caption. To determine whether the electrical signal changes were due to impedance variations in the AgNW electrodes during vibration, a sound frequency sweep from 20 Hz to 4000 Hz was conducted on the electrodes alone (Supplementary Fig. 12). The electrodes exhibited stable impedance, with a resistance change of less than 3%, confirming that the signal conversion was primarily due to the ShPiP rather than variations in electrode impedance. The impedance and amplitude response curves of each PiMAS channel to sound frequencies between 20 Hz and 4000 Hz demonstrated consistent trends across all channels (Supplementary Fig. 13). As the channel thickness increased, the maximum response frequencies rose from approximately 110 Hz to 680 Hz, and the upper frequency limits extended from around 800 Hz to 3300 Hz (Supplementary Fig. 14), indicating a shift from low to high-frequency responses, consistent with the characteristics of the basilar membrane.
[bookmark: OLE_LINK62][bookmark: OLE_LINK27][bookmark: OLE_LINK12]For calculating the gauge factor (GF) of each channel, we use Channel 1 as an example. Different sound pressure levels (91-65 dB) were played at the characteristic response frequency (110 Hz) of Channel 1, and its maximum forward vibration amplitude was measured using a laser displacement sensor (Supplementary Fig. 15a-g). For instance, at a sound pressure level of 91 dB, the maximum forward vibration amplitude was measured to be 2.26 mm (Supplementary Fig. 15h). Knowing the initial length (L0) of each channel was 35 mm, the radius (r) of the corresponding arc was determined using the Pythagorean theorem:
[bookmark: OLE_LINK56]     (1)
Substituting the values, the radius r was calculated to be 68.9 mm. The angle θ corresponding to this arc was determined by:
[bookmark: OLE_LINK58]           (2)
The value of θ was calculated to be 14.7°. The length after deformation (L2) of the arc was computed using:
[bookmark: OLE_LINK60]          (3)
Substituting the calculated values, L2 was found to be 35.25 mm. Thus, the strain of Channel 1 at a 91 dB sound pressure level was calculated by:
   (4)
[bookmark: OLE_LINK64]The strain was determined to be 0.71%. The tensile strains of Channel 1 at different sound pressure levels were calculated similarly, and the impedance-strain plot with tensile sensitivity (GF = 53.6) was obtained, as shown in Supplementary Fig. 15i. The impedance-strain plots and their tensile sensitivities for Channels 2-8 were similarly determined and summarized in Figure 2e.






















