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Fig. S1. Detailed structure of PV-TENG and CV-TENG in top view.
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Fig. S2. The circuit connection of CV-TENG and PV-TENG.
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Fig. S4. Electrical performance of PV-TENG and CV-TENG. Voltage changes versus

frequencies of (a) PV-TENG and (b) CV-TENG. Current changes versus frequencies of ()
PV-TENG and (d) CV-TENG.
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Fig. S5. The detailed current information involving average current, peak current and crest
factor of CV-TENG.

Fig. S6. Peak power and average power of CV-TENG changes versus different resistance
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Fig. S8. Voltage of CV-TENG changes versus different resistance load.
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frequencies. Average current changes versus different resistance load at (a) 0.5 Hz, (b) 1.0
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Fig. S12. The circuit diagram of TENG charging capacitor.



Fig. S13. The relationship between COMSOL data and motion path state of free-standing
mode TENG. (a) COMSOL data of free-standing mode TENG at different motion path
state. (b) TENG’s voltage changes versus motion path in free-standing mode TENG. (c)

The schematic diagram of TENG’s voltage changes versus motion path in free-standing

mode TENG.
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Fig. S14. Circuit connection of (a) PV-TENG and (b) CV-TENG.



Energy-tdata

C, V-t data

A

Energy-tdata

Analysis

The power from
any time point
to zero

The power
between any
two time points

Fig. S15. Two methods of power management for TENG.

TENG \
s

“C
11

Fig. S16. The circuit diagram of CV-TENG charging capacitor.

80

z60{ 1.0cm Gap distan A g

E 1.5cm cﬂ-

€ 401 2.0 cm

g 20 M 3.0cm

o ] M
00 05 10 " 20 25

15
Time (s)

Ton-off ’
L, VE
P

max

Ton—off ’
tl.r vj; tz; v2, E.r
P

max
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Supplementary Tables

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

UENE UIENE R: tztelg " Average power Crest Reference
structure Size p gep factor
(Hz)
508.7 cm™ 8 4.42 (W m3Hz? 1.31 [1]
78.5 cm 15.33 40.6 (MW m2 Hz?) 1.26 [2]
678.2 cm™ 8.33 2.0 (W m3Hz? 1.10 [3]
19.6 cm? 125 98 (MW m=2 Hzh) 1.09 [4]
705.9 cm™ 10 0.29 (W m3 Hz?) 1.08 [5]
i(g A} 113.04 cm™ 5 222 (W m?2 Hzh 1.05 [6]
706.5 cm™ 254 (MW m2 Hz'h) :
706.5 cm’3 8 254 (Wm3 Hz 103 Thiswork




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

different resistance.

Resistance

(MQ) 0.01 0.1 1 5 10 30 50 100

Peak
current  160.25 157.80 139.99 111.11 79.88 4050 2597 13.61
(HA)
Valley
current 2472 2321 1880 1863 1432 1310 1.3 1.47
(HA)

Average
current 113.37 111.61 98.17 75.62 53.10 27.92 18.95 10.50

(HA)

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

different resistance.

Resistance

(MQ) 0.01 0.1 1 5 10 30 50 100

Peak
current 17778 11532 114.40 93.94 81.80 4258 2660 14.91
(nA)
Valley
current 96.87 98.28 9440 7206 59.56 30.18 21.60 9.65
(nA)

Average
current  108.40 107.66 106.22 84.24 72,67 37.26 2435 13.05

(nA)




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 m2 Hz?) is
proposed as a standard for comparison of average power of different TENGsS 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 Hzt)
is also proposed as a standard for fair comparison in this paper. Meanwhile, previous
research has reported the mass specific average power (W kg1),tit 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™ Hz?) 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 (E¢) and the total charge stored in the capacitor

(Q°) can be given by:
t t du t 1
EC = [ Pdt = [ CU.—Fdt= [ CUcdU, =ECUCZ (1)

Q¢ =CUc )



where P is the instantaneous power of capacitor, C is the capacitance of the capacitor, U,
represents the voltage of the capacitor. Due to the voltage of the capacitor is a time-varying
variable, E¢ and Q¢ 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:
EE ==CUc(n)? =5 CU(n — 1)? 3)

rc; =CUc;(n) —CU:(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,” Define Cr is the variable capacitor and C is
capacitance load of TENG, where C,,; and Cp,q, 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 Cy are zero. The charge on
node M is also zero. The mathematical expression is Q) = 0,and Q2 represents the total
charge on node M at the beginning of the kth cycle. The charge (Qr and QL) stored in the
capacitor (Ct and Cy) at the end of the first half period in the kth cycle is as follow:

