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Triboelectric nanogenerator (TENG) has the output characteristics of high voltage but low current/chargetransfer, making its low eﬃciency in powering most of electronics. To address this problem, power management
circuits consisting of coupled inductors or transformers are usually employed. Here we report an inductor-free,
auto-power-management design based on automatic switches between serial-connected and parallel-connected
capacitors in a rationally designed manner, so that the output voltage can be lowered and the output charge is
enhanced in proportion. In conjunction to theoretical analysis, a TENG along with proof-of-concept powermanagement units as automatically driven by the triggering motion for TENG is fabricated, which improves the
rate for charging a supercapacitor by 5 times. Compared to previous work, this power-management design
shows advantages of capability for harvesting low power/frequency scale energy, high scalability, and light
weight, which paves a new approach for achieving high-eﬃcient portable TENG-based self-powered system.

1. Introduction
With the rapid development of portable, wearable and implantable
electronics, more and more attention has been dedicated to develop
sustainable mobile power sources. Meanwhile, ambient mechanical
energy associated to human motion provides an ideal power source for
energy harvesting [1–4]. Among all of the mechanical energy harvesters, triboelectric nanogenerator (TENG) has attracted most of attention
in recent years due to the advantages of high power output, high energy
conversion eﬃciency, light weight, low cost, ﬂexibility, scalability, and
wide choice of materials [5–11]. However, as a capacitive-behavior
energy harvester with high output impedance, TENG (typically with the
size about 4 cm×4 cm) usually has a high voltage of typically hundreds
of volts and low output current in ~µA level with charge transfer per
half cycle of only ~0.1 µC. These characteristics result in low energy
transfer eﬃciency for either powering electronics [12,13] or charging a
battery [14,15] directly, since usually they have relatively low impedance. A proper power management strategy is required for TENG
towards varieties of applications.
Traditional power management for energy harvesters especially
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TENGs is usually through a transformer based on electromagnetic
induction eﬀect. But in case of TENG, it leads to a huge power loss
[13,16–18] because a transformer works the best at a designed
frequency and bandwidth [12], which cannot be easily satisﬁed by
TENGs that mainly harvest low-frequency energy with randomlypulsed power [19]. Recently, Niu et al. have designed a power
management system for TENG to operate mobile electronics sustainably [12]. However, the coupled inductors in this power management
system still require a certain level of power (~100 µW level) from
TENG for proper operation, and they also increase the total weight of
the whole system and the diﬃculties for fabrication towards minimization. Previously, as an alternative strategy, switched capacitors have
been used to regulate voltage and current outputs from thermoelectric
and piezoelectric devices, as controlled by electronic switches [20–23].
However, this strategy for managing the low-frequency small-scale
power output from TENG is still required to be studied; meanwhile, it
is also worth to explore novel integration of automatic switches inside
the TENG for utilizing the motion of the moving part to save energy
consumed by electronic components, which cannot be achieved by
most of other energy harvesters.
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electrodes of these capacitors in series take the same amount of positive
or negative charges, as shown in Fig. 1a-I. Providing that the charge
amount of up to QL1 is transferred from TENG to the capacitors, the
total voltage in the capacitors approaches Q L1 . For step II as shown in

Here we report a power-management design based on switches
between serial-connected and parallel-connected capacitors during the
operation of TENG, so that the output voltage is lowered but the output
charge is raised in proportion. A sliding freestanding-triboelectric-layer
(SFT) mode [24,25] TENG was fabricated with the designed powermanagement unit as automatically triggered by the motion in TENG,
using which a 5-time rate of charging a supercapacitor was demonstrated as compared with that through a rectiﬁer directly. In practical,
this power-management design is widely applicable for various TENGs
with diﬀerent power output levels and at any operation frequency
especially the low power/frequency, with advantages of high scalability
and light weight. This power-management design presents a novel
route towards high-eﬃcient portable TENG-based self-powered systems.

