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S1 Preparation Flowchart
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Fig. S1 The fabrication process of cilia-like monolayer graphene vibration transducer (CGVT)
S2 Yield
We inspected 16 cycles, involving a total of 128 devices. Figure S2a shows the SEM and OM plots of some typical cycles. The number of successfully self-rolled-up 3D devices in each cycle is marked in the lower right corner. Figure S2b shows the statistical relationship between the number of cycles and the number of successfully self-rolled-up 3D devices in each cycle. In each cycle, the number of self-rolled-up 3D devices is 4,5,6,7,8, and the corresponding cycle number is 1,1,3,5,6, totaling 116. Figure S2c demonstrates the resistance value of the sensitive material (graphene) among 116 self-rolled-up devices. The resistance values of the devices (graphene) are mostly between 1.0 Ω and 2.0 kΩ. When the resistance value of the device is between MΩ and TΩ, it is considered a bad value, and at this point, the normal electrical properties of graphene cannot be measured. There are 101 3D devices that can work normally. Accordingly, in the red box at the lower right corner of Fig. S2c, the calculated yields are shown. The yield of self-rolled-up is 91%, the yield of graphene is 87%, and the overall yield of 3D devices is 79%. 
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Fig. S2 a The SEM and optical microscope diagrams of typical cycles. The number of 3D devices that successfully self-rolled in each cycle is marked in the lower right corner. b The relationship between the number of cycles and the number of self-rolled-up 3D devices in each cycle. c The resistance value of 116 3D devices. The yield rates are displayed in the red box at the lower right corner. 
S3 Device morphology
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Fig. S3 The optical image of a monolithic integrated petal-like CGVT array with a steel ruler
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[bookmark: OLE_LINK12]Fig. S4 The SEM images of the CGVTs before and after self-rolled-up with varying sizes

S4 Electrical connection diagram for vibration testing
[bookmark: _Hlk214035452]The response of the CGVT can be monitored through two distinct approaches: one involves measuring the short-circuit current by configuring the B2911 precision power module in voltage mode with the voltage set to zero; the other entails measuring the open-circuit voltage by operating the B2911 in current mode with the current set to zero (as illustrated in the schematic monitoring circuit Fig. S5). The short-circuit current measurement was uniformly chosen in the manuscript to assess the CGVT’s vibrational response.
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Fig. S5 Monitoring circuit diagrams of the CGVT under a Open-circuit voltage and b short-circuit current conditions
This study employed a calibration path involving direct comparison with a reference standard accelerometer (HBK, 8305) that had been calibrated using an absolute method. The tested vibration transducer was installed coaxially with the reference accelerometer mounted inside the fixture. When both the reference standard accelerometer and the transducer under test (CGVT) respond to the same vibration parameter, the sensitivity S2 of the CGVT should be calculated as follows:

                               (S1)
S1 and X1 represent the sensitivity of the standard sensor and its output value, respectively. S2 and X2 denote the sensitivity magnitude and output value of the transducer under test. A schematic diagram of the complete sensitivity test system is shown in Fig. S6. This system enables direct output of the sensitivity (unit: pC/g) of the transducer under test via a computer equipped with vibration transducer calibration software. Meanwhile, the current of the CGVT under zero-bias conditions was monitored in real time using a precision source/measure unit (B2911A). The corresponding monitoring circuit is presented in Fig. 4a. Furthermore, the performance of piezoelectric accelerometers is typically quantified by charge sensitivity (pC/g) and voltage sensitivity (mV/g). In this work, we employ charge sensitivity to characterize the CGVT’s performance metrics. Regarding the current sensitivity (mA/g) mentioned, the current-output accelerometer typically requires an external current-to-voltage conversion integrated circuit for signal output.
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Fig. S6 Sensitivity comparison method calibration system
S5 Noise analysis
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Fig. S7 Time-domain current noise signal of the device
S6 Frequency response
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[bookmark: OLE_LINK13]Fig. S8 Time-domain current response signal of the device under 1~20 Hz vibration
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Fig. S9 Frequency-domain response of the CGVT under different vibration excitation
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Fig. S10 Charge sensitivity as a function of frequency

