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Figure S1. Schematic diagram of components of SD-TENG. a) The multi-
bearing center rod structure is mainly composed of a center rod, two swing-
induced counter-rotating structures (SCS), a one-way clutch, and a bearing. b) 
The pendulum swings clockwise, the center rod of the SCS structure drives the 
inner cylinder to rotate clockwise. c) The pendulum rotates counterclockwise, 
the SCS structure and another coupling II connected to the outer cylinder drive 
the outer cylinder to rotate counterclockwise.



(a) Outer cylinder

(b) Inner cylinder

Nylon FEP Electrode I Electrode II

(c) 

Figure S2. The physical diagram of a) the electrode layer, charge pump and 
b) two dielectric films. c) The results of COMSOL Multiphysics software.

Note S1 for the Figure 2c: The external force and acceleration provided to the 
outer pendulum by the external environment can be expressed as follows (where 
ω = 2πf):

                                                                   S1     𝐹 = 𝑚𝐼𝑎

                                                            S2    𝑎 = 𝜔2𝐴cos (𝜔𝑡)

Among them, the mass of mass block I is represented by , the excitation 𝑚𝐼

frequency is f, the excitation amplitude is A, and the forced vibration time is t.

Note S2 for the Figure 2c: Based on the functional principle, WF can also be 
expressed in terms of the energy loss within the mechanical structure and the 
potential energy transferred to the mass block II or mass block III. The 
corresponding formula are as following:

        𝑊𝐹 = 𝑊1𝑓 + 𝑊2𝑓 + ∆𝐸𝑝2 =  𝑊1𝑓 + 𝑊2𝑓 + 𝑚𝐼𝐼𝑔𝑙𝐼𝐼(cos 𝛼𝑔 ‒ cos 𝛼3)

                                                             S3                                                                                                                                                                                                  =  𝑊1𝑓 + 𝑊2

         𝑊𝐹 = 𝑊1𝑓 + 𝑊3𝑓 + ∆𝐸𝑝3 = 𝑊1𝑓 + 𝑊3𝑓 + 𝑚𝐼𝐼𝐼𝑔𝑙𝐼𝐼𝐼(cos 𝛽𝑔 ‒ cos 𝛽3)

                                                                 S4              = 𝑊1𝑓 + 𝑊3

As for formula S3,  represents the energy loss of the swing component due 𝑊1𝑓

to friction,  stands for the energy loss of the mass block II,  is the 𝑊2𝑓 ∆𝐸𝑝2

potential energy difference of the mass block II,  represents the distance 𝑙𝐼𝐼



between the central axis and mass block II.  is the overall energy of mass 𝑊2

block II.

As for formula S4,  represents the energy loss of the swing component due 𝑊1𝑓

to friction,  indicates the energy loss of the mass block III,  is the 𝑊3𝑓 ∆𝐸𝑝3

potential energy difference of the mass block III,  denotes the distance between 𝑙𝐼𝐼𝐼

the central axis and mass block III. And  is the overall energy of mass block III.𝑊3
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Figure S3. The schematic diagram of the definition of θ, α and β.
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Figure S4. The angle curve of the outer cylinder when the mass of mass III is 
changed to 19.5 g, 25 g and 75 g respectively.



Figure S5. a) The average angular velocity of the outer cylinder under 10-50 
mm. The schematic diagram of the definition of b) t1 and c) t2. d) The angle of 
the inner and outer cylinders of SD-TENG under the optimal optimization 
condition.
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Figure S6. The angle curve of the inner cylinder under the mass ratio i = 3,4,6.
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Figure S7. The angle data of the inner cylinder at very low frequencies (less 
than 1 Hz) and high frequencies (1.8 - 4 Hz).
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Figure S8. (a) The curve of output in the potential energy accumulation stage. 
The specific peak current conditions of b) 10 mm and c) 20 mm.
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Figure S9. a) The current output at acceleration a = 2 m/s2, A = 10-70 mm. b) 
The schematic diagram of the definition of t3 and t4. c) The current output of SD-
TENG in two different modes with A = 30 mm, a = 3.3 m/s², a = 3.6 m/s² and a 
= 3.9 m/s². d) The voltage output at acceleration a = 3 m/s2, A = 10 - 70 mm. e) 
The relationship between the peak voltage of SD-TENG and the amplitude. f) 
The transferred charge (Qsc) under different excitation a = 2 - 4 m/s2 and fixed A 
= 30 mm.



0 2 4 6 8 10
-60

-40

-20

0

20

40

60
  4m/s2    5m/s2    6m/s2

        1.89 Hz        2.11 Hz           2.31 Hz
Sh

or
t-c

ir
cu

it 
cu

rr
en

t (
μA

)

Time (s)

0 2 4 6 8 10

0

50

100

150

200
  4m/s2    5m/s2    6m/s2

        1.89 Hz        2.11 Hz           2.31 Hz

Tr
an

sf
er

re
d 

ch
ar

ge
 (n

C
)

Time (s)

0 2 4 6 8 10

0

100

200

300

400

500   4m/s2    5m/s2    6m/s2

        1.89 Hz        2.11 Hz           2.31 Hz

O
pe

n-
ci

rc
ui

t v
ol

ta
ge

 (V
)

Time (s)

(a) (b) 

(c) 

Figure S10. The measurement results of SD-TENG short-circuit current (Isc), 
open circuit voltage (Voc) and transferred charge (Qsc) at a = 4-6 m/s2 and fixed 
A = 35 mm.
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Figure S11. The measurement results of SD-TENG short-circuit current (Isc), 
open circuit voltage (Voc) and transferred charge (Qsc) at a = 4-6 m/s2 and fixed 
A = 40 mm.
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Figure S12. The ability of SD-TENG to collect low-frequency mechanical 
energy in different directions (Isc in different directions). The dependence of (a) 
(b) short-circuit current and (c) transferred charge (Qsc) with the angle ranging 
from 0 ° to 90 ° under a = 6 m/s2 A = 30 mm.

Note S3. As shown in formula S5 below, we calculated its energy conversion 
efficiency to be 19.46% under the conditions of a = 5m/s2 and A = 30mm (the 
input energy was 95 mJ, the output energy was 18.49 mJ, and the dissipated 
energy was 76.51mJ). We measured the torque of the SD-TENG 15 mN·m using 
a torque sensor, and calculated the frictional force of the charge pump to be 125N 
according to formula S6 below. Subsequently, we calculated the energy loss due 
to frictional resistance to be 11.8mJ. The dissipated energy is mainly distributed 
between the energy lost due to friction and the energy lost due to mechanical 
damping. We can obtain that the energy due to mechanical damping is 64.71mJ, 
accounting for 68.11% of the total energy. Since the friction materials are in soft 
contact through a charge pump, the frictional resistance is greatly reduced, and 
thus the energy loss due to frictional resistance is relatively small. The energy 
loss due to mechanical damping is relatively large and has a significant impact 
on the overall energy conversion efficiency.

                                                       S5
𝜂 =

𝐸𝑜𝑢𝑡

𝐸𝑖𝑛
=

𝑇

∫
0

𝐼(𝑡)2𝑅𝑑𝜃

2(𝑚𝐼𝐼𝑔𝑙𝐼𝐼 + 𝑚𝐼𝐼𝐼𝑔𝑙𝐼𝐼𝐼)
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Figure S13. a) The charging capacity of SD-TENG at a = 8 m/s2 and A = 30 
mm. b) The circuit diagram for driving the small electronic device.
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Figure S14. The SEM images of the two films on the inner cylinder before 
and after 120000 cycles of testing.


