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Supplementary Figures
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Fig. S1 Photographs of PAM−ALG−PANI hydrogels with different patterns prepared by the molding method
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Fig. S2 Water content of PAM−ALG and PAM−ALG−PANI hydrogels with different ANI contents
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Fig. S3 a Conductivity of PAM-ALG-PANI hydrogels with different ANI contents. b Conductivity of PAM-ALG-PANI3 hydrogel under various humidity conditions ranging from 3.72 to 4.68 S m-1. c Conductivity of PAM-ALG-PANI3 hydrogel at various temperatures ranging from 3.84 to 4.54 S m-1
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Fig. S4 Photograph of PAM−ALG−PANI hydrogel stretched to a 300% strain
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Fig. S5 Compression performance of PAM−ALG−PANI hydrogels with different ANI contents
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Fig. S6 Compression modulus of PAM−ALG−PANI hydrogels with different ANI contents
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[bookmark: _Hlk206935780]Fig. S7 a Five loading-unloading cycles of the hydrogel under 50% strain at different recovery times. b Strain variation of the hydrogel at different recovery times. c Dissipated energy variation of the hydrogel at different recovery times. d Energy dissipation recovery rate of the hydrogel. Cyclic loading-unloading tests are performed on PAM-ALG-PANI hydrogels. The results indicate a pronounced hysteresis loop in the first cycle, demonstrating a high energy dissipation capacity. In subsequent cycles, the hysteresis loop diminishes significantly, suggesting microstructural reorganization within the hydrogel network and noticeable softening. The ratio of the elastic modulus after the second loading to that after the first loading (E₂/E₁) is 36%. Furthermore, recovery behavior over time after initial loading is observed. The hysteresis loop is found to increase within 10 minutes and then nearly stabilize. The energy dissipation recovery rates and modulus efficiency measured at 1, 5, 15, and 30 minutes reach 69.5%/36%, 72.4%/39.5%, 74.75%/40.9%, and 76.3%/42.7%, respectively
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Fig. S8 Fatigue test of the PAM-ALG-PANI hydrogel under repeated loading-unloading cycles at 30% strain 
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Fig. S9 DFT simulations of hydrogen bonding in PAM−ALG−PANI hydrogels. a Hydrogen bonds between PAM and ALG showed bond lengths of 1.84 Å (O–H···O), 2.05 Å (O···H–N), and 1.95 Å (O(COO⁻)···H–N) with a binding energy of ΔG = −10.1 kcal/mol. b Hydrogen bonds between PAM and PANI were characterized by a bond length of 2.02 Å (O···H–N) and ΔG = −65 kcal/mol. c For ALG and PANI, hydrogen bonds exhibited a bond length of 1.82 Å (O···H–N) and ΔG = −75.6 kcal/mol 
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Fig. S10 DFT simulations of coordination bonding in PAM−ALG−PANI hydrogels. a The simulations identified coordination bonds between Alginate and Fe³⁺ hydrate with Fe–O(COO⁻) bond lengths of 2.18 Å and 2.20 Å, accompanied by a binding energy of ΔG = −338.4 kcal/mol. b Coordination bonds in PANI−Fe³⁺ hydrate exhibited Fe–N bond lengths of 2.1 Å and ΔG = −164.4 kcal/mol. c In the Alginate−PANI−Fe³⁺ hydrate system, coordination bonds displayed Fe–N (2.3 Å) and Fe–O(COO⁻) (2.1 Å, 2.1 Å) bond lengths with ΔG = −424.7 kcal/mol
[image: ]
[bookmark: _Hlk206704969]Fig. S11 Tensile properties of PAM−ALG−PANI hydrogels with different initiators. a The tensile stress−strain curves of the APS−initiated PAM−ALG−PANIAPS hydrogel and the Fe3+ initiated PAM−ALG−PANIFe hydrogel, and b the corresponding tensile strength and toughness
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[bookmark: _Hlk206934544]Fig. S12. Cyclic shear strain measurement of PAM-ALG-PANI hydrogel switching between small shear strain (1%) and large shear strain (300%). The PAM-ALG-PANI hydrogel was subjected to dynamic oscillatory shear testing by applying alternating cycles of 1% shear strain for 100 s and 300% shear strain for 100 s. Under 1% strain, the storage modulus (G′) consistently exceeded the loss modulus (G″), indicating solid-like elastic behavior. When the strain was increased to 100%, G″ gradually surpassed G′, resulting in a reversal of the moduli relationship. Subsequently, upon reduction of the strain back to 1% and after four recovery periods, G′ recovered to values higher than G″, with the modulus gradually recovering to approximately 91% of its original value, which confirmed that the hydrogel regained its elastic solid behavior. This recoverable transition in mechanical behavior suggests that the dynamic physical cross-linking network within the hydrogel can be restored after the removal of strain.