S7 Stimulation of vibration transducer (devices/array) in COMSOL
① General setup
The finite element analysis simulations are performed with the COMSOL Multiphysics software. In the calculation process, electric field and stress field are coupled together for calculation, and they will interact with each other. In the simulation, three materials are considered: the bottom layer is the substrate, above which lies a 200 nm thick layer of silicon nitride, and on top of that is an ultra-thin layer of graphene (the original thickness is 0.335 nm, but it is slightly thickened in the actual model to avoid convergence issues due to extremely thin materials in simulations). Part of the silicon nitride and graphene layers are curled with a radius of 22.5 μm. In the simulation, a sinusoidal external force is applied along the length direction of the substrate, causing periodic displacement in that direction to match the actual experimental conditions. This utilizes inertia to drive the curled silicon nitride and graphene layers above, inducing bending deformation, and subsequently enabling the calculation of the polarization electric field distribution. The following figure shows the basic model:
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Fig. S11 Geometric modeling and meshing of the device


② Material parameter
	Materials
	Young's modulus [Gpa]
	Poisson's ratio

	Graphene
	1050
	0.186

	Silicon Nitride
	300
	0.24

	Silicon
	170
	0.28


③ The basic equations
	Solid mechanics equations
For mechanical simulation, the displacement of materials is calculated according to the above equations, and the kinematic stress strain constitutive relation is given by Hooke’s Law:

               (S2)

               (S3)

               (S4)
where σx, σy, σz means the normal stresses for x, y, z directions. ϵx, ϵy, ϵz means the normal strains, E is the Young’s modulus, ν is the Poisson’s ratio. The vibration loading is achieved by applying a periodic surface load to the backside of the substrate, which is consistent with the method used to apply force during the experimental vibration of the device. We mainly investigated the stress distribution in the resting and vibrating states of the device under the influence of gravity. The Von Mises stress is expressed as,

Von Mises stress =           (S5)
where σ1, σ2, σ3 are the first, second and third principal stresses, respectively.
	Constitutive Equations (Ferroelectric Material)
The stress (σ) and electric displacement (D) are coupled via ferroelectric and elastic effects:

                        (S6)

                      (S7)
where cE means the Elastic stiffness tensor at constant electric field, e means the piezoelectric stress coefficient tensor, eT is the transpose of the piezoelectric tensor, E is the electric field vector, κε is the dielectric permittivity tensor at constant strain, Pr is the Remnant polarization vector.
	Gauss’s Law for Electric Displacement
The polarization charge density (p) is derived from:

                         (S8)
where ρp means the free charge density, P means the total polarization. By solving the above equations simultaneously, the distributions of electric field, ferroelectric potential, and stress field can be obtained.
S8 Performance degradation at high temperature
Figure S12a shows the optical microscope diagrams of the devices after treatment at different temperatures, and the corresponding Raman spectra are presented in Fig. S12b. Unlike the Raman spectra of graphene without protective layers reported in the literature [S1], the intensity of D band located at the 1349.99 cm-1 remains basically unchanged with the increase of temperature below 600℃. The negligible D band indicate that there are basically no structural defects in the graphene layers of each sample [S2]. Therefore, the Si3N4 protective layers achieve effective protection. After being treated at 800℃, the strength of the D band significantly increased, but at this time, monolayer graphene could still function normally. However, some 3D devices have their stress layers relaxed and expanded into 2D planar devices due to high temperature. When in contact with the substrate, due to the mismatch of the thermal expansion coefficients between the material and the substrate, the material shows bubbles and cracks. At this point, its Raman spectrum is displayed at the top of Fig. S12b, indicating that there is no longer graphene present. Graphene has failed due to oxidation when exposed to a high-temperature oxygen-rich environment. In addition, by combining Fig. S12a and the corresponding Raman spectra of Fig. S12b, it can be seen that after the device was subjected to a high temperature of 800 ℃ and vibration, the device still maintains mechanical integrity and can operate normally. However, its radius of curvature decreases, which is consistent with the reduction in the diameter of 3D semicircular cantilever devices after thermal annealing treatment in the literature [S3]. 
[image: ]
Fig. S12 a The optical microscope diagrams and b Raman spectra of 3D graphene devices after treatment at different temperatures. 
S9 Benchmark
Table S1 Benchmark of vibration sensors
	Description
	With/Without Mass Block
	Device Dimensions
	Measuring Range
	Frequency Range
	Sensitivity
	Noise Density
	Minimum Detectable Level
	Temperature Range
	Lifetime
	References

