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Note S1 The Lambert-Beer law for β phase content calculation

 is the β phase content of in the PVDF. Aα and Aβ are absorbances of 762 cm-1 and 840 cm-1.  Kα and Kβ are absorption coefficients of 762 cm-1 and 840 cm-1, Kα=6.1×104 cm2 mol-1, Kβ=7.7×104 cm2 mol-1.


Note S2 The method to determine the strain of PZT PENG.
Since the thickness and modulus of PVC substrate is much larger than that of PZT composite film, it can be considered that a uniform tensile strain (ε) is applied in PZT films. Hence, ε can be expressed as:

where t is the thickness of the PVC substrate. R is the bending radius and can be obtained from the following formula as:


	The relevant parameters are identified in the Figure S1 (Supporting Information).

Note S3 Theoretical prediction of the efficient piezoelectric constants
Below we derive expression of effective piezoelectric charge constant e as a function of different directions from 0° to 90°. We started from analysis of a single piezoelectric filament and established a local coordinate system (k-l coordinate system) and the global coordinate system (b-q coordinate system). The coordinate axis k is parallel to the alignment direction of the fibers, while the coordinate axis b aligns with the direction of the effective piezoelectric coefficient to be calculated. The angle between the two coordinate systems is β (Figure S2, Supporting Information). The effective electric displacement and effective stress are:


where  and  (b, q= 1,2) are, respectively, the strain matrix and electric displacement vector of each filament in the global coordinate system, 𝑉 and 𝑉𝑖 are, respectively, the volume of the device and of the piezoelectric filaments. According to piezoelectric equation,  in matrix becomes

Where  represents the piezoelectric coefficient along b axis. Given that the piezoelectric coefficient of PVDF in the composite film is negligible due to its small magnitude (Fig. S10-S11, ESI), the overall piezoelectric coefficient of the film can be approximated as the sum of the contributions from individual filament. To elucidate the variation of the piezoelectric coefficient within a single filament, we consider the angle β between the direction of the effective piezoelectric coefficient to be calculated and the orientation of the filaments. The two orthogonal coordinate systems are established: the k-l local coordinate system and the b-q global coordinate system. We assume that the strain  is applied along the direction of the b-axis. The correlation between the strain matrix in the local coordinate system and the global coordinate system is achieved through the transformation matrix 𝑁𝑖 as:

Similarly, the electrical displacement contribution of each filament can be expressed as:

where , ,  and  are piezoelectric coefficient matrix and strain matrix in local coordinate system and global coordinate system, respectively. Hence, we derived the expression of the transformation matrix 𝑁𝑖 correlating the local coordinate system to the global coordinate system to calculate the effective electrical displacement and effective strain , and further, calculate the effective charge constants.
According to Euler's rotation theorem, any coordinate system transformation may be described using a single angle. The transformation matrix from k-l to b-q coordinate system to can be written as:



Where , L, A represent the number, length and sectional area of the piezoelectric filaments. Additionally, e31 is equal to e32 in PZT phase. By substituting the Equation (S3.6) and (S3.7) into the Equation (S3.5), one can establish a functional relationship between the piezoelectric coefficients and the direction and magnitude of the strain. As follows,
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Fig. S1 The bending test of the PZT composite film.
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Fig. S2 The unit of the PZT composite film.
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Fig. S3 The optical images of the fabrication process. Ⅰ) The process of continuously dip coating. Ⅱ) The process of the filaments arrangement.
[image: ]
Fig. S4 The oriented filaments arranged on the ceramics sheet.
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Fig. S5 The flexibility of the piezoelectric composite film.
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Fig. S6 The energy-dispersive spectroscopic mapping of the a) Pb, b) Ti, c) Zr, d) O element. The distribution of different elements was obtained by EDS mapping on the surface of the PZT-EGF composite filaments, indicating that the distribution of Zr, Ti, Pb, and O elements is uniform.
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Fig. S7 The cross section SEM image of the PZT-EGF composite filament, revealing the multistrands structure of the filament and an average PZT deposition thickness of 194 nm.
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Fig. S8 SEM image of the individual fiber within the PZT-EGF fiber bunbles
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[bookmark: _Hlk161411917][bookmark: OLE_LINK3]Fig. S9 The Characterization of PZT-EGF composite filaments by atomic force microscopy (AFM). a) AFM topography image of the PZT-EGF composite filaments in 5 *5μm area, which clearly reveals the internal polycrystalline structure. b) PFM phase (top panel) and amplitude (bottom panel) of the PZT-EGF composite filaments. When subjected to 12 V, PZT composite filaments display a 180° phase angle shift, signifying their capacity for polarization switching. The butterfly-shaped loops characteristic of the filaments demonstrate the remarkable local piezoelectric effect. 
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Fig. S10 a) PFM amplitude (top panel) of the PZT-EGF composite filaments and amplitude curve (bottom panel) of the red line marked in top panel. b) PFM amplitude (top panel) of the PVDF matrix and amplitude curve (bottom panel) of the red line marked in top panel. Compared to PZT, PVDF exhibits significantly lower amplitude under the same driving voltage of 9 V (below 80 pm). This is equivalent to the noise level in PFM detection, hence the piezoelectricity of the PVDF matrix curing at 70 ℃ can be considered negligible when compared to PZT.
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Fig. S11 The FTIR spectra of PVDF matrix used for fixing filaments. The percentage content of β-phase in PVDF was calculated as the Lambert-Beer law (Note S1) according to the absorption vibrational bands at 762 cm−1 and 840 cm−1, yielded a percentage content of only 68.2% when curing at 70 ℃, which possess relatively lower piezoelectric properties cured at high temperature. 
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Fig. S12 The output performance of the PVDF matrix.
The piezoelectric output of the device based on the pure PVDF film is less than 0.05 V across the strain range from 0.06% to 1.11%. In comparison to the vector sensor, the output of PVDF is negligible, indicating that the contribution of the PVDF matrix to the overall piezoelectric output of the vector sensor is minimal.
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[bookmark: _Hlk175867590]Fig. S13 The size of the holes within the PZT-EGF composite fiber.
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Fig. S14 Real-time output voltage profiles of pulse for health monitoring. The pulse waveform clearly exhibits three distinct characteristic peaks (P1–P3), which correspond to the early systolic pressure peak (P1, representing the Percussion wave or P wave), the late systolic shoulder peak (P2, known as the Tidal wave or T wave), and the diastolic pulse peak (P3, also referred to as the Diastolic wave or D wave).
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[bookmark: _Hlk175867156]Fig. S15 a) The SEM images of the anisotropic composite film without voids. b) Enlarged view of the inside of the filaments. c) Linear motor driving thin film micro-protrusions schematic diagram. d) The corresponding output voltage of the vector sensor without voids.
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[bookmark: _Hlk175872834]Fig. S16 The comprehensive performance of the sensor. a) The Dependence of output voltage of vector sensor on the bending frequency along bending angle 0 degree. b) The response time of the output voltage under a 0.34% strain. c) Output voltage of the vector sensor with various tapping forces. d) Dependence of vector sensor output voltage on tapping forces. e) Change in output voltage over 9000 bending cycles under the strain of 0.28 %.
We measured the piezoelectric output of the device as it bent along 0 degrees with varying bending frequencies, as shown in Fig. S16a. It is noted that when the frequency changes from 1 Hz to 5 Hz, the piezoelectric output remains nearly constant, demonstrating the sensor's stability across different operating frequencies. The response speed of output voltage for external stimuli, defined as the elapsed time from the baseline to the peak, are only 36 ms (Fig.S16b). The output performances were standardized with various tapping forces applied to the sensor, in which a linear motor was used to apply forces accurately (Fig. S16c). Of note, there is a linear relationship between the applied forces and the output performance. Hence, the average voltages variation with forces are plotted in Fig. S16d. The sensitivity of the sensor is defined as the ratio of the change in output voltage (ΔV) and the change in force or stress (ΔF or Δσ). The sensitivity in this work is calculated by S = ΔV/ΔF. In the force range of 0.5–10 N, the voltage sensitivity is 0.77 V/N. Additionally, the sensor demonstrates excellent repeatability, as there is no noticeable degradation in performance after 9000 cycles (Fig. S16e).
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Fig. S17 The mechanical performance of the adheisive layer of the double-layer sensors.
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Fig. S18 a) The frequency spectrum generated by FFT from the Figure 5c. b) The frequency spectrum generated by FFT from the Figure 5d.




