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Supplementary Tables 

Table S1. The performance of TENG in this work compared with others based on phase 

shift design.1-6 

 

  

TENG 

structure 

TENG 

Size 

Rotation 

speed 

(Hz) 

Average power 
Crest 

factor 
Reference 

 

508.7 cm-3 8 4.42 (W·m-3·Hz-1) 1.31 [1] 

 

78.5 cm-2 15.33 40.6 (mW·m-2·Hz-1) 1.26 [2] 

 

678.2 cm-3 8.33 2.0 (W·m-3·Hz-1) 1.10 [3] 

 

19.6 cm-2 12.5 98 (mW·m-2·Hz-1) 1.09 [4] 

 

705.9 cm-3 10 0.29 (W·m-3·Hz-1) 1.08 [5] 

 
113.04 cm-2 5 222 (W·m-2·Hz-1) 1.05 [6] 

 

706.5 cm-2 

706.5 cm-3 
8 

254 (mW·m-2·Hz-1) 

25.4 (W·m-3·Hz-1) 
1.03 This work 



Table S2. Detailed value of peak, trough and average current of PV-TENG changes versus 

different resistance. 

Resistance 

(MΩ) 
0.01 0.1 1 5 10 30 50 100 

Peak 

current 

(μA) 

160.25 157.80 139.99 111.11 79.88 40.50 25.97 13.61 

Valley 

current 

(μA) 

24.72 23.21 18.80 18.63 14.32 13.10 1.3 1.47 

Average 

current 

(μA) 

113.37 111.61 98.17 75.62 53.10 27.92 18.95 10.50 

 

Table S3. Detailed value of peak, trough and average current of CV-TENG changes versus 

different resistance. 

Resistance 

(MΩ) 
0.01 0.1 1 5 10 30 50 100 

Peak 

current 

(μA) 

117.78 115.32 114.40 93.94 81.80 42.58 26.60 14.91 

Valley 

current 

(μA) 

96.87 98.28 94.40 72.06 59.56 30.18 21.60 9.65 

Average 

current 

(μA) 

108.40 107.66 106.22 84.24 72.67 37.26 24.35 13.05 

 

  



Supplementary Notes 

Note S1. Average power comparison of TENGs. 

Triboelectric nanogenerator (TENG) plays an increasingly significant role in distributed 

power sources or self-powered sensors with its remarkable superiority of low cost, easy 

fabrication, diverse choice of materials, and high efficiency at low operation frequency. 

Despite average power density is a key character to compare different TENGs fairly, rare 

research focuses on the standard for TENG as distributed power source. Considering 

disordered mechanical energy input and a variety of different design styles of TENG, a 

general-purpose standard of average power is expected to evaluate TENGs as distributed 

power sources. Here, volume specific average power density per Hertz (W m-3 Hz-1) is 

proposed as a standard for comparison of average power of different TENGs as distributed 

power sources. Several works based on phase shift design are compared with the same 

standard as shown in Fig. 1h, 1i and Supplementary Table 1. It is easy to acquire the device 

parameter in the style of cylindrical structure TENG, while, it is hard to obtain the height 

information of planar device because researches pay more attention on charge density 

every square meter. Therefore, area specific average power density per Hertz (W m-2 Hz-1) 

is also proposed as a standard for fair comparison in this paper. Meanwhile, previous 

research has reported the mass specific average power (W kg−1),1 it is also another suitable 

standard for fair comparison in terms of considering the mass in practical application of 

TENG. Therefore, mass specific average power density per Hertz (W kg-1 Hz-1) also could 

be considered as a standard for comparison of average power of different TENGs as 

distributed power sources in the future. 

Note S2. Formula derivation of stored energy and electric quantity of the capacitor. 

