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with soft and hard shells.
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Supplementary Fig. 16 The variation diagram of the voltage waveform.
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Supplementary Fig. 1 Fabrication process of the silicone spherical shell.
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Supplementary Fig. 2 Molds used for silicone infusion.
(a) Pouring mold for flexible ball.
(b) Pouring mold for a cylinder.
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Supplementary Fig. 3 Schematic diagram of the working principle of the transmission 
mechanism.
(a) Compression process.
(b) Rebound process.
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Supplementary Fig. 4 Working principle of the power generation unit.
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Supplementary Fig. 5 Four-helix structures with different pitches.
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Supplementary Fig. 6 Output charge at different excitation frequencies for varying pitches.
(a) 20 mm.
(b) 25 mm.
(c) 30 mm.
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Supplementary Fig. 7 Specific output waveform under different external excitations at 
different pitches.
(a) 20 mm.
(b) 25 mm.
(c) 30 mm.
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Supplementary Fig. 8 Flexible shells with different duros.
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Supplementary Fig. 9 The force simulation analysis of flexible shell in the compression 
process.
(a) Initial state.
(b) Intermediate state.
(c) Fully compressed state.
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Supplementary Fig. 10 Pressure change curve for the 40 duro shell combined with soft and 
hard shells.
(a) Flexible shell with flexible shell (FF).
(b) Flexible shell with rigid shell (FR).
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Supplementary Fig. 11 Condition changes of the spherical shell without gas under external 
stretching.
(a) Initial state.
(b) Tensile state.
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Supplementary Fig. 12 Voltage (a) and charge (b) output after stretching of the flexible body 
without gas.
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Supplementary Fig. 13 Voltage (a) and charge (b) generated by compression and rebound of 
the flexible body with different duros.
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Supplementary Fig. 14 Voltage (a) and charge (b) of the FP-TENG during compression and 
rebound under varying compression distances.
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Supplementary Fig. 15 Voltage (a) and charge (b) of the FP-TENG during compression and 
rebound at different excitation frequencies.
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Supplementary Fig. 16 The variation diagram of the voltage waveform.
(a) The rectification process.
(b) The DC/DC conversion process.
(c) The voltage regulation process.
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Supplementary Fig. 17 Display interface of sensor transmission data.
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Supplementary Table 1 Comparison of the power density of FP-TENG with the reported 
works over the past year.

Series Power density (W/m3) References
1 4.45 Advanced Energy Materials, 2024, 24027811

2 13 Cell Reports Physical Science, 2024, 5, 1019332

3 14.1 Advanced Energy Materials, 2023, 13, 22032193

4 14.56 Chemical Engineering Journal, 2024, 496, 1537384

5 16.99 Energy & Environmental Science, 2023, 16, 473–4835

6 20.6 Joule, 2024, 8, 1855–18686

7 28.9 Advanced Functional Materials, 2024, 24067757

8 32.55 Advanced Energy Materials, 2024, 14, 24003138

9 34.26 This work
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Supplementary Note 1 Analysis of the Forces Exerted by Internal Gas Particles on the 
Walls.

The stress acting on fluid particles can be divided into normal stress dFn (the stress 
that generates a force perpendicular to the surface of the fluid particles) and shear stress 
dFτ (the stress that generates a force parallel to the surface of the particles). Normal 
stress tends to compress the fluid particles without altering their shape.

When the gas is enclosed in a container, the gas molecules move freely and bounce 
off the container walls. Upon colliding with the walls, the molecules undergo elastic 
collisions, meaning that the magnitude of their energy and momentum remains 
constant. However, their direction of motion changes, indicating that the wall must 
exert a force on the gas molecules. Consequently, during the collision, the gas 
molecules exert an equal and opposite force on the wall. The force exerted on a small 
surface element dA due to the pressure p acting on one side of the element is given by:

(S1)d dF p A 

The force generated by pressure acts on the particles of a compressible fluid. This 
type of strain is referred to as volumetric strain, which is measured by the change in 
volume fraction dv/v, where v represents the volume of the fluid particles. The pressure 
change dp required to induce this volumetric change is linearly related to the volumetric 
strain through the bulk modulus K. In other words,

(S2)dd vp K
v

 

where the negative sign indicates that an increase in pressure results in a decrease in 
volume. We can express this in terms of the fractional change in density, where the 
fluid’s density ρ is defined as its mass divided by its volume. Given that the mass of the 
particles m is constant,

(S3)v m




(S4) 
 

d /d 1 dd
/

mv
v m

 
  

 
    

 

According to Equations (2) and (4),

(S5)
ddp K 




(S6)dd ln Cp p K K 


    

The force acting at that point is given by

(S7)d d ( ln C)dF p A K A    
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Supplementary Note 2 Analysis of the Interaction Forces Between the Driving 
Component and the Follower.

The driving force Fp generated by the drive component is decomposed into two 
components: a tangential force and a normal force.

(S8)p p pyxF F F 
uur uuur uuur

The tangential component of the driven force Fpx, is responsible for driving the 
rotational motion of the follower. The resistance generated during operation can be 
categorized into two primary components: the first is the frictional force f1 produced by 
the driven component,

(S9)1 pyf F

where μ is the coefficient of friction. The second component is the frictional force f2 
generated by the power generation unit during its operation.

(S10)2 Nf F

The normal force FC is composed of the contact force between dielectric materials 
and the electrostatic adhesion force FE:

(S11)CN EF F F 

Assuming that the positive dielectric material and the negative dielectric material 
in the power generation unit carry equal but opposite charges σ, the electric field 
generated by positive dielectric material (or negative dielectric material) can be 
expressed as:

(S12)
02

E 




The adhesive force FN exerted by positive dielectric material on negative dielectric 
material can be represented as:

(S13)
N

2
E

02
AF EA 


 

Based on Equations (9), (10), (11), and (13), the frictional force generated during 
operation can be derived as follows:

(S14)p

2
E

1 N
0

2 p C( )
2

( )y y
Af f f F F F F
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