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S1 Experimental Section
S1.1 Materials
Ti3C2Tx-MXene was prepared according to the procedure in our previous work [S1]. Lithium fluoride (LiF) and Hydrochloric acid (HCl) were obtained from Sinopharm Chemical Reagent Co., Ltd. Acetone, Dimethylformamide (DMF), Polyvinylidene fluoride (PVDF), Tetrahydrofuran (THF), Polyacrylonitrile (PAN), Thermoplastic polyurethane (TPU), Polyvinyl alcohol (PVA), Citric acid (C6H8O7), Sodium citrate (C6H5Na3O7), Sodium dodecyl sulfonate (SDS), Sodium tetraborate decahydrate, and Gelatin were provided by Shanghai Aladdin Biochemical Technology Co., Ltd. Barium titanate (BaTiO3,100 nm) and Carbon nanotubes (CNTs), Glycerol, and Sodium chloride (NaCl) were purchased from Macklin Biochemical Technology Co., Ltd. PDMS prepolymer (Sylgard 184A) and curing agent (Sylgard 184B) were supplied by Dow Corning (USA). Deionized water for experiments was self-made. All chemicals were used as received without further purification.
[bookmark: OLE_LINK8]S1.2 Preparation of Triboelectric Layer
[bookmark: OLE_LINK9]The detailed preparation process of triboelectric layer was shown in Fig. S1. Firstly, MXene (0.03 g) and BaTiO3 nanoparticles (0.1 g) were added to a solution of Acetone and DMF (8 g, weight ratio of 7:3), and the mixture was ultrasonicated in an ice bath to obtain the dispersion. Subsequently, 2 g of PVDF particles were dissolved in the dispersion and stir magnetically at 70 ℃ for 2 h to obtain the spinning solution. Finally, a 5 mL aliquot of the spinning solution was loaded into a plastic syringe fitted with a metal needle. Electrospinning was performed at 15 kV high voltage with a feed rate of 0.35 mm/min for 2 h to obtain the PVDF/MXene/BaTiO3 nanofiber membrane (triboelectric layer). The spinning environment was maintained at 35 ℃ and 40% RH. The distance between the needle and the collector was set to 20 cm.
S1.3 Preparation of Piezoresistive Layer
To prepare the piezoresistive layer (Fig. S2), a laser etching method with a Gaussian energy distribution was employed to etch patterns within the copper block. By adjusting the laser power and geometric shapes in EZCAD, microstructures of various shapes could be obtained. Then, a solution of PDMS (2 g, weight ratio of prepolymer: curing agent = 10:1) with 3 wt.% CNTs was stirred and mixed, and the resulting mixed solution was transferred to a rotary vane vacuum pump (VP-1, Taizhou Zhenkong Pump Co., Ltd.) for vacuum debubbling. Finally, the mixture was poured on copper molds to form piezoresistive layers with distinct microstructures. After solidifying at 80 ℃ oven for 2 h，the cured piezoresistive layers could be easily peeled off.
S1.4 Preparation of Hydrophilic and Hydrophobic Layers
[bookmark: _Hlk212540684]Fig. S3 illustrated the preparation details of hydrophilic and hydrophobic layers: 1) PAN particles were dissolved in DMF with 0.2 wt.% SDS to obtain the PAN spinning solution (10 wt.%). Electrospinning was performed at 15 kV high voltage with a feed rate of 0.35 mm/min for 2 h to obtain the PAN nanofiber membrane (hydrophilic layer) with the thickness of about 60 μm. The spinning environment was maintained at 35 ℃ and 40% humidity. The distance between the needle and the collector was set to 15 cm. 2) TPU particles were dissolved in a mixed solvent of THF and DMF to obtain the TPU spinning solution (20 wt.%). Using the same spinning parameters, spinning was continued onto the PAN nanofiber membrane for 1 h to obtain the TPU nanofiber membrane (hydrophobic layer) with the thickness of about 20 μm. 
S1.5 Preparation of Nanofiber Electrodes
Magnetron sputter-deposited silver was applied to the bottom of the triboelectric layer and the surface of the hydrophilic layer to form nanofiber electrodes for triboelectric performance and piezoresistive layer testing.
[bookmark: OLE_LINK10]S1.6 Preparation of Temperature-Controlled Adhesive Gel 
Firstly, citric acid (0.08 g) and sodium citrate (0.8 g) were dissolved in an aqueous solution of glycerol (8 g, weight ratio of 1:1). Then, 2 g of gelatin and 0.5 g of NaCl were added to the solution and stir in a 70 ℃ water bath until the mixture was dissolved completely. Mixing 1 g of the pre-prepared PVA solution (15 wt.%) with the resulting solution. While heating and stirring the mixture, borax (0.1 g) was slowly added until the solution transformed into a homogeneous gel. Finally, the adhesive gel was obtained as the temperature cooled (Fig. S4).
1.7 Preparation of EMHFS
The triboelectric layer, piezoresistive layer, hydrophilic layer, and hydrophobic layer were stacked sequentially from top to bottom. The adhesive gel was applied around the edges using a fine-bristled soft brush. After trimming the excess material, the EMHFS with dimensions of 1.5 cm×1.5 cm was obtained. Within the EMHFS, the bottom of the triboelectric layer and the top of the hydrophilic layer served as the upper and lower electrodes for the piezoresistive layer, respectively, connected to external devices via conductive copper wires.
S1.8 Characterization and Measurement
The morphology and structure were observed using scanning electron microscopy (SEM, EM30-PLUS, COXEM) with energy dispersive spectroscopy (EDS, Oxford, UK) at 10 kV in low vacuum mode. The triboelectric performance of EMHFS was determined by an oscilloscope (Keysight DSOX2012A) and an electrostatic meter (model 6514, Keithley, USA). Notably, the baseline of the voltage signal was calibrated to 0 V for better comparison. The water contact angle was measured using a contact angle measuring instrument (Y-PHb, Changzhou Taylor Instrument Technology Co., Ltd., China). The antimicrobial properties of EMHFS were investigated by bacterial suspension method by inoculating 1 mg of the sample into the bacterial fluids of S. aureus and E. coli, and incubating them at 37 ℃ temperature. OD600 was recorded at different time intervals using an enzyme marker. The pressure sensing performance of EMHFS were evaluated using a self-assembled platform integrating an LCR meter (IM3536, HIOKI, Japan) for electrical measurements, a universal testing machine (UTM4204, Sansheng Technology Co., Ltd., China) for mechanical loading, and a PC host for data acquisition and analysis.
Supplementary Figures and Tables
[image: ]
Fig. S1 Preparation of triboelectric layer
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Fig. S2 Preparation of piezoresistive layer
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Fig. S3 Preparation of hydrophilic and hydrophobic layers
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Fig. S4 Preparation of temperature-controlled adhesive gel
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[bookmark: OLE_LINK3]Fig. S5 Photographs and infrared camera images of adhesive gel at room temperature and high temperature. Scale bars, 1 cm
The EMHFS was encapsulated integrally using a self-made thermally controlled adhesive gel. Specifically, due to the material selection and preparation techniques, the adhesive gel exhibits reversible non-covalent cross-linking. This property allows the gel to exist as a fluid above 40 °C and transform into a solid gel state at room temperature (Fig. S5), at which point it possesses high extensibility. The fluid gel was applied around the edges of each layer of the EMHFS using a fine brush. After stacking the layers, gentle compression is applied. Upon cooling to room temperature, the encapsulation of the EMHFS is complete

