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[bookmark: _Hlk158570806]Supplementary Note 1: Experimental setup for tuning fork test
[image: ]
Supplementary Fig. 1 | Schematic of the experimental setup for the piezoelectric sensor test. 

[bookmark: _Hlk155379378][bookmark: _Hlk155379360]To evaluate the minimum detection limit of the piezoelectric sensor, an experimental setup was built as shown in supplementary Fig. 1. The voltage output response of the piezoelectric sensor to the sound signal was tested using tuning forks as a sound source. The sound frequency was controlled by the frequency of the tuning fork. The piezoelectric sensors fixed in a frame were placed 5 cm away from the sound source. An acoustic tester (UMM-6, Dayton Audio) was placed on the side of the frame, in the same plane as the sensor, to record sound pressure signals. The sensor holder (or the frame) was placed on the 10 cm-thickness acoustic-insulating foam. The tuning fork was also set on foam. A digital lock-in amplifier (HF2LI, Zurich Instruments) was used to record electric signals with a sampling frequency of 230261 per second. The decay processes of acoustic pressure with a frequency of ~260 Hz were detected. The data with the frequency of ~260 Hz were filtered by a band-pass filter (250 Hz-270 Hz), as well as the 50 Hz alternating current (AC) signal and its harmonics.


[bookmark: _Hlk158570824]Supplementary Note 2: Calculation model and calculation method of polarization
[bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK5]To explore the origin of piezoelectricity, the calculation model of two-dimensional (2D) Na2Cl crystals on graphene surface (Na2Cl@graphene) was considered. The original structure of 2D Na2Cl crystal was built based on the lattice information from TEM experiments. The lattice constant of square Na2Cl crystal is 3.96 Å, and each unit cell contains two Na atoms and one Cl atom. After optimized, the lattice constant of square Na2Cl crystal and rhombic graphene crystal are 3.81 Å and 2.47 Å. Therefore, with a reasonable lattice mismatch of 2.03%, the 2D Na2Cl@graphene structure was constructed, containing a 28 Na2Cl supercell and a 37 graphene supercell with orthorhombic lattice.
Considering that the Na2Cl@graphene phase exhibits noncentrosymmetry which lacks the inversion symmetry in out of plane direction, the popular Berry phase method 1,2 is not suitable for the calculation of polarization of Na2Cl@graphene structure. We proposed a method to calculate the polarization of 2D structure. By analyzing the Bader charge of atoms, the electric charge of each layer was obtained. Then based on the charge of each layer and the average height between layers, the electric dipole of D can be calculated. The polarization P is calculated using P = D/A, where A is the surface area of 2D structure. With this method, the polarization of MoS2/WS2 bilayers in out of plane direction was obtained, which is 0.65 pC/m. This value is very close to the polarization value of 0.60 pC/m 3 from the Berry phase calculation, indicating that the calculation method of polarization proposed by us is reasonable. 


[bookmark: _Hlk158501025][bookmark: _Hlk158572343][bookmark: _Hlk133044255]Supplementary Note 3: Dependence of piezoelectric response on the surface area of the sensor
[image: ]
Supplementary Fig. 2 | Dependence of piezoelectric response on the surface area of the sensor. a, Open-circuit voltage response curve of the sensor with sizes of ~5  5 mm2 and ~2.5  2.5 mm2. b, Short-circuit current response curve of the sensor with sizes of ~5  5 mm2 and ~2.5  2.5 mm2.

The NaCl@GO membrane with a surface area of ~5  5 mm2 was cut into a membrane of one-fourth of the original area size (~2.5  2.5 mm2), and then the open-circuit voltage and short-circuit current of the corresponding sensors were measured, respectively. As shown in Supplementary Fig. 2, by comparing the pressure responses of the sensors in different sizes, it was found that under the constant pressure the open-circuit voltage remains constant while the short-circuit current is in proportion to the device size. The short-circuit current of the sensor with a size of ~2.5  2.5 mm2 is one-fourth of that of the sensor with a size of ~5  5 mm2.


[bookmark: _Hlk158572354]Supplementary Note 4: Characterization of two-dimensional (2D) N2Cl crystal structure within GO membrane by TEM, EDS, and SEM

 [image: ]
[bookmark: _Hlk158501170]Supplementary Fig. 3 | Structure characterization of 2D N2Cl crystal structure within GO membrane by transmission electron microscopy (TEM) experiments. (i) High-resolution TEM image of Na2Cl crystals observed in the GO membranes. (ii) Fast Fourier transform (FFT) of the region marked in (i). (iii) Diffraction pattern of the crystal structure obtained in electron diffraction mode.

