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Supplementary Figures and Tables
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Fig. S1 Flowchart for the fabrication of multimodal e-skin and schematic diagram showing the relative positions of different sensing modules. a Firstly, the hydrogel and the Ecoflex precursors were spin-coated on alumin um substrates and placed at room temperature for curing. After curing, the organohydrogel film was cut to the appropriate size and connected with conductive tape to construct the conductive temperature sensor. The temperature module was then placed on top of the cured Ecoflex and covered by another layer of Ecoflex through spin-coating. Two hydrogel films with suitable sizes were connected with silver wires and placed on the uncured Ecoflex layer. The entire device was kept at room temperature until the top Ecoflex layer was cured. Finally, the whole device was peeled off from the aluminum substrate to obtain a multimode e-skin. b Schematic diagram showing the relative positions of five different sensing modules
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[bookmark: _Hlk167010585]Fig. S2 Stress-strain curve of multimodal e-skin
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Fig. S3 University logo pattern below the multimodal e-skin is visible, demonstrating its excellent transparency
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Fig. S4 At different temperatures, the sensitivity-humidity change curve and the response fitting curve of the humidity module. a Sensitivity-RH curves of the humidity module at different temperatures. b On the logarithmic scale, the humidity response is linearly related to the relative humidity
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Fig. S5 Respiratory monitoring based on multimodal e-skin. a Schematic illustration of the multimodal e-skin monitoring nasal respiratory rate through detecting changes in humidity. b, c Real-time conductance and response signal recorded by the humidity module during the subject's breathing. d Flow diagram of baseline correction. e Spectral diagram of the original humidity response signal obtained by fast Fourier transform. f Real-time humidity response after baseline correction through FIR band-pass filtering.
The detailed code about the baseline correction ran on MATLAB R2022b and is presented as follows:P2_1 = P2_2(1:N/2+1);
P2_1(2:end-1) = 2*P2_1(2:end-1);
f = Fs*(0:(N/2))/N;
subplot(4,1,1);
plot(x1,y1);
title('Original signal');
subplot(4,1,2);
plot(f,P1_1);
title('FFT of original signal');
subplot(4,1,3);
plot(x1,y2);
title('Output signal');
subplot(4,1,4);
plot(f,P2_1);
title('FFT of output signal');
N=358; 
Fs=10; 
x1=0:0.1:35.7; 
% Data interpolation
y1=interp1(x,y,x1, 'pchip');
% Band-pass filtering
y2 = 45*filter(h',1,y1);
% Fast Fourier transform
Y1 = fft(y1);
Y2 = fft(y2);
% Plotting
P1_2 = abs(Y1/N);
P1_1 = P1_2(1:N/2+1);
P1_1(2:end-1) = 2*P1_1(2:end-1);
P2_2 = abs(Y2/N);
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[bookmark: _Hlk157007684]Fig. S6 Real-time response signals of the pressure module to different pressures at 30, 39, 42, and 48 ℃
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Fig. S7 Real-time capacitance signal change of pressure module during cyclic loading-unloading test of different pressures
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Fig. S8 Dynamic response signal of the proximity module when the distance varies between 1 and 15 mm
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[bookmark: _Hlk157021008]Fig. S9 Real-time response signals of the proximity module when the object gradually approaches and leaves under different temperatures
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Fig. S10 Photographs of multimodal e-skin being folded and unfolded
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Fig. S11 Changes of background current, response current and sensitivity of NO2 module with humidity or temperature. a Background current (I0) and response current (ΔI) to 2 ppm NO2 under different relative humidity. b Response sensitivity change curve of NO2 module under different humidity. c Background current and response current to 1.6 ppm NO2 at different temperatures. d Response sensitivity change curve of NO2 module at different temperatures
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Fig. S12 Background noise of the NO2 module and the 5th order polynomial fitting curve of the noise before exposure to NO2
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Fig. S13 Dynamic response of the NO2 module to 0.8 ppm NO2 cycling
The process of data processing and heatmap drawing: The robot hand grabbed five kinds of objects, and each kind of object was grabbed for 20 times, obtaining 100 sets of samples with 15 features. The same class of samples is summed and averaged to represent the typical response value of each kind of object. Besides, the maximum value Smax and minimum value Smin of humidity response, temperature response and pressure/proximity response in 100 samples were extracted, respectively. The 15 features of each object class are normalized according to Equation 1, and then the normalized samples are drawn into heatmaps.
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[bookmark: OLE_LINK1]Fig. S14 Visual images of the response signals recorded by the e-skins when the manipulator grasps different objects. a Schematic diagram of the robot hand with multimodal e-skin integrated on each finger and the corresponding normalized signal diagram of the e-skin. The robot hand grasps five types of objects, including b bottle, c prosthesis, d heated prosthesis, e dry wood, and f wet wood, with each object grasped for 20 times. The average value of the response signals collected when grasping each kind of object is shown in normalized heatmaps
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[bookmark: OLE_LINK50]Fig. S15 Classification test confusion matrix when different modules of the e-skin are blocked. a Classification test confusion matrix when using only pressure/proximity modules, b using only humidity modules and c using the combination of pressure/proximity and temperature modules of 5 multimodal e-skins
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Fig. S16 The degree of convergence of the model changes with the number of iterations. a The change curve of the loss function with the number of iterations during the DNN model training process. b The change curve of the object classification accuracy with the number of iterations during the DNN model training process
[bookmark: OLE_LINK53]Table S1 Performance comparison of hydrogel-based multimodal e-skins
	Sensing material
	Stimulus
	Anti-freezing
	Anti-drying
	Stretchable
	Transparent
	Self-calibration