The total energy stored in the capacitor (𝐸𝐶) and the total charge stored in the capacitor 

(𝑄𝐶) can be given by: 

𝐸𝐶 = ∫ 𝑃𝑑𝑡
𝑡

0
= ∫ 𝐶𝑈𝐶

𝑑𝑈𝐶

𝑑𝑡
𝑑𝑡

𝑡

0
= ∫ 𝐶𝑈𝐶𝑑𝑈𝐶 =

𝑡

0

1

2
𝐶𝑈𝐶

2    (1) 

𝑄𝐶 = 𝐶𝑈𝐶      (2) 



where P is the instantaneous power of capacitor, C is the capacitance of the capacitor, 𝑈𝐶 

represents the voltage of the capacitor. Due to the voltage of the capacitor is a time-varying 

variable, 𝐸𝐶  and 𝑄𝐶 are going to change over time. Energy flowing to the capacitor per 

cycle and charge flowing to the capacitor per cycle can be derived below: 

𝐸𝑛
𝐶 =

1

2
𝐶𝑈𝐶(𝑛)2 −

1

2
𝐶𝑈𝐶(𝑛 − 1)2      (3) 

𝑄𝑛
𝐶 = 𝐶𝑈𝐶(𝑛) − 𝐶𝑈𝐶(𝑛 − 1)      (4) 

where n is the cycle number, V(n) is the final voltage value of n cycle. 

 

Note S3. Electrical model of TENG. 

As the model established by Niu et al,7 Define CT is the variable capacitor and CL is 

capacitance load of TENG, where 𝐶𝑚𝑖𝑛 and 𝐶𝑚𝑎𝑥 are the minimum and maximum value 

of variable capacitance of TENG, respectively. It is believed that the charge through node 

M conforms to the law of charge conservation according to Kirchhoff’s law as shown in 

Fig. S13. Before charging starts, the initial charge on CT and CL are zero. The charge on 

node M is also zero. The mathematical expression is 𝑄1
𝑀 = 0, and 𝑄𝑘

𝑀 represents the total 

charge on node M at the beginning of the kth cycle. The charge (QT and QL) stored in the 

capacitor (CT and CL) at the end of the first half period in the kth cycle is as follow: 

𝑄𝑘,1𝑒𝑛𝑑
𝑇 = 𝐶𝐿

𝑄𝑆𝐶,𝑚𝑎𝑥+𝑄𝑘
𝑀

𝐶𝐿+𝐶𝑚𝑖𝑛
       (5) 

𝑄𝑘,1𝑒𝑛𝑑
𝐿 =

𝐶𝐿𝑄𝑆𝐶,𝑚𝑎𝑥−𝐶𝑚𝑖𝑛𝑄𝑘
𝑀

𝐶𝐿+𝐶𝑚𝑖𝑛
       (6) 

where 𝑄𝑘,1𝑒𝑛𝑑
𝑇  represents the value at the end of the first half period in the kth cycle. From 

half period of the first cycle to the beginning of half period of the second cycle, due to the 

full wave rectifier circuit, the polarity of CL will be reversed. At the beginning of the second 

half period of the kth cycle, the charge stored in node M (𝑄𝑘 𝑚𝑖𝑑
𝑀 ) can be given by the 

following equation: 

𝑄𝑘,𝑚𝑖𝑑
𝑀 = −𝑄𝑘,2𝑏𝑒𝑔𝑖𝑛 + 𝑄𝑘,2𝑏𝑒𝑔𝑖𝑛

𝐶 = −𝑄𝑘,1𝑒𝑛𝑑 − 𝑄𝑘,1𝑒𝑛𝑑
𝐶        (7) 



The second half cycle is also a one-way charging process. At the end of the second half 

cycle, the charges stored on CT and CL (QT and QL) can be given by the following equation: 

𝑄𝑘,2𝑒𝑛𝑑 = −
𝐶𝑚𝑎𝑥𝑄𝑘,𝑚𝑖𝑑

𝑀

𝐶𝐿+𝐶𝑚𝑎𝑥
       (8) 

𝑄𝑘,2𝑒𝑛𝑑
𝐶 = −

𝐶𝐿𝑄𝑘,𝑚𝑖𝑑
𝑀

𝐶𝐿+𝐶𝑚𝑎𝑥
       (9) 