Supplementary Note 4 | Ion Migration Dynamics and Mechanical Response Mechanisms in ShPiP and Its Comparatives.
[bookmark: OLE_LINK29][bookmark: OLE_LINK19][bookmark: OLE_LINK57]To investigate the complex ion flux pathways in ShPiP samples, in-situ Raman spectroscopy was employed for ionic intensity mapping at three distinct positions: near the anode (Position-1#), intermediate (Position-2#), and near the cathode (Position-3#). The characteristic Raman peaks corresponding to [BMIM]+, [TFSI]- and the C=C bond in the soft segment of SFPU were identified at 1243 cm⁻¹ (Peak A), 1419 cm⁻¹ (Peak B) and 1640 cm⁻¹ (Peak C), respectively (Supplementary Fig. 16). By comparing the intensities of Peaks A and B with Peak C, the normalized relative intensities of [BMIM]+ and [TFSI]- were determined, and Raman intensity maps were generated for these ions over a 50μm × 50μm area. In fluorine-free PU-iongel, cations ([BMIM]+) showed a distinct flux towards the cathode under tensile stress, influenced by the electric field and piezoionic effects. And for ShPiP containing fluorine in the hard segments, the cation flux was minimal, and their distribution remained largely unchanged after stretching, indicating stable ion behavior despite mechanical deformation. However, for the anions (TFSI-) in ShPiP and PU-iongel (Supplementary Fig. 17,18), the lack of a binding force from the polyurethane molecular chains resulted in their significant migration to the left when subjected to longitudinal compression and electric field drive, as demonstrated in panels A to F and A' to F'. This observation suggested that the fluorine groups in SFPU influence only the migration of cations, without binding to the anions. The overlapping areas of the anions before and after migration were quantitatively compared using Photoshop software (Supplementary Fig. 19), revealing that the migration extent of anions in ShPiP was only slightly lesser than in PU-iongel, demonstrating a strong binding effect of fluorine groups on cations but not on anions.
Further analysis of the stretch sensitivity of ShPiP compared to PU-iongel and PU-NH-iongel revealed that ShPiP demonstrated higher sensitivity due to a more pronounced ion-hitch-in-cage effect (Supplementary Fig. 20a). This effect was less evident in PU-iongel because its matrix-SPU, lacks fluorine groups and therefore cannot form ion-dipole interactions. For PU-NH-iongel, composed of SPU-NH with minimal hard domain content and no fluorine groups, the ion-hitch-in-cage effect was nearly absent. The 1H-NMR spectra confirmed that both SPU and SPU-NH lack fluorine groups and have nearly identical chemical structures (Supplementary Fig. 20b). However, infrared spectroscopy showed that the content of H-bonded C=O in SPU-NH was significantly lower than in SPU. As shown in Supplementary Fig. 20c and 20d, SPU contained 69.8% H-bonded C=O, similar to SFPU, yet exhibited a weak ion hitching-in cage effect due to the absence of fluorine groups. While cations could be temporarily captured, they often escaped after multiple interactions. In contrast, SPU-NH had only 15.2% H-bonded C=O, indicating a very low hard domain content with mostly free hard segments.4, 5 As a result, the PU-NH-iongel, consisting of SPU-NH and IL, exhibited minimal ion hitching-in cage effect, with cations being scarcely trapped, and relied mainly on changes in channel geometry for its impedance response. Thus, PU-NH-iongel displayed the lowest sensitivity.
[bookmark: OLE_LINK21]To further understand the mechanical response and strain behavior of ShPiP under external stress, we investigated the strain effects under controlled conditions. Based on the calculations from the inset of Figure 2g and Supplementary Fig. 15, the maximum strain in the channel induced by sound pressure was determined to be 0.71%. To explore the material's behavior beyond this range, we extended the ShPiP to 1% strain while simultaneously monitoring changes in the hard domains using infrared spectroscopy. From a microscopic perspective (Supplementary Fig. 21a and 21b), as the strain increased, the intensity of the H-bonded C=O peak gradually decreased, while the intensity of the free C=O peak increased, indicating that the hard domains of ShPiP were progressively opening. However, upon the removal of the external force, all peaks returned to their original positions, demonstrating the reversibility of this mechanical response even beyond this range. Even when the strain was increased to 10%, the aforementioned phenomena were still clearly observable (Supplementary Fig. 21c and 21d). From a macroscopic perspective, we conducted fatigue resistance tests on the impedance response of ShPiP to further assess its reversibility (Supplementary Fig. 22).