High-resolution TEM images directly observed the crystals with atomic resolution (Supplementary Fig. 3 (i)). The crystals have a square structure with a lattice spacing of 3.96 ± 0.03 Å (Fig.2a (i)). The fast Fourier transform (FFT) (Supplementary Fig. 3 (ii)) of randomly selected regions in the high-resolution TEM image showed two stable diffraction patterns, which correspond to the reflections of the crystals and GO sheets, respectively. The electron diffraction patterns (Supplementary Fig. 3 (iii)) further confirmed the square lattice spacing, consistent with the FFT results.


[bookmark: _Hlk158572365]Supplementary Note 5:  Elemental analysis of Na-Cl crystals in Na-Cl@GO membrane.
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[bookmark: _Hlk155254278]Supplementary Fig. 4 | Elemental analysis of NaCl@GO membrane by High-angle annular dark-field scanning transmission electron microscopy (HADDF-STEM). The selected areas of energy-dispersive X-ray spectroscopy (EDS) are denoted by the red circles in the HADDF-STEM images. The table on the right shows the atomic fractions of C, O, Na, and Cl in the selected areas of Na-Cl@GO membrane from the left images.

The table on the right shows the atomic percentages of Na and Cl. The energy-dispersive X-ray spectroscopy (EDS) results obtained from 20 areas of the Na-Cl@GO membrane showed that the crystal domain was mainly composed of Na and Cl with an atomic ratio of ~2:1.
[bookmark: _Hlk155184687]
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[bookmark: _Hlk155254129][bookmark: _Hlk133617737][bookmark: _Hlk133617751]Supplementary Fig. 5 | Elemental analysis of NaCl@GO membrane by Scanning Electron Microscopy (SEM). The image on the left shows the cross-section of NaCl@GO membrane by SEM. The table on the right shows the atomic percentages of Na and Cl in the selected areas of NaCl@GO membrane, based on EDS analysis.

As shown in the cross-section images (Supplementary Fig. 5), the NaCl@GO membrane thickness is about 5 μm and the structure is indeed compacted. The table on the right shows the atomic percentages of Na and Cl. The EDS results obtained from 12 areas of the NaCl@GO membrane also showed that the crystal domain was mainly composed of Na and Cl with an atomic ratio of ~2:1.


[bookmark: _Hlk158572380]Supplementary Note 6: Piezoelectric performance of the sensor in high-pressure range of 0.1 to 100 kPa

[image: ]
Supplementary Fig. 6 | Pressure sensing of piezoelectric sensor at high pressures. a, Voltage response under the step-like increased pressure. b, Normalized relative voltage change ((U-U0)/U0) as a function of the applied pressure. c, Direct piezoelectric measurements of the sensor with an increasing force range of 0.2–1.8 N.

[bookmark: OLE_LINK71][bookmark: OLE_LINK72]The piezoelectric coefficient (d33) is 1.6×103 pC/N (Supplementary Fig. 6c), which was obtained using direct piezoelectric measurement (ZMpiezo-B) under the applied dynamic load in the regime of 0.2–1.8 N. This d33 value is not only three orders of magnitude larger than the piezoelectric coefficient of 2D materials, such as 2.1 pC/N for MoS2/WS2 heterobilayer 3 and 0.34 pC/N for monolayer -In2Se3 4, but also far larger than ~7.6×102 pC/N for the most recently reported textured PZT ceramics 5.


[bookmark: _Hlk158572437]Supplementary Note 7: Performance comparison between the sensor and other pressure sensors reported in recent five years
[bookmark: _Hlk122097661]Supplementary Table 1 | Performance parameters comparison between the proposed sensor and other pressure sensors reported in recent five years. The pressure-sensing mechanism parameters include the peak sensitivity (SP), low pressure detection limit (PL), sensing range (RS), response time (τr), recovery time (τd), and stable repeat cycles or durability (D).


	Sensing Mechanism
	SP
	PL
	RS
	τr /τd
	D
	Year
	Ref.