Table 1 The Mechanical Parameters of PVC Substrate
	1
	Tensile Yield Stress (MPa)
	61.8

	2
	Elongation at Break (%)
	16

	3
	Tensile Elastic Modulus (MPa)
	3250






Table S2 Performance comparison with piezoelectric sensors reported in other works.
	Piezoelectric Materials
	Sensitivity
(Tapping)
	Response Time
	Sensing Range (Strain/Bending radius）
	Durability
	Output Fluctuation
	Ref

	PZT/PVDF
(This work)
	173 mV/kPa (770 mV/N）
	36 ms
	0.06%-1.11%（4.4cm-81.6cm）
	9000
	~1%
	-

	P(VDF-TrFE)
	-
	-
	15 mm-35 mm
	1600000
	~15.2%
	[1]

	PVDF
	7.7 mV /kPa
	10 ms
	10 mm-30 mm
	80000
	Little variation
	[2]

	ZnO NRs
	-
	-
	30 mm-50 mm
	-
	-
	[3]

	PZT
	-
	-
	0.2%-1%
	1000
	Little variation
	[4]

	PZT
	-
	-
	0.116%-0.214%
	15000
	Little variation
	[5]

	TPU/PVDF
	95.8 mV/N
	85 ms
	-
	2000
	Little variation
	[6]

	PZT/PVDF
	1.28 mV/KPa
	21 ms
	-
	
	
	[7]

	ZnO/PVDF
	3.12 mV/KPa
	53 ms
	-
	5000
	Little variation
	[8]

	PDA/BTO/PVDF
	0.38 V/N
	-
	-
	7000
	Little variation
	[9]
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[bookmark: _Hlk175942958][bookmark: _Hlk175941592]Table S3 Performance comparison with sensors based on other principles
	Device Structure

	Piezoelectric Device

Simple structure; self-powered
	Piezoresistive Device

Simple structure; need to be powered
	Triboelectric Device

Self-powered;
The structure is complex, which requires both positive and negative electrodes, and the contact-separation mode devices occupy a large volume of space.



	Sensitivity
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	Reponse Time
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	Durability
	[image: ]



Overall, piezoelectric sensors have a simple structure and are self-powered, making them more advantageous for miniaturization compared to triboelectric sensors. As for sensitivity, the sensitivity of triboelectric sensors is greatly influenced by the device's structure (e.g., gap size, electrode materials), resulting in greater variability, and is generally slightly better than that of piezoelectric sensors[21,22]. However, due to the triboelectric effect, triboelectric sensors are highly susceptible to environmental influences, making them less stable compared to piezoelectric sensors. The sensitivity of piezoresistive sensors, measured by changes in resistance, cannot be directly compared to that of piezoelectric sensors[23]. Additionally, our sensor demonstrates a high sensitivity of 137 mV/kPa, which is considered high among piezoelectric devices. Regarding response time and durability, piezoelectric sensors clearly outperform piezoresistive sensors and are comparable to triboelectric sensors.
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Video S1 Single-layer devices are utilized to detect isotropic micrometer-scale film deformations.
Video S2 Double-layer devices are employed for detecting anisotropic micrometer-scale film deformations.
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