Supplementary Note 5 | Characterization and Mechanistic Study of Underwater Self-Healing Properties in SFPU and ShPiP.
Using SFPU-1 as a representative sample, we demonstrated self-healing under a microscope at room temperature (25°C). A notch was made in the center of the sample with a knife, and the healing process was observed over time (Supplementary Fig. 23a). The notch gradually disappeared, achieving complete self-healing after approximately 17 hours. To further investigate the effect of temperature on self-healing efficiency, the self-healing speed was calculated using the equation6-8:
Self-healing speed = [Scratch Depth]/[Self-healing Time]      (1)
, where the scratch depth is the thickness of the film, and the self-healing time is the duration required for complete healing of the scratch. The results showed that the self-healing speed of SFPUs increased with temperature, reaching a maximum of 13.3 μm/min at 80℃ (Supplementary Fig. 23b). This temperature-dependent increase in healing speed is attributed to enhanced chain mobility and accelerated disulfide bond exchange with rising temperatures.6-8
To thoroughly evaluate the hydrophobic properties of SFPUs, we measured their water contact angles, which reached up to 112°, indicating strong hydrophobicity. As shown in Supplementary Fig. 24, this high contact angle remained stable even after soaking in water for up to five days, significantly outperforming commercial polyurethanes that lack hydrophobic structures and exhibit a decrease in water contact angle over time, demonstrating the superior water-resistant properties of SFPUs. Additionally, SFPUs exhibited exceptional underwater self-healing capabilities, as illustrated in Supplementary Fig. 25. This self-healing process is driven by the combined effects of dipole-dipole interactions between fluorine groups and dynamic disulfide bond exchange. When two severed SFPU films were placed on the water surface, they were initially attracted to each other due to the dipole-dipole interactions of the fluorine groups. Upon close contact, the disulfide bonds began to exchange, resulting in the successful self-healing of the films underwater. This process, further highlighted in Supplementary Movie 1, demonstrates that SFPUs can effectively self-repair in aqueous environments, showcasing their potential for applications that require both hydrophobicity and durability in wet conditions.
Further investigations into the self-healing capabilities of SFPUs in water and artificial lymph fluid revealed that its self-healing speed was comparable to that in conventional environments, demonstrating minimal impact from water molecules. For example, Supplementary Fig. 26a shows the self-healing process of SFPU-1 at room temperature. Initially, the notch appeared as a dark line under the microscope, which faded and became almost invisible after about 32 hours. The underwater self-healing speeds were summarized in Supplementary Fig. 26b, indicating that the self-healing rate in water was nearly as fast as in conventional conditions (Supplementary Fig. 23b), confirming that the self-healing process was largely unaffected by water.
Interestingly, the self-healing speed of ShPiP, created by blending an ionic liquid with SFPU, was enhanced when compared to SFPU alone (Supplementary Fig. 27). This improvement is likely due to the formation of ion-dipole interactions between [BMIM]+ and fluorine groups in SFPU, potentially forming a pseudo-ionic molecular chain within ShPiP that facilitates physical self-healing. Moreover, the addition of [BMIM]+[TFSI]- exerts a plasticizing effect on ShPiP, increasing molecular chain mobility and enhancing disulfide bond exchange efficiency, thereby accelerating the self-healing process. To better mimic the inner ear environment, we tested the self-healing capability of ShPiP in artificial lymph fluid (composed of water > 99%, inorganic salts + glucose < 1%), which showed a self-healing speed comparable to that in both conventional and underwater settings.
[bookmark: OLE_LINK16]After soaking in water for 15 days, the ionic conductivity of ShPiP decreased by only 4.6%, while the ionic conductivity of water remained almost unchanged (Supplementary Fig. 28a). This result may have been due to the transformation of hydrophobic interfaces.9 Although [BMIM]+[TFSI]- is immiscible with water, slight ionic exchange effects occurred at their interface during prolonged contact, affecting their respective ionic conductivities. For fresh ShPiP, the distribution of hydrophobic SFPU molecular chains on the interface was relatively sparse, thus failing to prevent this ionic exchange effect from occurring initially. However, due to the incompatibility of hydrophobic SFPU molecular chains with water, they began to reorganize and self-assemble into hydrophobic aggregates, similar to the self-assembly process of amphiphilic block copolymers in water, leading to a reduction in the surface free energy of ShPiP (Supplementary Fig. 28b). A denser hydrophobic interface could more effectively inhibit ionic exchange. 
Building upon the above exploration of underwater stability, we also examined the mechanical recovery of ShPiP under aqueous environment. The toughness of notched ShPiP after self-healing in artificial lymphatic fluid for different periods (1h-24h) reached up to 95% of its original value, as shown in Supplementary Fig. 29a. Impedance Nyquist plots confirmed the restoration of electrical properties, with no significant differences between the original and self-healed ShPiP after 24 hours of self-healing in artificial lymphatic fluid (Supplementary Fig. 29b).



