	Piezoresistive
	2027.5 kPa-1
	0.3 Pa
	0.3 Pa200 kPa
	18 ms
	10000
	2023
	Ref.6

	Piezoresistive
	13662 kPa-1
	14 Pa
	14 Pa450 kPa
	200 ms
	250
	2023
	Ref.7

	Piezoresistive
	20 kPa-1
	0.6 Pa
	0.6 Pa300 kPa
	20/20 ms
	3000
	2023
	Ref.8

	Capacitive
	0.15 kPa-1
	0.35 Pa
	0.35 Pa450 kPa
	6/6 ms
	10000
	2022
	Ref.9

	Capacitive
	19 kPa-1
	0.05 Pa
	0.05 Pa90 kPa
	0.8 ms
	1000
	2022
	Ref.10

	Piezoresistive
	3.06 kPa-1
	120 Pa
	120 Pa380 kPa
	9.43 ms
	2000
	2022
	Ref.11

	Piezoresistive
	476 kPa-1
	17.1 Pa
	17.1 Pa3.4 kPa
	0.41/0.12 s
	10000
	2022
	Ref.12

	Piezoresistive
	30.3 kPa-1
	87 Pa
	87 Pa–20 kPa
	19/23 ms
	4000
	2022
	Ref.13

	Piezoresistive
	13.1 kPa-1
	1.6 Pa
	1.6 Pa–800 kPa
	0.675/0.55 ms
	1000
	2022
	Ref.14

	Piezoresistive
	62 kPa-1
	0.1 Pa
	0.1-1.3 Pa
	15/25 ms
	--
	2022
	Ref.15

	Piezoresistive
	51.14 kPa-1
	210 Pa
	210 Pa−13.7 kPa
	99/93 ms
	5000
	2022
	Ref.16

	Piezoresistive
	19.77 kPa-1
	1.3 Pa
	1.3 Pa−2 MPa
	12/82 ms
	6000
	2022
	Ref.17

	Piezoresistive
	690.91 kPa-1
	710 Pa
	0.71-20.09 kPa
	106/95 ms
	10000
	2022
	Ref.18

	Piezoresistive
	6.33 kPa-1
	30 Pa
	30 Pa−20 kPa
	161/227 ms
	6000
	2022
	Ref.19

	Capacitive
	1.005 kPa-1
	0.5 Pa
	0.5 Pa200 kPa
	40/40 ms
	6000
	2022
	Ref.17

	Piezoresistive
	28.43 kPa-1
	0.8 Pa
	0.8 Pa−7.5 kPa
	98/99 ms
	5000
	2022
	Ref.20

	Piezoresistive
	509.8 kPa-1
	7.8 Pa
	7.8 Pa−20.3 kPa
	67/45ms
	10000
	2022
	Ref.21

	Piezoresistive
	12 kPa-1
	252 Pa
	252 Pa−45 kPa
	84/80 ms
	23000
	2022
	Ref.22

	Piezoresistive
	50.45 kPa-1
	0.209 Pa
	0.209400 Pa
	39/31 ms
	4000
	2022
	Ref.23

	Piezoresistive
	3.1 kPa-1
	1 Pa
	1 Pa–400 kPa
	15/22 ms
	10000
	2022
	Ref.24

	Piezoresistive
	0.57 kPa-1
	10 Pa
	10 Pa–200 kPa
	2/2 ms
	6000
	2022
	Ref.25

	Triboelectric
	6.28 kPa-1
	0.65 Pa
	0.65 Pa–140 kPa
	92 ms
	3000
	2022
	Ref.26

	Piezoresistive
	224 kPa-1
	650 Pa
	0.65–19.61 kPa
	63/40 ms
	15000
	2022
	Ref.27

	Capacitive
	4.5 kPa-1
	0.2 Pa
	0.2 Pa10 kPa
	50/50 ms
	500
	2021
	Ref.28

	Capacitive
	3.13 kPa-1
	0.07 Pa
	0.07 Pa50 kPa
	94 ms
	5000
	2021
	Ref.29

	Capacitive
	5.5 kPa-1
	2 Pa
	2 Pa250 kPa
	70/93 ms
	20000
	2021
	Ref.30

	Capacitive
	46730 kPa-1
	20 Pa
	20 Pa1.4MPa
	98/70 ms
	10000
	2021
	Ref.31

	Piezoresistive
	649.3 kPa-1
	4 Pa
	4 Pa20.55 kPa
	123/139 ms
	10000
	2021
	Ref.32

	Piezoresistive
	95.2 kPa-1
	0.4 Pa
	0.4 Pa10 kPa
	95/82 ms
	25000
	2021
	Ref.33

	Piezoresistive
	298.4 kPa-1
	7.1 Pa
	7.1 Pa39.3 kPa
	7/16 ms
	10000
	2021
	Ref.34