M
QT — QscmaxtQ (5)
k,lend L CL+Comin
M
QL — CLQscmax—CminQk (6)
k,1end CL+Comin

where Qf 1.nq 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 C. will be reversed. At the beginning of the second
half period of the kth cycle, the charge stored in node M (Q¥.,;4) can be given by the

following equation:

M _ c _ C
Qk,mid - _Qk,2begin + Qk,2begin - _Qk,lend - Qk,lend (7)



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

cycle, the charges stored on Cy and Ci (Qr and QL) can be given by the following equation:

Q — CmaxQ]IgImid (8)
k,2end CL+Cmax
M
c — _ CQmia
Qk,Zend - Cr+Cmax (9)

At the end of the second half cycle, the relative polarity of C. with respect to the TENG is
reversed again. Therefore, the charge (Q2, ) on the node M at the time of the k+1 cycle is

given by the following equation:

M _ Cc _ C
Qk+1 - _Qk+1,1begin + Qk+1,1begin - _Qk,Zend - Qk,Zend (10)

By this formula up here, the recursion of Q4 can be expressed as

M CL=Cmax CL=Cmin AM CL=Cmax CL
= +2 11
Qk+1 CL+Cmax CL+Cmin Qk CL+Cmax CL+Cimin QSC,max ( )

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

CL - Cmax

— _ . k-1
Qlly — CL—Cmax (CL Cmax)(CL len) (12)

QSC’max [ (CL*+Crmax)(CL+Cmin)

QSC,max -

CmintCmax CmintCmax

Therefore, after the first k charging cycle, the voltage |V,f_2€nd|on the Ci can be expressed

as

i k
|VIgZend| — Qscmax {1 _ [1 _ 2(CmintCmax)CL } (13)

CmintCmax (CL+Cmax)(CL+Cimin)

In practical applications, C. is generally much larger than C,,;, and C,q.. Using this

condition, it can be further simplified as

2(Cyn + C k
|ch,2end| — - QSC,max {1 — exp l_ ( min CL max) l}

min + Cmax

_ _Qscmax {1 — exp [_ M}} (14)

Cmint+Cmax Cp



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:

Viar = Jim |V€peng| = cmex— (15)
—00

CmintCmax

Like the first-order RC charging circuit, independent of Ci, V,,; 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. 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 Ug, and the voltage of capacitor is U.. When the switch S is not

closed, there is no voltage at both ends of the capacitor, that is, U, 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 U, the following equation can be listed for the circuit according

to Kirchhoff's law:
U=Ug+U;=iR+ U, (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:

_ dq _ d(cug)

_ 4Uc
dt ac ¢ dt (18)

Equation (18) is obtained when the reference directions of U, 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:

dUc

RC
dt

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:
t
ve=u(1- e‘ﬁ) (20)

The changing law of circuit current is as follows:

t

. u ——
[=—eRC (21)
The voltage of the resistance changes as follows:
v L _t
uR:iR:Ee RCX R =Ue 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 P, and energy E. of the capacitor is as follows:

Pe = Ui = CU.ZE (23)

Ec = [ Pdt = [ CU-ZEdt = [ CUcdU: = 0.5CU? (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=UCU, (25)

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

2
n="t=20C = .5(1 - eHRC) (26)
Cc

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.®

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 Uy, increment method is introduced to
analyze this phenomenon. The energy increment and charge increment of capacitor are

respectively as follows:
AE; = 0.5C[U + (U — U)et/R¢]* — 0.5CU2 27)
Aq=q(t) —q0) =C[U+ (Uy — D)e k¢ — cU, (28)
The incremental electric energy from the power source is as follows:
AE = U x Aq = UC(U — Uy)(1 — e t/RCY (29)

Therefore, the charging efficiency is as follows:



__ AE¢ _ 0.5(U+Up)-Ue t/RC4+0.5(U-Uy)e 2t/RC
T AE U(1—e—t/RC)

(30)

It is clear that the energy-output efficiency varies with time t and is related to U and U,.
The energy-output efficiency can be further simplification when the charging behavior

ends as follows:

n= lim 2£¢ — 25W+Uo) (31)

AE U

Obviously, the above energy-output efficiency is greater than 50% with the voltage U,
increases. Power management of type Il greatly promotes the energy output and even
acquires the efficiency close to 100% when U, 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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