[image: 스크린샷, 라인, 그래프이(가) 표시된 사진

자동 생성된 설명]
[bookmark: OLE_LINK69]Supplementary Fig. 1 | Synthesis scheme of targeted self-healing fluorinated polyurethanes (SFPU).
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자동 생성된 설명]
Supplementary Fig. 2 | EDS elemental maps for C, N, O, F and S in SFPU. Scale bar: 25μm.

[image: ]
[bookmark: OLE_LINK70]Supplementary Fig. 3 | The NMR spectra of SFPUs and the attribution of their characteristic peaks.

[image: ]
Supplementary Fig. 4 | Mechanical property curves of SFPUs.
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자동 생성된 설명]
[bookmark: OLE_LINK72]Supplementary Fig. 5 | Microscopic phase states of SFPU/[BMIM]+[TFSI]- composites. Scale Bar: 100μm. 

[image: ]
Supplementary Fig. 6 | Electrical properties of SFPU with different ionic liquid concentrations. a, Nyquist plots and ionic conductivities of SFPU/[BMIM]+[TFSI]- composites at a ratio of 60%/40%. b, Dielectric constant-frequency curves of SFPUs. c, The predicted outcomes of the variation trends in terms of dielectric constant, ion mobility caused by ion-dipole interaction (IDI), and ion conductivity of SFPUs with different fluorine contents.
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자동 생성된 설명]
Supplementary Fig. 7 | Microscopic phase states of SFPU-3 filled with different amounts of [BMIM]+[TFSI]-. Scale Bar: 100μm.

[image: 텍스트, 도표, 라인, 그래프이(가) 표시된 사진

자동 생성된 설명]
Supplementary Fig. 8 | Impedance Nyquist plots and ionic conductivities of ShPiPs composed of SFPU-3 and [BMIM]+[TFSI]- at the ratios of 70%/30% – 30%/70%. 

[image: 텍스트, 라인, 폰트, 그래프이(가) 표시된 사진

자동 생성된 설명]
Supplementary Fig. 9 | Mechanical property curves of ShPiPs composed of SFPU-3 and [BMIM]+[TFSI]- at the ratios of 70%/30% – 30%/70%.


[image: ]
[bookmark: OLE_LINK2]Supplementary Fig. 10 | Molecular characterization of SFPU and SFPU/[BMIM]+[TFSI]- composites. a and b, FTIR spectra of IL ([BMIM]+[TFSI]-), SPU-IL, SFPU-1-IL, SFPU-2-IL, SFPU-3-IL, SFPU-4-IL and SFPU-4 in the range from 1390 to 1020 cm-1 and 1645 to 1745 cm-1. The mass ratios of polyurethane to ionic liquid (IL) were all 60%/40%. c, XRD spectra of IL ([BMIM]+[TFSI]-), SPU-IL, SFPU-1-IL, SFPU-2-IL, SFPU-3-IL, SFPU-4-IL and SFPU-4. d, Ratio comparison of ion embedding peaks and hard phase peaks in XRD spectra, analyzing by Peakfit software.
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자동 생성된 설명]
Supplementary Fig. 11 | Fabrication scheme of the sensing channels in the piezo-ionotropic multi-resonance acoustic sensor (PiMAS). (1) Positioning a mask with an interdigitated electrode pattern onto a Teflon mold; (2) Spray-coating a solution of AgNWs and allowing it to dry; (3) Pouring SFPU/[BMIM]+[TFSI]- solution of varying concentrations to control the thickness of the sensing channels; (4) Drying and cutting to predefined dimensions.
[image: ]
Supplementary Fig. 12 | Resistance test of AgNW electrode during auditory frequency sweeps (20 Hz – 4000 Hz). a, left electrode and b, right electrode. The AgNW electrode exhibited an extremely stable impedance during this test, with a resistance change rate of less than 3%.