[image: ]
Fig. S6 Photograph of EMHFS in a bent state
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Fig. S7 Cross-sectional morphologic structure of a eggshell and b EMHFS
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Fig. S8 EDS mapping of a the top of friction layer with element distribution images of b Ti, c Ba, d C, e F, and f O. Scale bars, 10 μm
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Fig. S9 Photograph showing the measurement of the highly conductive a bottom electrode of the triboelectric layer and b surface electrode of the hydrophilic layer. Scale bars, 1 cm[image: ]
Fig. S10 Resistance changes of bottom electrode of the triboelectric layer and surface electrode of the hydrophilic layer under different number of bending cycles
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[bookmark: _Hlk217848886]Fig. S11 a Output voltage, current, and b instantaneous peak power density of the EMHFS under a series of external loads
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[bookmark: _Hlk217894090]Fig. S12 The working durability testing of EMHFS
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[bookmark: _Hlk217896786]Fig. S13 Comparison of the output voltage provided by EMHFS in original state versus after compression and torsion
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Fig. S14 Proposed analysis model of the implementation of the directional moisture wicking in two situations

[image: ]
Fig. S15 Digital image illustrating the breathability of EMHFS
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Fig. S16 Digital photos of E. coli and S. aureus after co-culturing with blank and EMHFS
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Fig. S17 Physical photograph of the pure PDMS flexible substrate with papillary microstructures
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Fig. S18 a Cross-sectional view, b front view, and c rear view of the piezoresistive layer with papillary microstructure after precision cutting
The piezoresistive layer was fabricated using polydimethylsiloxane (PDMS) as a flexible matrix and carbon nanotubes (CNTs) as the sensing material. The inherent flexibility and thermosetting properties of PDMS enable the formation of devices with diverse microstructures. As shown in Fig. S17, the pure PDMS substrate exhibits dimensions of 2 cm×2 cm after demolding, featuring an array of papillary microstructures. Following the incorporation of the conductive network, the demolded PDMS/CNTs composite is precisely cut into piezoresistive layers with uniform dimensions (1.5 cm×1.5 cm) and consistent thickness (approximately 1 mm) (Fig. S18).
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Fig. S19 a Physical photograph of the pure PDMS flexible substrate with cylindrical and pyramidal microstructures. b, c Cross-sectional view, d front view, and e rear view of the piezoresistive layer with cylindrical and pyramidal microstructure after precision cutting
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Fig. S20 SEM images of piezoresistive layer with different microstructures: a cylinder, b pyramid, and c papilla. Scale bars, 100 μm
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Fig. S21 EDS mapping of a the papilla structure with element distribution images of b O, c C, and d Si. Scale bars, 100 μm
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Fig. S22 Pressure sensing performance of EMHFS with varying CNT contents
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Fig. S23 Variation curve of contact area between different microstructures and the electrode with pressure
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Fig. S24 Pressure sensing performance of different structures
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Fig. S25 Pressure sensing performance of EMHFS at different relative humidity
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Fig. S26 Response and recovery time of EMHFS under different relative humidity
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Fig. S27 The step change of resistance when bending at different angles
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Fig. S28 The resistance changes of EMHFS after 20 bends at 90°



