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Figure S1. The velocity (a) and pressure (b) contours simulation under wind-blown of 
5 m/s by ANAYS.
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Figure S2. The schematic and actual dimension parameters of three different polymer 
film. (a) Rectangle shape (R-shape); (b) Trapezoid-shape (T-shape); (c) Designed-
shape (D-shape).

Figure S3. The basic output performance of FR-TENG based on T-shape (a~c) and R-
shape (d~f) FEP film. 

Figure S4. The voltage division circuit for open-circuit voltage VOC measurement of 
FR-TENG.



Note S1: When the open-circuit voltage value of TENG exceeds 200 V, it is difficult 
to directly measure with 6514. Under this scenario, in order to protect the equipment 
and get a more reliable output, we can take advantage of a voltage division circuit to 
measure the open-circuit voltage of TENG by the idea of dividing the voltage through 
series resistance. It can be seen from Figure S4 above that the open-circuit voltage of 
FR-TENG can be referred without considering the heat loss, and the detailed parameters 
and expressions are as follows:
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Figure S5. The peak output power of FR-TENG under different rotation speeds.

 



Figure S6. The output frequency calculation of FR-TENG under different rotation 
speeds (a~e). (f) The linear relationship between input and output frequency of FR-
TENG.

Figure S7. Charging a 47 μF capacitor by FR-TENG through a rectifier under different 
rotation speeds.



Figure S8. The water contact angle photo of hydrophobic FEP film (thickness of 100 
μm).

Figure S9. The transferred charge output of FR-TENG under different environmental 
temperatures.



Figure S10. The metallographic microscope images (a) and SEM images (b) of Cu and 
FEP before and after rubbing.

Figure S11. The test platform for torque measurement.



Figure S12. The charging capacity comparison of FR-TENG between through PMM 
and AD-DC rectifier under 100 rpm rotation speed.

Figure S13. Charging different capacitors by FR-TENG through PMM under 5.14 m/s 
wind speed.



Figure S14. The load current output of FR-TENG connected with matched resistance 
under different wind speeds.

Note S2: The detailed calculation process is as follows:
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where S is the effective cross-sectional area blown by the wind, which is calculated as 
0.0177 m2 for the FR-TENG. 

In the most literature involving the calculation of TENG energy conversion 
efficiency, the integration duration T is not clearly stated. In theory, it can be the 
duration of a single output signal or multiple output cycles. However, in the actual 
calculation process, the selection of integration duration will affect the calculation 
results of energy conversion efficiency. This is because the output of TENG in the 
working process is not absolutely stable, but there will be relative fluctuation as shown 
in Figure S14. Here, we choose the time of ~1 s as the integration duration containing 
multiple output signals, which can improve the accuracy of the calculation results to a 
certain extent.

For ease of calculation, we assume the wind blows vertically through FR-TENG from 



the horizontal plane. ρ is the density of air, which is 1.2928 kg/m3 in the standard 
condition, here it is approximately estimated as 1.2 kg/m3 in view of temperature and 

other ambient factors.  is the wind speed.  represents average power of FR-𝑉 𝑃𝑇𝐸𝑁𝐺

TENG.

Figure S15. Driving a hygrothermograph intermittently through AC-DC rectifier under 
120 rpm rotation speed.



Figure S16. Powering an electronic calculator continuously through PMM under 150 
rpm rotation speed.

Figure S17. The electricity generation principle of ThEG under temperature difference.



Figure S18. The Seebeck coefficient of constantan (Cu55Ni45).

Figure S19. The output performance of iThEG with different lengths of (a) 2 cm and 
(b) 3 cm (The width of iThEG is kept as 5 mm). 

Figure S20. (a) The photo of commercial ThEG module (TEG-127365), (b) The 
voltage density comparison between commercial ThEG and inorganic ThEG under 
temperature difference of 30 K. 

Figure S21. The output power density of iThEG under different temperature 
differences.



Figure S22. The output stability of iThEG under different relative humidity conditions.

Figure S23. The digital photos of the hybrid generator from different angles.

Figure S24. The hot-wind sensing information detected by commercial anemometer.