	Capacitive
	0.141 kPa-1
	980 Pa
	0.98100 kPa
	190/215 ms
	1000
	2020
	Ref.35

	Capacitive
	[bookmark: OLE_LINK1]3302.9 kPa-1
	0.08 Pa
	0.08 Pa360 kPa
	9/18 ms
	5000
	2020
	Ref.36

	Piezoresistive
	3.5 kPa-1
	1Pa
	1Pa218 kPa
	31/52 ms
	10000
	2020
	Ref.37

	Piezoresistive
	4200 kPa-1
	20 Pa
	20 Pa30 kPa
	8/20 ms
	4000
	2020
	Ref.38

	Piezoresistive
	151.4 kPa-1
	4.4 Pa
	4.4 Pa15 kPa
	125/104 ms
	10000
	2020
	Ref.39

	Piezoresistive
	128 kPa-1
	100 Pa
	100 Pa623 kPa
	320/98 ms
	1000
	2020
	Ref.40

	Piezoresistive
	10.75 kPa-1
	0.87 Pa
	0.87 Pa61.5 kPa
	34/52 ms
	1000
	2020
	Ref.41

	Piezoresistive
	99.5 kPa-1
	9 Pa
	9 Pa4.5 kPa
	4/13 ms
	10000
	2020
	Ref.42

	Piezoresistive
	383666 kPa-1
	0.25 Pa
	0.25 Pa56 kPa
	75/50 ms
	1000
	2020
	Ref.43

	Piezoresistive
	15.22 kPa-1
	200 Pa
	0.244.9 kPa
	74/67 ms
	3000
	2020
	Ref.44

	Capacitive
	760 kPa-1
	0.05 Pa
	0.05 Pa2.4 kPa
	0.03125 ms
	--
	2020
	Ref.45

	Piezoresistive
	609 kPa-1
	6 Pa
	6 Pa10 kPa
	232/225 ms
	6000
	2019
	Ref.46

	Piezoresistive
	114.6 kPa-1
	1 Pa
	1 Pa10 kPa
	189 ms
	10000
	2019
	Ref.47

	Piezoresistive
	26.13 kPa-1
	200 Pa
	200 Pa982 kPa
	83/88 ms
	1000
	2019
	Ref.48

	Piezoresistive
	1036.04 kPa-1
	6.2 Pa
	6.2 Pa20 kPa
	50/40 ms
	10000
	2019
	Ref.49

	Piezoresistive
	0.13 kPa-1
	0.5 Pa
	--
	--
	--
	2019
	Ref.50

	Capacitive
	1.0 kPa-1
	2 Pa
	2 Pa20 kPa
	140/110 ms
	1000
	2018
	Ref.51

	Capacitive
	0.7 kPa-1
	12 Pa
	12 Pa430 kPa
	--
	30000
	2018
	Ref.52

	Piezoresistive
	121 kPa-1
	0.015 Pa
	0.015 Pa10 kPa
	7/7 ms
	2000
	2018
	Ref.53

	Piezoelectric
	3.5106 kPa-1
	0.001 Pa
	0.001Pa-100 kPa
	0.001/0.238 ms
	11000
	
	This work


[bookmark: _Hlk145527541]

[bookmark: _Hlk158572452]Supplementary Note 8: Effective modulus of the piezoelectric material of Na-Cl@GO membrane
[image: ]
[bookmark: _Hlk133621322]Supplementary Fig. 7 | Effective modulus measurement for Na-Cl@GO membrane through nanoindentation. a, Load-displacement curve. b, Distribution of the estimated modulus of the Na-Cl@GO membrane.

The effective modulus  is calculated according to the following formula 54:
                   (1)