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Fig. S13 The fitting curve and corresponding equation for the relationship between relative resistance change and strain in PAM−ALG−PANI hydrogel. The slope of the relative resistance change (ΔR/R0)−strain (ε) curve is defined as the gauge factor (GF), mathematically expressed as: GF = (ΔR/R0)/ε × 100%
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Fig. S14 Relative resistance change of hydrogel sensors during stepwise loading−unloading from 0% to 100% at 25% per step
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Fig. S15 Relative resistance change of the PAM-ALG-PANI hydrogel sensor after 2200 loading-unloading cycles, following one week of storage in high-humidity conditions (Room temperature, RH=90%). To ensure measurement accuracy, all electrical tests were performed on the hydrogel in an encapsulated setup to isolate it from ambient conditions
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Fig. S16 Photographs of the bright and dark changes in LEDs during cyclic stretching of the hydrogel
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Fig. S17 Polarized optical microscope picture of HPC
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Fig. S18 Reflectance spectra of composite devices with different colored substrates, including a PAM−ALG−PANI black hydrogel, b black, c grey, d white, e blue, f green, g orange, h red
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Fig. S19 Intrinsic reflectance spectra of different colored substrates, including a PAM−ALG−PANI black hydrogel, b black, c grey, d white, e blue, f green, g orange, h red
[image: ]
Fig. S20 Intrinsic absorption spectra of different colored substrates, including a PAM−ALG−PANI black hydrogel, b black background, c grey, d white, e blue, f green, g orange, h red


[image: ]
Fig. S21 The optical images of devices with structurally colored layers in diverse geometries were fabricated through shape modulation of the template layer
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Fig. S22 Optical images of DM−BCESC sensor demonstrating stretching, bending, and lifting of a 350 g weight with concurrent color changes
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[bookmark: _Hlk206935615]Fig. S23 The interfacial toughness (calculated as twice the peel force/width) of the VHB layer used for device encapsulation was evaluated via 180° peel tests. The initial device dimensions were 50 mm (length) × 25 mm (width). In the pristine state, the interlayer peel strength of the VHB measured 125.66 N/m. After 2500 bending cycles, the peel strength remained high at 100.35 N/m, corresponding to 80.6% of the initial value. This high retention rate indicates that the VHB encapsulation interface maintains strong adhesion even after prolonged bending cycles, ensuring continued reliable protection for the device
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[bookmark: _Hlk206935656]Fig. S24 Optical images of the sensor’s color change at strain from 10%~90%
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Fig. S25 Fitted curves of strain, CIE parameters, and relative resistance change rate. The functional relationship between strain (x) and CIE-Y (y(CIE-Y)) is: y(CIE-Y) = -1.39566×10-8 x3 + 2.171714×10-5x2 - 0.002864158x + 0.46635. The functional relationship for the fitted curve between strain (x) and CIE-X (y(CIE-X)) is given by: y(CIE-X) = (4.91872 -0.10738x+ 0.00154x2)/ (13.33492 -0.41395x + 0.00546x2). For the fitted curve between strain (x) and relative resistance change rate (y(R)), the functional relationship is: y(R1) = 2.9972x + 11.08 (for x in 0-150%), and y(R2) = 4.2408x - 198.6 (for x in 150%-300%). 
[bookmark: _Hlk206515075][image: ]
[bookmark: _Hlk206935852][bookmark: _Hlk206515627]Fig. S26 Performance comparison with previously reported dual-mode sensors [S1-S9], including background interference resistance, sensitivity (gauge factor), color saturation, tensile strength, and cycle number. Compared with other dual-mode sensing devices reported previously, our designed DM-BCESC sensor exhibits commendable comprehensive performance. Notably, most reported dual-mode sensors have strong background dependence and require a dark background for color observation. In contrast, the dual-mode sensor we developed based on the black CPH-enhanced structural color strategy is background-independent while maintaining high color saturation.
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Fig. S27 Humidity stability test of the DM-BCESC sensor. (a-c) Reflection spectra of the sensor’s HPC layer under different humidity levels. (d-f) Relative resistance signal changes during loading-unloading cycles (50% strain) under different humidity levels. The sensor’s HPC layer maintains a reflection peak around 680 nm in the visible region across all humidity conditions. Similarly, the PAM-ALG-PANI hydrogel layer delivers a stable signal output without fluctuations under varying humidity. Thus, the sensor demonstrates outstanding humidity stability. It reliably maintains consistent optical and electrical signal outputs in both dry and humid environments, unaffected by air humidity. 