CE

Fig. 1a-II, once x=xmax, these capacitors are disconnected from TENG,
and connected in parallel to the external load for power output. Thus,
Q
Q
the output charge becomes NQL1 and the voltage is NCL1 = CL1 .
E
Meanwhile, the two electrodes of TENG are connected together to
achieve the balanced electrostatic status by releasing the residue
charges, as the initial status for the next half-cycle. Step III starts from
connecting capacitors in series with TENG again. Steps III and IV are
similar to steps I and II with transferred charge of QL2, output voltage
Q
of – CL2 and output charge of NQL2, respectively, as shown in Fig. 1a-III
and 1a-IV. Hence, through this series-parallel connection conversion of
the capacitors, the charge output can be enhanced up to N times, while
the voltage is lowered by at least N times.
As stated in Note S1 and Fig. S2, Supplementary information, by
using an alternative design it is also possible to utilize the residue
charges left in TENG after each half-cycle to output additional energy.
However, as N increases, this marginal output energy decreases and
approaches zero at N =+∞. So in this paper we only study the design as
presented in Fig. 1 that is widely applicable for power-management
units with diﬀerent N.
To quantitatively evaluate the performance of this power-management design for TENG, the built-up V–transferred charge Q plot is
utilized to reveal the process and the output energy of each cycle [26].
Here we use the most commonly adopted minimum achievable charge
reference state (MACRS) [14,25,26], with (Q, V) status starts from (0,
0) at x=0, as plotted in Fig. 1b. The step I corresponds to the red tilt
line from (0, 0) to (QL1, Q L1 ), with the slope determined by the external

2. Results and discussions
2.1. Working principle of the power-management design
The operation of TENG is based on coupling of triboelectriﬁcation
and electrostatic induction [6,7,26]. Initially, at least one pair of
triboelectric layers with diﬀerent materials are contacted to each other
to create opposite triboelectric charges (Fig. S1a, Supplementary
information, with an SFT mode TENG as an example). When the
relative displacement between the triboelectric layers x changes from 0
to xmax, the original electrostatic balance is broken and the potential
diﬀerence between electrodes is built so that extra charges ﬂow through
external circuits to re-balance the electrostatic status (Fig. S1 b and c,
Supplementary information). When the triboelectric layers move back
from x=xmax to x=0, the charges ﬂow in the reversed direction,
returning to the original electrostatic status (Fig. S1 d and a,
Supplementary information). Pulsed AC output possibly with random
amplitude and variable frequency as dictated by external mechanical
triggering is delivered to external circuits via the TENG. The major
characteristic of the output is high voltage but low current/charge
transfer, resulting in a low energy transfer eﬃciency for powering
electronics with relatively low impedance. As for a general TENG,
several important parameters are deﬁned in Table 1, which are all
consistent with that in previous studies [14,26].
The function of a power management unit for TENG is to improve
the current output and lower the voltage with minimized energy loss, so
that the output impedance can be decreased. As shown in Fig. 1a, the
general process of our power-management design starts from charging
serial-connected capacitors using TENG. When the charging operation
completes (typically after a half-cycle of TENG operation), the capacitors are disconnected from TENG and connected in parallel for power
output. After releasing all the stored energy, the capacitors are serialconnected with TENG again to be charged. The detailed process is
illustrated below (as shown in Fig. 1a):
During step I, as the displacement changes from x=0 to x=xmax,
TENG is connected to a group of capacitors in series, which consists of
several (N) identical capacitors with capacitance C, so the extra charges
are transferred to the capacitors in series. Usually the external total
C
capacitance CE = N is chosen to be larger than the capacitance of the
TENG CT(x), so that the majority of the maximum short-circuit charge
transfer QSC, max can ﬂow into the capacitors. As a result, all the

CE

total capacitance CE. During step II, the two electrodes of TENG are
shorted to reset V to be 0, so that the fully charge transfer of QSC, max is
achieved, which corresponds to the blue line from (QL1, Q L1 ) to (QSC,
CE
max, 0). Similar to steps I and II but in V < 0 area, the steps III and IV
Q
are from (QSC, max, 0) to (QSC, max–QL2, – CL2 ) and from (QSC, max–QL2,
E