At the end of the second half cycle, the relative polarity of CL with respect to the TENG is 

reversed again. Therefore, the charge (𝑄𝑘+1
𝑀 ) on the node M at the time of the k+1 cycle is 

given by the following equation: 

𝑄𝑘+1
𝑀 = −𝑄𝑘+1,1𝑏𝑒𝑔𝑖𝑛 + 𝑄𝑘+1,1𝑏𝑒𝑔𝑖𝑛

𝐶 = −𝑄𝑘,2𝑒𝑛𝑑 − 𝑄𝑘,2𝑒𝑛𝑑
𝐶        (10) 

By this formula up here, the recursion of 𝑄𝑘
𝑀 can be expressed as 

𝑄𝑘+1
𝑀 =

𝐶𝐿−𝐶𝑚𝑎𝑥

𝐶𝐿+𝐶𝑚𝑎𝑥

𝐶𝐿−𝐶𝑚𝑖𝑛

𝐶𝐿+𝐶𝑚𝑖𝑛
𝑄𝑘

𝑀 + 2
𝐶𝐿−𝐶𝑚𝑎𝑥

𝐶𝐿+𝐶𝑚𝑎𝑥

𝐶𝐿

𝐶𝐿+𝐶𝑚𝑖𝑛
𝑄𝑆𝐶,𝑚𝑎𝑥       (11) 

With the boundary condition of 𝑄1
𝑀 = 0, the above recursion can be solved as follows: 

𝑄𝑘
𝑀 =

𝐶𝐿−𝐶𝑚𝑎𝑥

𝐶𝑚𝑖𝑛+𝐶𝑚𝑎𝑥
𝑄𝑆𝐶,𝑚𝑎𝑥 −

𝐶𝐿−𝐶𝑚𝑎𝑥

𝐶𝑚𝑖𝑛+𝐶𝑚𝑎𝑥
𝑄𝑆𝐶,𝑚𝑎𝑥 [

(𝐶𝐿−𝐶𝑚𝑎𝑥)(𝐶𝐿−𝐶𝑚𝑖𝑛) 

(𝐶𝐿+𝐶𝑚𝑎𝑥)(𝐶𝐿+𝐶𝑚𝑖𝑛)
]

𝑘−1

       (12) 

Therefore, after the first k charging cycle, the voltage |𝑉𝑘,2𝑒𝑛𝑑
𝐶 |on the CL can be expressed 

as 

|𝑉𝑘,2𝑒𝑛𝑑
𝐶 | =

𝑄𝑆𝐶,𝑚𝑎𝑥

𝐶𝑚𝑖𝑛+𝐶𝑚𝑎𝑥
{1 − [1 −

2(𝐶𝑚𝑖𝑛+𝐶𝑚𝑎𝑥)𝐶𝐿

(𝐶𝐿+𝐶𝑚𝑎𝑥)(𝐶𝐿+𝐶𝑚𝑖𝑛)
]

𝑘

}       (13) 

In practical applications, CL is generally much larger than 𝐶𝑚𝑖𝑛 and 𝐶𝑚𝑎𝑥 . Using this 

condition, it can be further simplified as  

|𝑉𝑘,2𝑒𝑛𝑑
𝐶 | =

𝑄𝑆𝐶,𝑚𝑎𝑥

𝐶𝑚𝑖𝑛 + 𝐶𝑚𝑎𝑥
{1 − 𝑒𝑥𝑝 [−

2(𝐶𝑚𝑖𝑛 + 𝐶𝑚𝑎𝑥)𝑘

𝐶𝐿
]} 

=
𝑄𝑆𝐶,𝑚𝑎𝑥

𝐶𝑚𝑖𝑛+𝐶𝑚𝑎𝑥
{1 − 𝑒𝑥𝑝 [−

2(𝐶𝑚𝑖𝑛+𝐶𝑚𝑎𝑥)𝑓𝑡

𝐶𝐿
]}       (14) 



It can be seen from the above formula that the case can be equal to a voltage source with 

internal resistance charging the same capacitor, and they all follow the same exponential 

saturation trend. The voltage value can be described as follows: 

𝑉𝑠𝑎𝑡 = lim
𝑘→∞

|𝑉𝑘,2𝑒𝑛𝑑
𝐶 | =

𝑄𝑆𝐶,𝑚𝑎𝑥

𝐶𝑚𝑖𝑛+𝐶𝑚𝑎𝑥
       (15) 

Like the first-order RC charging circuit, independent of CL, 𝑉𝑠𝑎𝑡 is only a function of the 

parameters of the TENG.  