[image: ]
[bookmark: OLE_LINK3]Supplementary Fig. 13 | The amplitude curve and impedance curve of each channel #1 (a) – #8 (h) in the PiMAS responding to sound sources of 20 Hz – 4000 Hz. The impedance and amplitude response curves of all sensing channels closely correspond to the characteristic response frequencies to auditory stimuli.


[image: ]
Supplementary Fig. 14 | Variations in maximum resonant frequency and maximum response frequency as a function of increasing channel thickness for a, amplitude and b, response impedance.


[image: ]
Supplementary Fig. 15 | The calculation method of the GF of each channel in the PiMAS, taking channel 1 as an example. a–g, The sounds of different sound pressure levels (91-65dB) were played at the characteristic response frequency (110Hz) of Channel 1, followed by the measurement of its maximum forward vibration amplitude by laser displacement sensor. h, After knowing the maximum forward vibration amplitude (amplitude: d mm) caused by each sound pressure level, the length after deformation and finally the strain could be both calculated. i, Impedance-strain plot at different sound pressure levels and its tensile sensitivity (GF=53.6).

[image: ]
Supplementary Fig. 16 | 2D-Raman spectra of SFPU, IL ([BMIM]+[TFSI]-), SFPU-IL-30% and SFPU-IL-60%.


[image: ]
Supplementary Fig. 17 | Raman intensity mapping illustrating the migration trajectory of the anion ([TFSI]-) in ShPiP before and after stretching. A, B and C denote positions near the anode, middle and near the cathode before stretching. A', B' and C' represent corresponding positions near the anode, intermediate and near the cathode after stretching.
[image: ]
Supplementary Fig. 18 | Raman intensity mapping illustrating the migration trajectory of the anion ([TFSI]-) in PU-iongel before and after stretching. D, E and F denote positions near the anode, middle and near the cathode before stretching. D, E and F represent corresponding positions near the anode, intermediate and near the cathode after stretching.


[image: ]
Supplementary Fig. 19 | Comparison of the overlapping areas of [TFSI]- in ShPiP and PU-iongel before and after migration. The inset displays the calculation method, performed using Photoshop software.
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[bookmark: OLE_LINK74][bookmark: OLE_LINK4]Supplementary Fig. 20 | Comparison of the impedance of PU-based iongels with varying fluorine groups and hard domains. a, Impedance changes of ShPiP, PU-iongel and PU-NH-iongel at different strains. b, 1H-NMR spectra of SPU without fluorine groups, and SPU-NH without fluorine groups and with little hard domians. c and d, The infrared curves of carbonyl groups in SPU and SPU-NH were fitted and separated by Peakfit software, and the ratio of H-boned C=O and free C=O was calculated to be 69.8%/30.2% and 15.2%/84.8%. Note: the ratio in SFPU was 71.6%/28.4% calculated from Supplementary Fig. 10b.

[image: ]
[bookmark: OLE_LINK11]Supplementary Fig. 21 | Comparison of H-bonding C=O ratio in ShPiP with different strain. a and c, The infrared spectra of carbonyl peaks in ShPiP under 0 – 1% and 0 – 10% tensile deformation. The H-bonded carbonyl peaks gradually weakened, while the free carbonyl peaks gradually increased. b and d, Ratio comparison of H-bonded carbonyl and free carbonyl groups in infrared spectra, analyzed using Peakfit software.


[image: ]
Supplementary Fig. 22 | Fatigue resistance test of the impedance response of ShPiP, subjected to 100 cycles of 1% strain cyclic stretching, showing stable numerical changes in impedance.