Q

– CL2 ) to (0, 0), respectively. Here, we can derive QL1 and QL2 as (see
E
Note S2, Supplementary information, for detailed derivations):
Q L1 =

CE QSC, max
QSC, max / VOC, max + CE

(1a)

Q L2 =

CE QSC, max
′ + CE
QSC, max / Vmax

(1b)

Please notice that the diﬀerence between QL1 and QL2 is only due to
the diﬀerence between VOC, max and V’max which originates from the
capacitances of TENG at x=0 and x= xmax[26]. For contact-separation
(CS) mode [27,28] and lateral-sliding (LS) mode [29–31] TENGs, these
two capacitances are diﬀerent; for single-electrode (SE) mode [32–34]
and freestanding-triboelectric-layer (FT) mode [24,25,35] TENGs, the
capacitances are the same [26]. To simplify the calculations, we chose
sliding FT (SFT) mode TENG with identical capacitances at x=0 and x=
xmax for calculations and experiments. Therefore, VOC, max = V’max, and
hence we can use QL as it equals to both QL1 and QL2. Then, the input
energy per cycle from TENG to the power-management unit is derived
as:

Ein = 2 ×

Table 1
Definitions of important parameters of a TENG.

QSC, max 2
1
Q
QSC, max L =
2
CE
QSC, max / VOC, max + CE

(2)

And the output energy from the power-management unit is:
Symbol

Definitions

QSC, max
VOC, max
V’max
Em

The
The
The
The

maximum short-circuit transferred charge
maximum open-circuit voltage at Q=0
maximum achievable absolute voltage at Q=QSC,
largest possible energy output per cycle

Eout = 2 ×
max

CE QSC, max 2
1 QL 2
=
2 CE
(QSC, max / VOC, max + CE )2

(3)

With the increase of CE, QL approaches QSC, max, and at the same
time the voltage Q L decreases, as shown in Fig. 1c. Eout can achieve the
CE
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Fig. 1. The auto-power-management design and the motion-triggered unit. (a): the circuit diagram for the four-step power-management, with the charges marked with blue symbols,
voltage marked with red symbols, and the nodes marked with black symbols. In these nodes, 0+ and 0– are connected to two electrodes of TENG; 1+/2+ and 1–/2– are connected to two
electrodes of capacitors; A1, A2 and B1, B2 are connected to the load; (b): the V-Q plot of a power-management process showing the four steps; (c): the V-Q plots with diﬀerent external
total capacitance CE, for which iii > ii > i; (d): the 3D illustration of the power-management unit. The zoomed-in views for the connection switch area (①, top view) and the electric
brushes on top of metal areas (②) are shown in the insets. (e): the design of metal areas in the board and the electric brushes of the motion-triggered power-management unit (top view),
with the symbols of nodes corresponding to that in (a).

maximum value when CE =

Eout, max =

C
N

=

QSC, max
[36]:
VOC, max

QSC, max VOC, max
4

management principle, a motion-triggered power-management unit is
designed. As a mechanical energy harvester, the operation of TENG is
subject to mechanical motions. This motion is able to not only supply
the energy source for electricity generation, but also automatically
trigger switches for proper operations of the capacitors. Here we design
a power-management unit as triggered by motion of the moving part in
TENG, based on the principle as described above. An SFT mode TENG
is used experimentally. The 3D illustration of a TENG and a powermanagement unit with N=2 is shown in Fig. 1d. The designed powermanagement unit includes an acrylic board with metal areas (as called
the power-management board) and electric brushes built on the
moving part of TENG, with the top view design of the metal areas
and the electric brushes as shown in Fig. 1e. The symbols in the metal
areas represent the corresponding nodes in Fig. 1a, respectively. In
these nodes, 0+ and 0– are the symbols for the two electrodes of the
TENG, and the other numbers with + or – are the symbols for two
electrodes of each capacitor used. (For example, symbols 1+ and 1– are
for electrodes of the 1st capacitor, and so on.) Symbols A1, A2, B1 and
B2 are for nodes that are connected to external loads. The areas
contacted by the electric brushes are depicted as the dashed frames,
and the brushes move between the two extreme positions which are
corresponding to x=0 and x=xmax, respectively. Thus, when the positions of the brushes are in the middle portion, the middle metal areas