In the real-time charging behavior of TENG, it is necessary to consider whether the voltage 

of TENG is higher than the voltage of capacitor when the transferred charge of TENG 

flowing to the capacitor. Due to constant voltage characteristics of CV-TENG, it is a 

simplified process to constructing electrical models for CV-TENG charging capacitor for 

only transferred charge needing to be considered during the charging process.  

Note S4. Relationship between the voltage of TENG and motion path. 

A model of free-standing mode TENG is fabricated by COMSOL software (Fig. S12a), 

where TENG consists of two electrode and a dielectric layer. The dielectric layer sliding 

on the top of electrode to change the electric field distribution between dielectric layer and 

electrodes. The voltage difference between the two electrodes at each state is collected for 

further analysis, there is a strong correlation between voltage of open-circuit TENG and 

motion path as shown in Fig. S12b, which is consistent with previous report.8 Therefore, a 

simple model to describe the relationship between the voltage of TENG and motion path 

is fabricated as shown in Fig. S12c for further discussion.  

 

Note S5. Power management of CV-TENG. 

From the formula (14), CV-TENG can be regard as a constant voltage source with internal 

resistance as discussed in Note S3. Therefore, electrical model of CV-TENG could be 

equivalent as the first-order RC charging circuit as shown in Fig. S17. Define the voltage 

of CV-TENG is U, the inherent resistance of CV-TENG is R, the capacitor is C, the voltage 

of inherent resistance is 𝑈𝑅, and the voltage of capacitor is  𝑈𝐶. When the switch S is not 

closed, there is no voltage at both ends of the capacitor, that is, 𝑈𝐶 is equal to 0, and the 



current (i) in the circuit is 0. In the transient process from the moment the switch S is closed 

to the capacitor voltage is 𝑈𝐶, the following equation can be listed for the circuit according 

to Kirchhoff's law： 

𝑈 = 𝑈𝑅 + 𝑈𝐶 = 𝑖𝑅 + 𝑈𝐶      (16) 

The charge stored in capacitor is given by the following equation： 

𝑄 = 𝐶𝑈𝐶      (17) 

Substitute Equation (17) into the current definition of capacitor as follows： 

𝑖 =
𝑑𝑞

𝑑𝑡
=

𝑑(𝐶𝑈𝐶)

𝑑𝑡
= 𝐶

𝑑𝑈𝐶

𝑑𝑡
      (18) 

Equation (18) is obtained when the reference directions of 𝑈𝐶  and i are consistent. It 

shows that the capacitor current is proportional to the change rate of the capacitor applied 

voltage. 

Substitute Equation (18) into Equation (16) as follows： 

𝑅𝐶
𝑑𝑈𝐶

𝑑𝑡
+ 𝑈𝐶 = 𝑈      (19) 

Equation (19) is a first-order linear differential equation with constant coefficients, it could 

be solved to obtain the variation rule of capacitor voltage as follows: 

𝑈𝐶 = 𝑈 (1 − 𝑒−
𝑡

𝑅𝐶)      (20) 

The changing law of circuit current is as follows: 

𝑖 =
𝑈

𝑅
𝑒−

𝑡

𝑅𝐶      (21) 

The voltage of the resistance changes as follows: 

𝑢𝑅 = 𝑖𝑅 =
𝑈

𝑅
𝑒−

𝑡

𝑅𝐶 × 𝑅 = 𝑈𝑒−
𝑡

𝑅𝐶      (22) 

From the above formula, during the charging process, the voltage of capacitor increases 

exponentially with time. After a period of time, the capacitor voltage is equal to the 



electromotive force of the CV-TENG. While the current of circuit and the voltage of 

resistance decrease exponentially with time to zero. 