[image: ]
Supplementary Fig. 23 | Self-healing capabilities of SFPUs. a, Self-healing demonstration under microscope by using SFPU-1 as the example, the interval for each graph is about 250 minutes. b, Self-healing speed summary in conventional environment of SFPUs.

[image: ]
Supplementary Fig. 24 | Comparison of hydrophobicity of SFPUs. a, Water contact angles of commercial polyurethane (C-PU) and SFPUs. b, Water contact angle stability of C-PU and SFPUs after soaking in water for 1–5 days.

[image: 텍스트, 스크린샷이(가) 표시된 사진

자동 생성된 설명]
Supplementary Fig. 25 | Demonstration and mechanism of underwater self-healing for SFPU. Mutual attraction by dipole-dipole interaction (i and ii), repellency of water molecules and disulfide bonds exchange starting (iii), underwater self-healing by synergistic effect of dipole-dipole interaction and disulfide bond exchange (iv).
[image: ]
[bookmark: OLE_LINK14][bookmark: OLE_LINK13]Supplementary Fig. 26 | Underwater self-healing capabilities of SFPUs. a, Underwater self-healing demonstration under microscope by using SFPU-1 as the example (the test method was illustrated in "Characterization"), the interval for each graph is about 500 minutes. b, Underwater self-healing speed summary of SFPUs.


[image: ]
Supplementary Fig. 27 | The self-healing speed summary of SFPU (SFPU-3) and ShPiP (SFPU-3-IL60%) in conventional environment, underwater and artificial lymphatic fluid (AFL). 


[image: ]
Supplementary Fig. 28 | Underwater self-healing mechanism of ShPiP. a, Ionic conductivity changes of the ShPiP and artificial lymphatic fluid during soaking process. The inset was the impedance Nyquist curve of ShPiP. b, Mechanism of ShPiP self-healing not affected by water medium: self-assembled hydrophobic aggregation of SFPU molecular chains after soaking.



[image: ]
Supplementary Fig. 29 | Mechanical and electrochemical properties of ShiPiP. a, Strain-stress curves of the original ShPiP and the notched ShPiP after self-healing in artificial lymphatic fluid for different periods (1 – 24h). The toughness after completing self-healing can reach up to 95% of its original value. b, Impedance Nyquist plots of the original ShPiP and the notched ShPiP after self-healing in artificial lymphatic fluid for 24h.

[image: ]
Supplementary Fig. 30 | Scheme and Comparative Analysis of Auditory Sensors for Song Response. a, Diagrammatic representation comparing the PiMAS with a commercial auditory sensor specifically designed for song sound response. b, Comparative analysis of the average ΔZ/Z0 values exhibited by both types of auditory sensors when responding to the songs "Bass (Doubt)", "Baritone (Marechiare)" and "Tenor (Nessun dorma)", demonstrating respective enhancements of 3.5-fold, 3.4-fold, and 3.2-fold. Frequency ranges for tenor, baritone and bass were approximately 164 – 698 Hz, 123 – 493 Hz, and 82 – 392 Hz, respectively.


[bookmark: OLE_LINK71]Supplementary Table 1 | Composition information for targeted self-healing polyurethane SFPU.
	Sample
No.
	[Soft]/[Hard]
(wt%/wt%)
	[Bd]1) / [S]2) / [F]3) / [NCO]4)
(mol%)
	Mw
(×104 g/mol)
	MWD

	SFPU-1
	78.8 / 21.2
	94.1 / 1.0 / 1.0 / 3.9
	6.9
	2.6

	SFPU-2
	73.3 / 26.7
	92.2 / 1.5 / 1.5 / 4.8
	6.7
	2.6

	SFPU-3
	68.5 / 31.5
	90.3 / 2.0 / 2.0 / 5.7
	6.9
	2.7

	SFPU-4
	64.3 / 35.7
	88.4 / 2.5 / 2.5 / 6.6
	7.1
	2.6



Note: 1) Bd: Butadiene units in polybutadiene 
2) S: 4-Aminophenyl disulfide 
3) F: 2,2,3,3,4,4,5,5-Octafluoro-1,6-hexanediol 
4) NCO: Isophorone diisocyanate