	AlN
	with
	/
	0-10 g
	1 Hz-5 kHz
	1.49 mV/g
	/
	/
	/
	/
	[S4]

	PZT
	with
	5 × 5 × 5 mm³
	0-4 g
	1 Hz-500 Hz
	0.75 pC/g 
	/
	/
	/
	/
	[S5]

	PVDF
	with
	15 mm²
	0.5 g-6 g
	58.6 Hz
	21.82 pC/g
	6.07 μg/√Hz
	257.7 μg
	/
	/
	[S6]

	PVDF
	with
	225 mm²
	0.5 g-10 g
	160 Hz
	29.45 pC/g
	1.40 μg/√Hz
	/
	/
	/
	[S7]

	AlN
	with
	45.8 mm²
	0.001 g-10 g
	1.1 kHz
	5.2 pC/g
	670 ng/√Hz
	/
	/
	/
	[S8]

	AlN
	with
	2×2 mm²
	/
	600 Hz-10 kHz
	3.8-3.9 fC·s²/m
	7.7 mm/s²/√Hz
	/
	/
	/
	[S9] 

	AlN
	with
	2×2 mm²
	/
	250 Hz-8 kHz
	10.7 fC·s²/m
	0.2 mm/s²/√Hz
	/
	/
	/
	[S10]

	PVDF
	with
	/
	0-9 g
	100 Hz-2500 Hz
	134.59 mV/g
	/
	/
	20~25°C
	/
	[S11]

	PZT
	with
	20.97 mm³
	/
	10-200 Hz
	22.74 pC/g
	5.6 μg/√Hz
	279 μg
	/
	/
	[S12]

	AlN
	with
	/
	/
	10-900 Hz
	1.3 mV/g
	36.3 nV/√Hz 
	/
	/
	/
	[S13]

	YCOB
	with
	/
	0.2 g-0.8 g
	200-800 Hz
	1.9 ± 0.4 pC/g
	/
	/
	RT~1000°C
	3 h@1000°C 
	[S14]

	YCOB 
	with
	/
	1 g-5 g
	80-1000 Hz
	5.7 pC/g
	/
	/
	RT~1000°C
	4 h@1000°C
	[S15]

	AlN 
	with
	/
	1 g-5 g
	≤ 600 Hz
	9.2 pC/g
	/
	/
	RT~1000°C
	10 h@1000°C
	[S16]

	YCOB 
	with
	/
	/
	100-600 Hz
	2.4 pC/g
	/
	/
	20~900°C
	3 h@900°C
	[S17]

	PZT 
	with
	/
	1 g-10 g
	≤ 10 kHz
	79.4-296.8 pC/g
	/
	/
	/
	/
	[S18]

	PZT
	with
	/
	
	60 Hz-1.5 kHz
	3.4-50 pC/g
	1.7 μg/√Hz 
	/
	/
	/
	[S19]

	PZT
	with
	10×10 mm²
	0.5 g-45 g
	0.1-4 kHz
	0.23 pC/g
	/
	1 g
	/
	/
	[S20]

	ScAlN /AlN
	with
	/
	0.2 g-2 g
	50-440 Hz
	7.95 mV/g
	92.2 nV/√Hz 
	1 mg
	RT
	/
	[S21]

	BST
	with
	/
	0.2 g-0.8 g
	30-100 Hz
	2.8 pC/g
	/
	/
	RT
	/
	[S22]

	BTS
	with
	/
	0-4 g
	100-600 Hz
	2.61-2.62 pC/g
	/
	/
	25~650°C
	1 h@650°C
	[S23]

	ZnO
	with
	/
	/
	1200 Hz
	1.96 mV/g
	0.267 mg/√Hz
	/
	/
	/
	[S24]

	LGS
	with
	25×30×6 mm³
	±1 g
	80-850 Hz
	3.29 pC/g
	/
	10 mg
	25~800°C
	6 h@800°C
	[S25]