The instantaneous power 𝑃𝐶 and energy 𝐸𝐶 of the capacitor is as follows: 

𝑃𝐶 = 𝑈𝐶𝑖 = 𝐶𝑈𝐶
𝑑𝑈𝐶

𝑑𝑡
      (23) 

𝐸𝐶 = ∫ 𝑃𝑑𝑡
𝑡

0
= ∫ 𝐶𝑈𝐶

𝑑𝑈𝐶

𝑑𝑡
𝑑𝑡

𝑡

0
= ∫ 𝐶𝑈𝐶𝑑𝑈𝐶

𝑡

0
= 0.5𝐶𝑈𝐶

2      (24) 

The charge stored in the capacitor is moved by the electromotive force of the power supply, 

so the electrical energy 𝐸 from the power supply is as follow: 

𝐸 = 𝑈𝑞 = 𝑈𝐶𝑈𝐶      (25) 

Therefore, the charging efficiency up to time t is as follows: 

𝜂 =
𝐸𝐶

𝐸
=

0.5𝐶𝑈𝐶
2

𝑈𝐶𝑈𝐶
= 0.5(1 − 𝑒−𝑡/𝑅𝐶)      (26) 

The energy-output efficiency presents very low at the initial stage of charging because the 

voltage of capacitor is low and the energy output does not increase much. Even the energy-

output efficiency is gradually elevated as the time goes by, the maximum energy-output 

efficiency is only 50%, which is consistent with previous report from V-Q plot.9  

However, if the capacitor starts charging from the non-zero state, the efficiency will be 

improved. Here we set the voltage of non-zero is 𝑈0, increment method is introduced to 

analyze this phenomenon. The energy increment and charge increment of capacitor are 

respectively as follows: 

Δ𝐸𝐶 = 0.5𝐶[𝑈 + (𝑈0 − 𝑈)𝑒−𝑡/𝑅𝐶]
2

− 0.5𝐶𝑈0
2       (27) 

Δ 𝑞 = 𝑞(𝑡) − 𝑞(0) = 𝐶[𝑈 + (𝑈0 − 𝑈)𝑒−𝑡/𝑅𝐶] − 𝐶𝑈0      (28) 

The incremental electric energy from the power source is as follows: 

𝛥𝐸 = 𝑈 × 𝛥𝑞 =  𝑈𝐶(𝑈 − 𝑈0)(1 − 𝑒−𝑡 𝑅𝐶⁄ )      (29) 

Therefore, the charging efficiency is as follows: 



𝜂 =
Δ𝐸𝐶

Δ𝐸
=

0.5(𝑈+𝑈0)−𝑈𝑒−𝑡 𝑅𝐶⁄ +0.5(𝑈−𝑈0)𝑒−2𝑡 𝑅𝐶⁄

𝑈(1−𝑒−𝑡 𝑅𝐶⁄ )
      (30) 

It is clear that the energy-output efficiency varies with time t and is related to 𝑈 and 𝑈0. 

The energy-output efficiency can be further simplification when the charging behavior 

ends as follows:  

𝜂 = lim
Δ𝐸𝐶

Δ 𝐸
=

0.5(𝑈+𝑈0)

𝑈
      (31) 

Obviously, the above energy-output efficiency is greater than 50% with the voltage 𝑈0 

increases. Power management of type II greatly promotes the energy output and even 

acquires the efficiency close to 100% when 𝑈0 close to 𝑈,  which breaks through the 

maximum energy-output efficiency of PV-TENG only up to 50%. 

 

Movie S1 Comparison between CV-TENG and PV-TENG to power 132 LEDs. 

Movie S2 Four white lights are continuously powered by CV-TENG. 

Movie S3 Four multifunction digital hygrothermographs can work continuously by using 

CV-TENG.  
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