Supplementary Table 2 | Mechanical property data of SFPU-1~5.
	Sample
No.
	Stress
(MPa)
	Strain
(%)
	Modulus
(MPa)
	Toughness
(MJ/m3)

	SFPU-1
	5.1
	1000
	2.8
	27.0

	SFPU-2
	7.1
	796
	4.9
	31.1

	SFPU-3
	10.0
	595
	7.7
	30.9

	SFPU-4
	12.1
	397
	13.1
	25.4



[bookmark: OLE_LINK59]Supplementary Table 3 | Performance Comparison of PiMAS and Other Iontronic/Non-Iontronic Sensors.
	No.
	Matrix
	Sensing mode
	Sensitivity
	[bookmark: OLE_LINK76]Self-healing

	[bookmark: OLE_LINK75]
	
	
	kPa-1
	GF
	

	[bookmark: OLE_LINK77]1
	Ionic hydrogel10
	Ionic system
	0.20
	8.0
	✔

	2
	Ionic hydrogel/CNT11
	Ionic system
	1.30
	6.3
	✔

	3
	Polyurethane/polypyrrole12
	Non-ionic system
	0.83
	6.7
	✖

	4
	Ionic hydrogel13
	Ionic system
	0.40
	0.8
	✖

	5
	Polyurethane/[EMIM][TFSI]14
	Ionic system
	52.40
	0.9
	✔

	6
	Ionic hydrogel15
	Ionic system
	0.56
	4.6
	✔

	7
	Polyvinylalcohol/cellulose/MXene16
	Non-ionic system
	1.53
	0.57
	✖

	8
	Ionic hydrogel17
	Ionic system
	116.13
	1.4
	✔

	9
	PDMS/Nafion18
	Non-ionic system
	0.78
	4.0
	✔

	10
	Ionic eutectogel19
	Ionic system
	0.75
	10.0
	✔

	11
	Polyaniline/polyacrylate20
	Non-ionic system
	0.18
	2.4
	✔

	12
	Ionic hydrogel21
	Ionic system
	0.75
	2.0
	✔

	13
	Polyurethane/[EMIM][PF6]22
	Ionic system
	90.98
	3.5
	✔

	14
	PDMS/Liquid metal23
	Non-ionic system
	49
	124
	✖

	15
	Polyaniline/polymer(vinyl alcohol) /phytic acid24
	Non-ionic system
	3.60
	7.4
	✖

	16
	Ionic hydrogel25
	Ionic system
	0.02
	8.0
	✔

	17
	Poly(styrene-co-ethylmethacrylate) /[EMIM][TFSI]26
	Ionic system
	0.22
	3.6
	✖

	18
	Polyacrylate/AlCl327
	Non-ionic system
	0.49
	0.4
	✖

	19
	Poly(vinylidene fluoride) copolymer /[EMIM][TFSI]28
	Ionic system
	0.20
	0.5
	✖

	20
	Polyurethane /[EMIM][TFSI] /nanofiller29
	Ionic system
	0.38
	2.3
	✔

	21
	Polyacrylamide/Poly(vinyl alcohol) /MXene /PEDOT:PSS30
	Non-ionic system
	0.44
	5.2
	✖

	22
	Polyacrylamide /rGO /sodium carboxy cellulose31
	Ionic system
	0.31
	8.2
	✖

	23
	Ionic hydrogel /microcrystalline cellulos32
	Ionic system
	0.80
	2.4
	✔

	24
	PDMS/CNT33
	Non-ionic system
	0.15
	3.4
	✖

	25
	Ionic hydrogel34
	Ionic system
	0.01
	3.2
	✖

	26
	Polyurethane/[BMIM][TFSI]
	Ionic system
	530
	53.6
	✔
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