	AlN/ScAlN
	with
	/
	0.2 g-2.2g
	3 Hz-1 kHz
	3.35 pC/g
	/
	/
	/
	/
	[S26]

	ZnO
	with
	/
	0-30 g
	2 kHz-20 kHz
	1.69 mV/g
	/
	/
	/
	/
	[S27]

	PLZT
	with
	/
	1 g-10 g
	2 kHz-20 kHz
	/
	/
	/
	/
	/
	[S28]

	PZT
	with
	/
	0.001 g-2 g
	3 kHz
	8.12 mV/g
	5.8 mg/√Hz
	5.8 mg
	/
	/
	[S29]

	PZT
	with
	/
	0-10 g
	10 Hz-1 kHz
	2.21 mV/g
	/
	/
	/
	/
	[S30]

	PZT
	with
	6 × 6 mm²
	/
	3.7-35.3 kHz
	0.77-7.6 pC/g
	/
	30 µg
	/
	/
	[S31]

	ZnO 
	with
	15 × 15 mm²
	0-15 g
	0-17 Hz
	16.1-16.3 mV/g
	/
	/
	/
	/
	[S32]

	LiNbO3
	with
	10 × 10 mm²
	5 g-20 g
	20-2400 Hz
	5.2-10.3 pC/g
	/
	/
	-40°C~+70 °C
	/
	[S33]

	LGT
	with
	34×30×20 mm³
	/
	100 Hz-2000 Hz
	3.3 pC/g
	/
	/
	20°C~350°C
	/
	[S34]

	BSO 
	with
	/
	1 g-6 g
	160 Hz
	3.89 pC/g
	/
	/
	25~650°C
	/
	[S35]

	AlN
	with
	2.3×2.3 mm²
	0.2 g-3 g
	10 kHz 
	440 μV/g
	200 μg/√Hz
	
	/
	/
	[S36]

	AlN
	with
	/
	±5 g
	24.66 kHz
	346 ppm/g
	/
	/
	-40°C~+85°C
	/
	[S37]

	AlN
	with
	464×650 μm²
	±5 g
	16.1 kHz
	68.9 ppm/g
	/
	/
	0~50°C
	/
	[S38]

	AlN
	with
	868×833 μm²
	0.1 g-2 g
	200 Hz-1.5 kHz
	1.553 mV/g
	841 nV/√Hz
	2 mg
	/
	/
	[S39]

	BiFeO₃/BaTiO₃
	with
	/
	/
	/
	40 pC/g
	/
	/
	RT~400°C
	/
	[S40]

	ScAlN
	with
	2.2×2.2 mm²
	0.1 g–2 g
	56 Hz-2360 Hz
	2.448 mV/g
	85.6 nV/√Hz
	1 mg
	/
	/
	[S41]

	LGT 
	with
	/
	0-40 g
	10 Hz-2500 Hz
	1.046 pC/g
	/
	/
	20~700°C
	/
	[S42]

	LiNbO₃
	with
	11 × 11 mm²
	5 g-20 g
	20 Hz-2400 Hz
	10.336 pC/g 
	/
	/
	/
	/
	[S43]

	PVDF
	without
	/
	0-50000 g
	/
	0.177 ± 0.03 pC/g
	/
	/
	/
	/
	[S44]

	Al/PDMS
	with
	20 × 20 × 8 mm³
	0-1000 g
	/
	50.89 mV/g
	/
	0.69 g
	-40°C~+50 °C
	/
	[S45]

	BTO/PEGDA/VMM
	with
	12 × 4.5 mm²
	0.1 g-0.5 g
	≤17 Hz
	210.9 mV/g
	/
	/
	/
	/
	[S46]

	Our work
	without
	0.373 ×0.3 mm²
	0-1120 g
	1 Hz-10 kHz
	87.95 pC/g
	
	0.53 g
	25-800 °C
	4 h@25-800 °C
	


S10 1DCNN-based direction decoupling
(1) Loss Function and Accuracy
The cross-entropy loss function is used to evaluate the error of the predicted output and the true labels. Suppose p and q is the true distribution and the predicted distribution, respectively. The loss function (L) is expressed as follows: 