	Silk fibroin/ poly(sulfobetaine)/Ca2+ hydrogel [S1]
	Strain, proximity, temperature
	Yes
	Yes
	Yes
	Yes
	No

	PDMA-C18 hydrogel [S2]
	Pressure, temperature
	No
	Yes
	Yes
	Yes
	No

	SAA hydrogel [S3]
	Strain, temperature
	No
	Yes
	Yes
	Yes
	No

	PMP DN ICH hydrogel [S4]
	Strain, temperature
	Yes
	Yes
	Yes
	No
	No

	PVA/Betaine-I-/I3- [S5]
	Strain, temperature
	Yes
	Yes
	Yes
	No
	No

	PVA-CNF 
hydrogel[This work]
	Pressure, temperature,
Humidity, NO2,
Proximity
	Yes
	Yes
	Yes
	Yes
	Yes


Table S2 The relative humidity of the surrounding environment of different salt solutions at different temperatures
	Saturated salt solution
	CH3COOK
	MgCl2
	K2CO3
	NaBr
	NaCl
	K2SO4

	25 ℃
	22.5%
	32.8%
	43.2%
	57.6%
	75.3%
	97.3%

	30 ℃
	21.6%
	32.4%
	43.2%
	56%
	75.1%
	97%

	35 ℃
	20.9% (#)
	32.1%
	43.6% (#)
	54.6%
	74.9%
	96.7%

	40 ℃
	19.7% (*)
	31.6%
	43.4% (*)
	53.2%
	74.7%
	96.4%

	45 ℃
	19.3% (#)
	31.1%
	43.2% (#)
	52%
	74.5%
	96.1%


Note: Data marked by * is taken from Ref. [S6], data marked by # comes from Ref. [S7], and other data refer to Ref. [S8].
Table S3 The relative humidity of dry and wet gas mixtures with different flow rate ratios
	Dry gas
	Wet gas
	Relative humidity

	500 sccm
	0 sccm
	22.5%

	400 sccm
	100 sccm
	33%

	300 sccm
	200 sccm
	46.9%

	200 sccm
	300 sccm
	60.2%

	100 sccm
	400 sccm
	72.3%

	0 sccm
	500 sccm
	81.4%


Table S4 Comparison in the sensing targets, wireless sensing, stretchability, environmental object recognition, humidity response, pressure, and temperature sensitivity of various e-skins
	Sensing materials
	Stimulus
	Wireless sensing
	Stretchable
	Environmental object recognition
	Humidity
response
	Pressure sensitivity (KPa-1)
	Temp.
sensitivity (%/℃)

