
 

Figure S1. The detailed preparation procedure for CNOs@Ecoflex. 

 
Figure S2. The detailed preparation procedure for BTO@Ecoflex. 

Preparation of BTO@Ecoflex: In the first step, the mold was prepared by 3D printing. In the second step, Ecoflex 
component A and BTO were added into a beaker and stirred with an electric mixer for about 3-5 h. After that, Ecoflex 
component B was added and continued to be stirred for a period of time to form a mixed solution. In the third step, the 
mixed solution was poured into the prepared mold and left at room temperature for one day and then peeled off, at 
which time, the preparation of BTO@Ecoflex was completed. In the fourth step, the prepared BTO@Ecoflex was 
polarized. In the fifth step, the polarized BTO@Ecoflex was cut into the required shape. 



 
Figure S3. Structure and photograph of various structural components of HPS. 

 

Figure S4. Maximum pressure on butterfly mechanisms with different θ. 

 
Figure S5. Height of butterfly mechanisms with different θ. 



 

Figure S6. Durability experiment of butterfly mechanisms with different θ. 

The experiments on the mechanical characteristics of the butterfly mechanism include the following three parts: (1) 

Figure S4 depicts the maximum pressure subjected in butterfly mechanisms with different θ in the operating process. 

The experiments will be implemented through ANSYS simulation software. Figure S4a depicts the pressure variations 

that the butterfly mechanism is subjected to at different stages (Video S1), which is described extensively the working 

principle of HPS in the manuscript. The simulation of ANSYS software can be found to obtain the variation of the 

pressure that the butterfly mechanism is subjected to in the operation, and the specific results are shown in Figure S4b. 

Figure S4c demonstrates the maximum pressure that the butterfly mechanism with different θ is subjected to during 

the compression experiment. (2) The height of the butterfly mechanism is closely related to the electrical output of the 

TENG, and Figure S5 illustrates the maximum heights of the butterfly mechanisms with different θ. With the 

hypotenuse L constant, θ of the butterfly mechanism is proportional to H. (3) Figure S6 illustrates the durability 

experiments of the butterfly mechanism. Figures S6a-c describe the experimental platform for the compression 

experiment, where the number of cycles and the compression frequency can be adjusted through the control panel. The 

number of cycles for the compression experiment was 100,000, and the compression frequency was roughly 80 Hz. 

Compression experiments were performed on butterfly mechanisms with different θ, respectively. The deformation 

rate of the butterfly mechanism was tested at the end of the experiment and the results are shown in Figure S6d. 



 
Figure S7. Schematic diagram of the sleep monitoring system with integrated HPS. 

In terms of biocompatibility, HPS designed in the manuscript will be integrated into pillows and mattresses for 

breathing and sleeping posture monitoring. Nylon is chosen for the shell of HPS. Nylon is a non-toxic, environmentally 

friendly material that is not damaging to human beings. Its excellent mechanical properties make HPS more stability 

and environmentally adaptable. In addition, HPS is integrated into the bottom of the pillow and mattress, and there is 

a layer of foam above HPS. Therefore, the non-flexible shell does not greatly affect human sleep comfort. Therefore, 

HPS designed in the manuscript is excellent in biocompatibility. 

 
Figure S8. Detailed flow of prediction algorithms for different breathing states. 

The prediction process for different breathing conditions is as follows. (1) Acquire the respiration curves of 

volunteers in different respiratory condition and save them. (2) Preprocess the acquired data, which mainly includes 

outliers value processing and dataset production. The dataset production includes data cutting, overlapping sampling 

(dataset enhancement) and splitting the training set and test set. (3) Design the improved VGG model, based on the 

VGG model, the following improvements are made: improve the first layer of the large convolutional kernel, reduce 

the number of neurons in the fully connected layer, and adopt the mean pooling process. (4) The improved VGG model 

is trained with the adam training algorithm, which dynamically adjusts the learning rate of each parameter using the 

first-order matrix estimation and second-order matrix estimation of the gradient. (5) Predict the prediction set by the 



improved VGG model, and finally obtain the identification results of different breaths. 

 
Table S1 Comparison of existing sleep monitoring systems with the sleep monitoring system in this work. 

Sensor Type 
Number of 

sensor 

Types of 

Breathing 

accuracy of 

breathing 

recognition 

Types of 

posture 

accuracy of 

posture 

recognition 

Reference 

Pressure sensor 4 2 / 3 / [11] 

Pressure sensitive 

sheet 
1024 / / 6 91.24% [19] 

Accelerometer and 

pressure sensor 
2 2/4 95.1%/79.7% / / [20] 

Pressure sensor 8192 / / 14 91.21% [21] 

Pressure sensor 1 4 92.5% / / [22] 

piezoelectric 

polymer 
8192 / / 5 90.3% [23] 

Pressure sensor 6 4 100% 5 / This work 

A detailed comparison was made between the existing sleep monitoring system and the one in the manuscript, the 

results of the comparison are shown in Table S1. The sleep monitoring system designed in this work has the functions 

of both breathing monitoring and sleeping posture monitoring, and it has certain advantages in terms of recognition 

types and accuracy. The sleep monitoring system designed in this work contributes to the development of the sleep 

monitoring field. 
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