  Table S1. Comparison between hybrid generators integrating TENG and ThEG

Name Output
performance

Work 
condition Device size Auxiliary facility

AR-TENG 499.3 mW f=10 Hz d=30 cm
Ref. [1]

ThEG 31.9 mW ΔT=22 K 32(units)×40×40 mm

Al alloy heat sink;
 epoxy resin adhesive; 

polyurethane (PUR)

TENG 238.9 mW f=16.67 Hz d=14.5 cm
Ref. [2]

ThEG 14.5 mW ΔT=7 K 8(units)×40×40×4 mm
heat transfer plate

r-TENG 0.47 mW/cm2 f=8.33 Hz d=8 cm
Ref. [3]

TMENG 16.59 mW V=500 rpm 16 cm2

CS-TENG 69.32 mW/m2 f=1 Hz; 
F=10 N

16 cm2

Ref. [4]

ThEG 1.967 mW ΔT=15 K TEC1-12706

TENG 4.55 mW/m2 f=1.79 Hz 45×45 mm
Ref. [5]

ThEG 10.43 mW/m2 ΔT=2.5 K 161 Bi2Te3 units

Phase change material 
(PCM)

TENG 24.34 mW/m2 f=30 Hz 38×38 mm
Ref. [6]

ThEG 110 μW ΔT=10 K 72 Bi2Te3 units
PU

TENG 61.6 W/m3 V=10.2 m/s
Ref. [7]

ThEG 147.6 W/m3 ΔT=40 K
heat sink

TENG 0.79 mW V=12 m/s
Ref. [8]

ThEG 0.39 W V=16 m/s

heat sink; 
micro heat pipe array

O-TENG
UOC~5.85 V  
ISC~0.35 μA 

f=1 Hz;  
a=30° 

20×70 mm

Ref. [9]

MTEG
UOC~1.821 V   
ISC~7.382 mA 

V=6 m/s;
Th=30 ℃   

Disk-TENG 204.4 μW f=14.1 Hz d=38 mm
Ref. [10]

ThEG 136 μW ΔT=50 K 72 Bi2Te3 units

FR-TENG 352.6 mW/m2 f=2.5 Hz d=130 mm
This work

iThEG 0.7 W/ m3 ΔT=70 K (30×5×0.1 mm)/unit



Note:
f: working frequency;
ΔT: temperature difference between hot side and cold side of the ThEG device;
V: rotation speed (rpm) or fluid (wind/water) speed (m/s);
F: pressure exerted on the TENG device;
a: swing amplitude;
Th: temperature of the hot side of ThEG device;
d: diameter of the circular device.



Table S2: The energy conversion efficiency calculation of different TENG devices

Note: 
m: mass of the swing component;
g: gravitational acceleration;
h1, h2: heights between the center of gravity and the cylinder shell bottom; 
Δh: height difference between the center of gravity at the highest and final states; 
ho: distance between the rotor barycenter and the bearing center;
A: torque generated by rotational friction; 
N: rotational speed;
K: a constant with a value of 9549;
S: effective cross-sectional area blown by the wind; 
ρ: density of air;
V: wind speed.

Name
Input 

Energy/Power
Output 

Energy/Power
Integration 

Duration (T)
Efficiency

(η)

Ref.[11] SS-TENG 𝐸𝑖𝑛=𝑚𝑔(ℎ1 ‒ ℎ2) 𝐸𝑜𝑢𝑡=∫𝐼(𝑡)2𝑅𝑑𝑡
One external 

trigger (~60 s)
𝜂𝑚𝑎𝑥= 28.2%

Ref.[12] ES-TENG 𝐸𝑖𝑛=𝑚𝑔∆ℎ 𝐸𝑜𝑢𝑡=∫𝐼(𝑡)2𝑅𝑑𝑡
One external 

trigger (~65 s)
𝜂𝑚𝑎𝑥= 29.7%

Ref.[13]
Cylindrical- 

TENG
𝐸𝑖𝑛= 2𝑚𝑔ℎ0 𝐸𝑜𝑢𝑡=

𝑇

∫
0

𝐼2𝑡𝑅𝑑𝑡
One external 

trigger (~80 s)
𝜂= 5.7%

Ref.[14]
DEL-WD-

TENG
𝐸𝑖𝑛=

𝑡

∫
0

𝐴 ∙ 𝑁
𝑘

𝑑𝑡 𝐸𝑜𝑢𝑡=
𝑡

∫
0

𝐼2𝑅𝑑𝑡 𝜂= 10.3%

Ref.[15] D-TENG 𝑃𝑤𝑖𝑛𝑑=
1
2
𝑆𝜌𝑉3

𝑃𝑜𝑢𝑡𝑝𝑢𝑡=

𝑇

∫
0

𝑖2𝑅𝑑𝑡

𝑇

𝜂𝑚𝑎𝑥= 67%

This Work FR-TENG 𝑃𝑤𝑖𝑛𝑑=
1
2
𝑆𝜌𝑉3

𝑃𝑜𝑢𝑡𝑝𝑢𝑡=

𝑇

∫
0

𝑖2𝑅𝑑𝑡

𝑇

~1 s 𝜂𝑚𝑎𝑥= 37.2%
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