	Mxene/PVDF-TrFE [S9]
	Pressure
	No
	Yes
	No
	/
	0.51
	/

	PEDOT: PSS/
IGZO/
AgNF/AgNW [S10]
	Pressure, temperature
	No
	Yes
	No
	/
	0.00178 (Maximum)
	0.03

	PU/PU@CNT [S11]
	Pressure, temperature
	No
	No
	No
	/
	0.753 
	0.00284

	SWCNTs/TPU [S12]
	Pressure, temperature
	Yes
	Yes
	No
	/
	0.02 
	1.65

	AAO/PEDOT: PSS/
CNT [S13]
	Pressure
	No
	No
	No
	/
	0.67 
	1.41

	GO [S14]
	Pressure, humidity, temperature
	No
	Yes
	No
	27.5
	0.002
	/

	PVA/CA/AgNPs [S15]
	Strain, humidity, temperature
	No
	Yes
	No
	~0.9
	/
	0.076

	AgNWs/PDMS/
ZnS:Cu [S16]
	Pressure
	No
	Yes
	No
	/
	1.28 (Maximum)
	/

	CB/Rgo [S17]
	Strain, humidity, temperature, pressure
	No
	Yes
	No
	~1.75
	0.09 
	0.6

	PVA-CNF 
Hydrogel [This work]
	Humidity, pressure, proximity, temperature, NO2
	Yes
	Yes
	Yes
	238.2
	0.57 
	9.38


The theoretical LOD of NO2 can be calculated by the following formula [S18]:

[bookmark: OLE_LINK36]Wherein RMSnoise is the root mean square derivation of the background current noise of the NO2 module in a pure nitrogen atmosphere, and the slope is the response sensitivity to NO2. According to the experimental results, the sensitivity of the NO2 module in an environment of 20 °C and 33% RH is 254%/ppm. The RMSnoise is calculated as 0.94% based on the background noise and the 5th order polynomial fitting curve from Supplementary Figure 11. Finally, the theoretical LOD is calculated as low as 11.1 ppb.


Table S5 The 5th order polynomial fitting data used to calculate the LOD of the NO2 module. Yi is the background response recorded by the NO2 module before exposure to NO2, and Y is the data obtained through 5th order polynomial fitting of the original curve
	Time (s)
	Yi-Y
	(Yi-Y)2

	10
	0.00144
	2.074E-6

	20
	0.00765
	5.852E-5

	30
	-0.00213
	4.537E-6

	40
	-0.00036
	1.296E-7

	50
	-0.01723
	2.969E-4

	60
	-0.00248
	6.150E-6

	70
	0.00666
	4.436E-5

	80
	-0.00915
	8.372E-5

	90
	-0.01296
	1.680E-4

	100
	0.01146
	1.313E-4 


Table S6 Performance comparison of representative NO2 sensors
	Sensing material
	LOD
(ppb)
	Operating condition
	Sensitivity
(%/ppm)
	Stretchable
	Self-calibration

	[EMIM]+[TFSI]—TPU [S19]
	250
	Room temperature
	22.59%/5ppm
	Yes
	No

	Ag/LIG [S20]
	4
	Room temperature
	6.66‰/ppm
	Yes
	No

	NiCo2O4/WO3 [S21]
	52
	150 ℃
	379
	No
	No

	CuO thin films [S22]
	300
	200 ℃
	/
	No
	No

	CuO/RGO [S23]
	50
	Room temperature
	246.5
	No
	No

	WO3/S-rGO [S24]
	250
	[bookmark: OLE_LINK2]Room temperature
	5.548
	No
	No

	PbxCd1−xSe QD gel [S25]
	3
	Room temperature
	60
	No
	No

	PVA-CNF 
Hydrogel [This work]
	11.1
	Room temperature
	254
	Yes
	Yes



Supplementary Movies
Movies supplementary material for this manuscript includes the following:
· Movies S1: Wireless detection of NOx leakage events
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