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[bookmark: _Hlk206936126]Fig. S28 Stability testing of sensor resistance signals under different actual wearing conditions. a Relative resistance changes in the sensor under short-term wearing conditions. b Relative resistance changes detected by the sensor after long-term wearing at near-body temperature. c Relative resistance changes captured by the sensor under simulated sweat conditions




[bookmark: _Hlk206428544][image: ]
Fig. S29 Biocompatibility assessment of the dual-mode sensor. a Calcein-acetoxymethyl / Propidium Iodide (Calcein-AM/PI) staining of Human Umbilical Vein Endothelial Cells (HUVECs) cultured for 24 hours in Dulbecco’s Modified Eagle’s Medium (DMEM) leachate obtained after soaking the device for 1 day. Green indicates live cells; red indicates dead cells. The control group used pure DMEM medium. b Cell Counting Kit-8 (CCK-8) assay data of HUVECs continuously cultured in the device leachate at different time points. Live/dead staining revealed comparable numbers of viable cells in both the dual-mode sensor extract group and the control group after 24 hours, demonstrating the sensor’s biocompatibility. Cytotoxicity testing showed high cell viability rates in the extract group: 93.5 ± 12.1% at 24 hours, 92.4 ± 9.4% at 48 hours, and 91.7 ± 8.6% at 72 hours. These results confirm that the dual-mode sensor exhibits excellent biocompatibility with no significant cytotoxicity, supporting its use for on-body applications. 
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[bookmark: _Hlk206936195]Fig. S30 Schematic diagram and measurement of flexion angles of finger joints during grip ring training. From step 1 to step 3, with increasing finger bending magnitude, the finger joint angles progressively decrease
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Fig. S31 Bland-Altman plot comparing joint flexion angle measurements from the dual-mode sensor and a commercial goniometer. The x-axis shows the mean angle calculated from both methods. The y-axis shows the difference between methods (sensor value minus goniometer value). The solid center line represents the mean difference. The upper and lower dashed lines indicate the 95% limits of agreement (LoA), assessing measurement consistency. Bland-Altman analysis revealed a mean difference of 0.15° between the dual-mode sensor and goniometer measurements, which is close to zero. This indicates no significant systematic bias compared to the clinically standard goniometer, validating the sensor’s accuracy and reliability for joint flexion feedback. The 95% LoA ranged from -4.67° to 4.97°, and nearly all 15 data points fell within these limits, further demonstrating strong agreement between the two methods. Therefore, the dual-mode sensor provides reliable measurements. Its mechanochromic response effectively indicates joint flexion degree, offering accurate real-time feedback for movement correction during rehabilitation training.
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[bookmark: _Hlk206936267]Fig. S32 Bland-Altman plot for agreement between joint flexion angle measurements from the single-mode resistive sensor and a commercial goniometer. The x-axis represents the mean value from both methods. The y-axis represents the difference between the single-mode sensor and the goniometer measurements. Bland-Altman analysis revealed significantly inferior measurement stability for the single-mode sensor compared to the dual-mode sensor. Its mean bias was 0.61°, which is 4.1 times that of the dual-mode sensor (0.15°). The 95% LoA ranged from -9.68° to 10.90°, yielding an interval width of 20.58°. This width is 2.1 times wider than the dual-mode sensor’s LoA (9.64°). Furthermore, the single-mode sensor exhibited maximum positive and negative differences as high as +11.4° and -6.8°, respectively, exceeding the dual-mode sensor’s range of ± 4.7°. These results indicate that the single-mode sensor exhibits not only a larger overall measurement bias but also significantly wider variability in individual data points, demonstrating markedly inferior stability. The single-mode resistive sensor relies solely on electrical signals for angle output, requiring external devices for signal processing and display. Consequently, users cannot directly perceive joint flexion angles during rehabilitation training. This introduces delay and barriers in accessing feedback, hindering the rapid assessment of movement compliance with training standards. In contrast, the dual-mode sensor overcomes the real-time feedback limitation inherent in single-mode designs. It enables users to visually assess movement accuracy via direct color cues, significantly enhancing interaction efficiency and accuracy during rehabilitation training.
[bookmark: _Hlk205748564][image: ]
Fig. S33 During grip ring training, the sensor captures both the CIE color coordinates and resistance signals corresponding to the finger’s bending angle. The sensor’s color feedback falls within the red, green, and blue regions of the spectrum, which are colors clearly distinguishable to the human eye. Furthermore, as the finger’s bending amplitude increases (the joint angle decreases), the sensor simultaneously detects correspondingly larger and distinguishable resistance signals.
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