[image: ]
Fig. S29 The schematic diagram depicts the principle of the proposed UAV control system.
Fig. S29 illustrates the operating principle of the proposed UAV control system, which consists of three main components: signal output, signal processing, and flight controller. 1) The thumb, index, middle, ring, and little fingers correspond to five independent signal channels (Channels 1-5), where the bending motion of each finger triggers an electrical output in its respective channel. 2) Each channel is assigned a specific flight action. Signals from all channels are parsed by a Python program into concrete action commands. These commands are transmitted wirelessly via a transmitter to the UAV receiver through a wireless module, enabling long-distance command delivery. 3) Upon receiving commands, the MCU on the UAV utilizes an integrated flight control module to regulate flight by adjusting motor speeds. This ultimately achieves stable control of the UAV's 3-DoF.
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Fig. S30 The circuit schematic of touchless screen control system for password and gesture unlocking
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Fig. S31 Top and bottom views of the PCB and corresponding wiring design
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Fig. S32 The physical image of PCB
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Fig. S33 Schematic diagram of the equivalent circuit for the EMHFS sensor array used in touchless screen password and gesture unlock operations
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Fig. S34 The initial interface of password unlocking for touchless screen control system
[image: ]
Fig. S35 The initial interface of gesture unlocking for touchless screen control system
	Table S1 The top-down fully bioinspired layered structure and functional description of EMHFS.

	Eggshell
	EMHFS
	Composition
	Function

	Cuticle layer
	Triboelectric layer
	PVDF/MXene/BaTiO3 nanofibers
	Noncontact sensing

	Spongy layer
	Piezoresistive layer
	PDMS/CNTs composite
	Pressure sensing

	Papillary layer
	
	
	

	Outer shell membrane
	Hydrophilic layer
	PAN nanofibers
	Directional moisture wicking

	Inner shell membrane
	Hydrophobic layer
	TPU nanofibers
	



	Table S2 Comparison of noncontact sensing between EHMFS and reported sensors.

	Material
	Area (cm2)
	Detection range (cm)
	D/S (cm-1)
	Refs.

	PTFE/Cu
	4×4
	11
	0.69
	[S2]

	PDMS/Al
	7×3.6
	150
	5.95
	[S3]

	PVDF@Ti3C2Tx composite film/Cu
	4×4
	70
	4.38
	[S4]

	CCTO/Graphene
	2×2
	1
	0.25
	[S5]

	Polyamide@Ag/PTFE/Cu
	6×6
	18
	0.5
	[S6]

	Fish bladder film/Cu
	4×4
	11
	0.69
	[S7]

	MXene/silicone
	8×4
	200
	6.25
	[S8]

	FEP/PDMS/PET
	3×3
	250
	27.78
	[S9]

	PI-b-C60/Al
	2×2
	0.4
	0.1
	[S10]

	PVDF/MXene/BaTiO3 nanofibers/Ag
	1.5×1.5
	200
	88.89
	This work



	Table S3 Comparison of pressure sensing performances between EHMFS and reported sensors.

	Material
	Sensitivity (kPa-1)
	Detection range (kPa)
	Response time (ms)
	Recovery time (ms)
	Cycles
	Refs.

	Porous PDMS with groove
	0.18
	50
	52
	60
	1000
	[S11]

	AgNWs/microneedle arrays
	0.203
	60
	125
	250
	2500
	[S12]

	TPU/CNT foam
	0.309
	80
	40
	80
	600
	[S13]

	CNT-wrapped PDMS microspheres
	0.111
	50
	200
	150
	12000
	[S14]

	rGO/polyaniline sponge
	0.152
	27
	96
	-
	9000
	[S15]

	MWNT–rGO-wrapped PU foams
	0.088
	48.8
	30
	-
	5000
	[S16]

	(rGO@AgNPs)2@PPS
	0.0132
	120
	60
	82
	4000
	[S17]

	TPU/MWCNT with microsphere
	0.285
	77.93
	50
	100
	1000
	[S18]

	rGO@(PET-PU)
	0.255
	108
	313
	318
	1800
	[S19]

	PDMS/CNTs with papilla
	0.287
	105.8
	57
	42
	13000
	This work


Supplementary Movies
Movie S1 Gesture-controlled robotic hand in real time.
Movie S2 The EMHFS-based wearable UAV control system for 3-DoF stable control.
Movie S3 EMHFS for password unlocking on touchless screen.
Movie S4 EMHFS for "U" shape gesture unlocking on touchless screen.
Movie S5 EMHFS for "L" shape gesture unlocking on touchless screen.
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