                  (S9)
For the classification task, accuracy is an important indicator to evaluate the proportion of predictions that are correct. If it is a binary task, accuracy formula is presented in Equation (S10):

             (S10)
where TP, FP, TN, and FN refer to the number of true positive, false positive, true negative, and false negative predictions, respectively. The multi-classification task can be regarded as multiple binary classification tasks.
(2) Parameter Settings and Experimental Environment
In our 1DCNN model, the kernel size, stride and padding of each convolutional layer are 3, 1, 1, respectively, and the kernel size of each max pooling layer is 2. The neural network was evaluated on vibration dataset containing different amplitudes, frequencies and noises. The dataset contains four different amplitudes datasets, each of which includes data collected from seven vibration directions ([001], [010], [011], [100], [101], [110], [111]), each with distinct frequencies and noises. Each vibration direction contains 760 samples, and each sample is the time-domain current value of a circle of eight sensors vibration for 5 s collected. The time-domain current values were recorded at sampling points of 5 ms. The dataset is randomly divided into a training set and a test set in an 8:2 ratio, with a batch size of 128. Furthermore, the loss function is cross-entropy loss, and the optimizer is Adam. The initial learning rate is set at 0.001, which is then adjusted by the StepLR learning rate scheduler, and the dropout rate is set at 0.5. To prevent overfitting, weight decay is introduced into the model. At the same time, data augmentation techniques including random time distortion, amplitude drift and data loss are adopted to enhance the robustness and generalization ability of the model. To further verify the model’s performance, three types of verification experiments were conducted: First, simulating three disturbance scenarios of time axis stretching/compression of time series data, 10% data loss, and amplitude drift (±20%), to test the model’s performance under harsh data conditions. Second, the data augmentation module for ablation experiment was adopted. By constructing a control model that did not apply data augmentation technology, and retraining it with the same dataset partitioning and training parameters, the robustness indicators of the two groups of models are compared to verify the improvement effect of data augmentation on model performance. Third, leave-one dataset was retained for validation. Four datasets of different magnitudes are alternately used as the test set, and the rest are used as the training set. For each dataset, 10% of the samples are selected to participate in training and testing. Through multiple rounds of validation, the cross-dataset adaptability of the model was evaluated. Our model was implemented in Python 3.12 with Pytorch frameworks on Windows 11 operating system with Intel Core i9-14900HX CPU and 32 GB RAM.
The validation of the 1DCNN model
To further verify the model’s performance, three types of validation experiments were conducted: First, simulating three disturbance scenarios of random time distortion (stretching/compressing the timeline of time series data), 10% data loss, and amplitude drift (±20%), to test the model’s performance under harsh data conditions. At the same time, the data augmentation module for ablation experiment was adopted. By constructing a control model that did not apply data augmentation technology, and retraining it with the same dataset partitioning and training parameters, the robustness indicators of the two groups of models are compared to verify the improvement effect of data augmentation on model performance. As shown in Figure S13, in these three perturbation scenarios, the application of data augmentation techniques can significantly improve the accuracies of the model output. It indicates the necessity of applying data augmentation and the good robustness of the model.
[image: ]
Fig. S13 The confusion matrix output by the model a with and b without data augmentation at random time distortion. The confusion matrix output by the model c with and d without data augmentation at amplitude drift. The confusion matrix output by the model e with and f without data augmentation at data loss. The corresponding accuracies are marked in the lower right corner.
Third, leave-one dataset was retained for validation. Four datasets of different magnitudes are alternately used as the test set, and the rest are used as the training set. For each dataset, due to the large sample size, 10% of the samples are selected to participate in training and testing. Through multiple rounds of validation, the cross-dataset adaptability of the model was evaluated. The results of the four-rounds validation are shown in Figure S14, and the validation accuracy is ultimately averaged at 96.96%. High accuracy indicates that the model can learn and fit the patterns of the data very well and has strong generalization ability.
[image: ]
Fig. S14 The loss and accuracy results of the four-rounds validation of the model with leave-one-amplitude test. The final validation accuracy of each round is marked in the lower right corner
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