where  denotes the Poisson’s ratio for the specimen, Er represents the reduced modulus that accounts for the effects of non-rigid indenters on the indentation behavior of the membrane, Ei and i are the elastic modulus (1147 GPa) and Poisson ratio (0.07) of the diamond indenter, respectively. Here , in which S is the slope of the unloading curve (the initial unloading stiffness), and A denotes the projected area of the indentation impression. S and A can be automatically obtained by the indentation tester.
To determine the effective modulus E of Na-Cl@GO membrane, the Poisson’s ratio should be determined first. Graphene oxide (GO) exhibits a wide range of reported Poisson's ratios. Atomistic simulations have indicated a notably negative Poisson's ratio of 0.567 for fully oxidized graphene 55. Experimental studies have reported Poisson's ratios for GO films ranging from 0.25 to 0.55 56. Additionally, the Poisson's ratio of graphene can vary significantly, shifting between positive and negative values depending on factors such as strain and defects. For instance, at zero tensile strain, the Poisson's ratio is approximately 0.3 57. Meanwhile, NaCl possesses a known Poisson’s ratio of about 0.252, whereas the Poisson's ratio for Na2Cl has not been reported. Considering the Poisson’s ratio of common solid-state crystals typically falls within the range of 0 to 0.5 58, and since the sample consists of regions with both oxidized graphene and pristine graphene, an assumed overall Poisson's ratio of 0.18 is employed for the membrane sample (a common assumption in experimental settings). When the effective modulus E of Na-Cl@GO membrane is determined, such assumption will lead to a maximum overestimation of 38.72% if = 0.5 or a slight underestimation of 3.24% if  = 0.
Based on the measurement results, there were instances where no data were recorded for specific testing sites, while in other cases, recorded data exhibited anomalous profiles that deviated from the typical nanoindentation outcomes. These abnormal testing results were attributed to the incomplete oxidation of graphene oxide (GO) and the non-uniform distribution of Na2Cl crystals within the membrane. Out of the 25 conducted tests, we were able to obtain 15 effective measurements. In Supplementary Fig. 7a, a representative load-displacement curve obtained during the nanoindentation test is presented, while Supplementary Fig. 7b illustrates the distribution of the estimated modulus, showing a well-fitted normal distribution. As expected, the membrane exhibited varying effective moduli at different locations, closely correlated with the distribution of Na2Cl within the GO membranes. Based on these results, the average effective modulus for the Na-Cl@GO membrane was determined to be 11.66 ± 4.90 GPa, considering a 95% confidence interval.


[bookmark: _Hlk158572472]Supplementary Note 9: Transformation relation between the applied pressure (P) and the open-circuit output voltage (Voc) of piezoelectric sensor
The constitutive relations for a typical piezoelectrical material can be given as 

		(2)
where , , D, and E are tensors of stress, strain, electrical displacement, and the intensity of the electric field, respectively, while sE, d, and ε are tensors of elastic compliance under the condition of a closed circuit, piezoelectric strain constant, and dielectric constant at fixed stress, respectively. This constitutive model can be rewritten in the matrix form as 

		(3)

		(4)
The piezoelectric sensor is fixed with one surface patching on a plane of an object, while the other is free. As a result, the sensor undergoes a simple compression state along the thickness direction (z direction) in various tests, such as weight tests, tuning fork experiments and butterfly tests. The stresses along other directions are approximately zero due to the absence of applied force. Consequently, the constitutive model can be simplified as follows:

		(5)

where P represents the applied pressure in thickness direction. The charge of the piezoelectric sensor can be given as , where A and h denote the effective area and thickness of the piezoelectric material.

To measure the output voltage, the sensor is connected to a voltmeter with resistance R. Subsequently, the current in the circuit can be expressed as , which can be further rewritten as

		(6)

where   represents the equivalent capacitance of the piezoelectric sensor. Accordingly, the output voltage can be expressed as 

		(7)
Equation (7) indicates that the sensor's output voltage is influenced by the external resistance. In the ongoing experiments, the resistance of the electrochemical workstation measures 4 GΩ, a significantly high value that effectively renders the circuit in an approximate open-circuit state. Consequently, the correlation between applied pressure and output voltage can be simplified as

		(8)
The capacitance Cp is obtained using an impedance analyzer (Supplementary Fig. 8), while the piezoelectric constant d33 is measured using direct piezoelectric measurement (ZMpiezo-B), as shown in Supplementary Fig. 6c. Given these measured parameters (Cp = 150 nf, d33 = 1.6  103 pC/N, Ap = 1.77  104 m2), the output voltage can be calculated accordingly. The output voltages recorded in experiments are shown in Supplementary Fig. 9, and a comparison between the theoretical and experimental output voltages is depicted in Supplementary Fig. 9.

[image: ]
Supplementary Fig. 8 | Capacitance of the piezoelectric sensor versus varying frequency.

The impedance analyzer data (Supplementary Fig. 8) clearly indicate that the capacitance of the flexible sensor exhibits a discernible decrease as the frequency increases from 4 Hz to 500 Hz, with the most significant sensitivity being observed at frequencies below 100 Hz. At the lowest sweeping frequency of 4 Hz, the capacitance of the sensor is recorded at 150 nF. Based on the fitting method, it can be estimated that at the frequency of 0.1 Hz, the capacitance would be approximately 250 nF. On the other hand, the inset graph depicts that the capacitance value drops significantly to about 78 pF when the frequency is increased to 500 Hz.


[image: ]
Supplementary Fig. 9 | Comparison of the output voltage between theory and experiment.

The consistency between the recorded output voltage signals in the experiment and the voltage predicted by the electromechanical theory in Equations (7-8) is illustrated in Supplementary Fig. 9. This consistency validates the effectiveness of the theory, establishing a solid foundation for deriving pressure signals from the sensor's output voltage signals.
For a pressure sensor, the pressure applied on the device should be obtained quantitatively, which depends on the physical mechanism between the output voltage and the applied pressure. Here, based on Equation (8), the relationship between the applied pressure Pz and the piezoelectric sensor’s open-circuit output voltage Voc can be determined as

		(9)
where d33, Ap, and Cp are the piezoelectric constant, effective area, and equivalent capacitance of the sensor, respectively. The predicted pressure with Equation (9) is remarkably consistent with the applied pressure in the experiment, as shown in Supplementary Fig. 10, validating the effectiveness of the theoretical model.

[image: ]
Supplementary Fig. 10 | Validation of the inversion method by comparing the predicted pressure by theory and applied pressure in experiment. a, Triangular wave load. b, Square wave load.

Given the broad operational range of the pressure sensor (from 1 mPa to 100 kPa), it is crucial to assess how variations in applied pressure values affect certain parameters (Ap, Cp, d33). When subjected to varying amplitudes of external pressure, the sensor's surface area (Ap) and capacitance (Cp) may experience minor fluctuations. For instance, as the applied pressure transitions from 0 mPa to 200 kPa, Ap and Cp will exhibit an approximate increase of 0.0006% and 0.0023%, respectively, as detailed in Equation (10). Here z stands for the strain in the vertical direction, while x and y stand for the strain in the horizontal direction. In the current assessment, the crystal's elastic modulus within the sensor is set as 11.66 GPa, with a Poisson's ratio of 0.18, based on results obtained from indentation tests.

		(10-1)

		(10-2)

		(10-3)

		(10-4)
However, the piezoelectric constant d33 would change dramatically with the applied external excitation, such as amplitude and frequency of applied voltage 59. Here, the piezoelectric constant d33 under faint pressure (< 100 mPa) can be obtained from the tuning fork experiment (260 Hz) (Supplementary Fig. 6a). In this experiment, the sound pressure near the piezoelectric sensor was measured using a sound pressure meter, which exhibits the pressure ranges from 90.4 mPa (73 dB) to 1.0 mPa (34 dB). Employing the data of the applied pressure and output voltage of the sensor, the piezoelectric constant d33 can be obtained. When the applied pressure is close to 1 mPa, the piezoelectric constant d33 can reach 1.25  106 pC/N. Owing to this giant piezoelectric constant, the piezoelectric sensor exhibits merits including high sensitivity and low detection limit. 
Employing Equation (9) and the expression of the piezoelectric constant d33 under faint pressure condition, the pressure generated by the butterfly flap can be obtained accordingly, as shown in Fig. 3b. 

[image: C:\Users\HUANGYINGYING\Documents\WeChat Files\wxid_fmqnlzhoydw521\FileStorage\File\2024-01\Figure-YY-20240108-260HZ_页面_06.tiff]
Supplementary Fig. 11 | Dependence of piezoelectric constant d33 on applied pressure under faint pressure below 0.1 Pa. Data from tuning fork experiments with a ~260 Hz sound source.

[bookmark: _Hlk158572500]Supplementary Note 10: Detection of tiny airflow fluctuations surrounding a flapping butterfly with the piezoelectric sensor 


[image: ]
Supplementary Fig. 12 | Detection of tiny airflow fluctuations surrounding a flapping butterfly with the piezoelectric sensor. a, Voltage output response of the sensors above, on the side of, and below a flapping butterfly in real time. b, Air pressure variations above, on the side of, and below a flapping butterfly in real time. c, Wing-beat frequency of the flapping butterfly.

[bookmark: _Hlk133630952]The sensors were fixed above, on the side of, and below a flapping butterfly, respectively. The distance of the sensors from the butterfly is 5 cm to monitor the real-time variations of airflow pressure surrounding a flapping butterfly. The movies of experiments for real-time motoring of airflow pressure surrounding a flapping butterfly by the sensors are provided in the Supplementary Video 1.

[bookmark: _Hlk158502177][bookmark: _Hlk158572520][bookmark: _Hlk145531627]Supplementary Video 1: Movies of experiments for real-time motoring of airflow pressure variations surrounding a flapping butterfly by the sensors
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