(4)

The energy transfer eﬃciency of this power-management unit is
deﬁned as same as previous work [14]:

η=

Eout
Em

(5)

where Eout is the output energy per cycle from power-management unit
as deﬁned in Eq. (3), and Em is the largest possible output energy per
cycle for a TENG [26] (Further discussions in Note S3, Supplementary
information). Due to Eq. (4), the energy transfer eﬃciency also reaches
Q
C
the maximum value of 25% when CE = N = V SC, max :
OC, max

ηmax =

Eout, max
=
Em

1
Q
V
4 SC, max OC, max
1
Q
(V
2 SC, max OC, max

′ )
+ Vmax

= 25%
(6)

2.2. Design of the motion-triggered power-management unit
As a proof-of-concept demonstration of the new auto-power304
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are connected so that the TENG charges the serial-connected capacitors. When the brushes move to the most left-hand or right-hand side,
the metal areas in the sides are connected. Thus the capacitors are
connected in parallel to output power through A1, A1 or B2, B2, and
the two electrodes of TENG are connected to reset the voltage to be 0.
Since the polarization of the output current created by each half-cycle
from TENG is opposite, A1 and B1, A2 and B2 can be connected,
respectively, for the AC output (the AC connection); or A1 and B2, A2
and B1 can be connected, respectively, for the DC output (the DC
connection). (Please check Note S4, Supplementary information, for
detailed discussions.) The size of the power-management units can be
much smaller than TENG as shown in Fig. 1d, and hence the energy
loss during friction between electric brushes and the metal areas could
be relatively low as compared with the frictional energy loss existing in
TENG ( < 1%). (Note S5, Supplementary information) The parameters
in the power-management unit are also carefully adjusted so that the
energy loss while switching the connections is minimum ( < 1%). (Note
S6 and Fig. S3, Supplementary information) To demonstrate this
power-management design, we fabricate the SFT mode TENG with a
proof-of-concept power-management unit with N=2, with a picture as
shown in Fig. S4a, Supplementary information. The sizes of the powermanagement units are made to be larger than that in Fig. 1d just for
easy fabrication through laser cutting. The power-management unit
with N=5 is also fabricated. The parameters and detailed fabrication
process are described in the Methods section.

Through the DC connection, both the charge transfers and the current
can be directly rectiﬁed to be unidirectional (Fig. 2e and f). The high
output current peaks in both the AC (Fig. S5c, Supplementary
information) and DC connections mainly originate from instantaneous
release of charges from capacitors [37]. (Note S8, Supplementary
information).
2.6. Output of TENG with power-management unit of N=5
The design of the metal areas and the electric brushes in the powermanagement unit with N=5 is presented in Fig. 3a (top view), where
nodes 0+ and 0– are for two electrodes of TENG, nodes A1, A2, B1 and
B2 are connected to the load, and other nodes are connected to 5
capacitors, respectively. The photo of the fabricated power-management board is shown in Fig. S6a, Supplementary information. The
measured V-Q plots with diﬀerent capacitances of each capacitor C of
5.8 nF, 11.6 nF or 100 nF, respectively, are depicted in Fig. 3b, which
are consistent with theoretical derivations. With the AC connection,
high short-circuit output charge QSC, out up to ~800 nC is obtained, as
shown in Fig. S6b, Supplementary information, and the open-circuit
voltages VOC, out are shown in Fig. S6c, Supplementary information.
With the DC connection, this charge transfers become unidirectional
(Fig. 3c), which can be demonstrated to charge a supercapacitor of
CS=5 mF with a charging rate of about 5 times as that without powermanagement unit (through a conventional full-wave bridge rectiﬁer)
(Fig. 3d). After 250 s of charging, the TENG with power-management
unit charges the supercapacitor to be V1=98.85 mV while the charging
rate is R1=0.28 mV/s; for the TENG without power-management unit,
the voltage and the charing rate achieved are V2=20.52 mV and
R2=0.069 mV/s, respectively. At this time, the enhancement of the
energy transfer eﬃciency brought by the power-management unit can
be estimated at about 19.64 times through the following equation:

2.3. Setups for experiments
The static part of the TENG and the power-management unit (the
electrodes of TENG and the power-management board) are mounted
together on a lifting platform, and the moving part of the TENG with a
ﬂuorinated ethylene propylene (FEP) ﬁlm as the dielectric piece and
the electric brushes are attached on a linear motor to produce the
sliding movement. The relative positions between these parts are
carefully adjusted to make sure the electric brushes contact with
suitable areas during sliding. The linear motor is usually set with
period of ~0.8 s or ~1.2 s and displacement of 45 mm except stated
otherwise.

in which η1 and η2 are the energy eﬃciencies with and without the
power-management unit, while P1 and P2 are the average power
outputs with and without the power-management unit, respectively.

2.4. Output measurements of TENG only

2.7. The energy eﬃciency

The output performance of TENG without any power-management
unit is ﬁrstly measured. The maximum short-circuit charge transfer
QSC, max and the maximum open-circuit voltage VOC, max of TENG are
measured to be 161 nC (Fig. 2a) and 470 V (Fig. S4b, Supplementary
information), respectively. The short-circuit current can achieve ~1 µA,
as shown in Fig. S4c, Supplementary information. Under the triggering
period of 1 s, the average power output while directly connecting TENG
to external load resistance is plotted in Fig. S4d, Supplementary
information, with the optimized average power of 30.31 µW.

For the power-management units with N=2 and N=5, 6 sets of
experimental data are acquired with diﬀerent CE. For each CE, Eout is
calculated by:

η1
P
V (R C )
VR
= 1 = 1 1 S = 1 1
η2
P2
V2 (R2 CS)
V2 R2

Eout = 2⋅

QSC,out 2
1 QSC,out 2
=
2 NC
NC

(7)

(8)

These experimental Eout are plotted as dots in Fig. 3e, which are
consistent with that calculated by Eq. (3), as shown as the line in
Fig. 3e. The highest Eout during our experiments is 1.74 µJ, and the
corresponding experimental maximum energy transfer eﬃciency (from
Eq. (5)) is 23.0%. As stated in Note S9, Supplementary information,
this energy transfer eﬃciency is equivalent to 57.3% by using another
deﬁnition of the energy transfer eﬃciency as reported by Niu et al.,
which is comparable to that of the previous work [12].

2.5. Output of TENG with power-management unit of N=2
The V-Q plots of the TENG connected to the power-management
unit of N=2 with various capacitances C of 1 nF, 11.6 nF or 105 nF,
respectively, are displayed in Fig. 2b. The measurement circuit is
shown in Fig. S5a, Supplementary information. The shapes of the V-Q
plots are very consistent with that derived theoretically in Fig. 1b and c.
The zoomed-in V-Q plot of C=105 nF is shown as Fig. S5b,
Supplementary information. Through the AC connection, the periodically oscillated short-circuit output charge transfers QSC, out and opencircuit output voltages VOC, out are measured in Fig. 2c and d. The VOC,
out are measured in the steady states as stated in Note S7,
Supplementary information. Here we conﬁrm that with the higher
capacitance C used, the higher QSC, out and the lower VOC, out can be
achieved. The QSC, out is up to 320 nC, which is about twice of QSC, max.

2.8. Expand the system for broader applications
This design of the power-management unit can be expanded to
diﬀerent modes of TENG. As illustrated in Fig. 4a, the contactseparation (CS) mode TENG, that can harvest body motion and
vibration energies [38–40], is also able to be integrated with the
power-management unit vertically. A CS mode TENG is fabricated,
with the maximum short-circuit charge transfer measured as about
75 nC (Fig. S7a, Supplementary information). With a fabricated powermanagement unit (N=2), similar V-Q plots are measured as predicted
305
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Fig. 2. Output performance of TENG through the power-management unit with N=2. (a): the short-circuit charge transfers of TENG without any power-management unit; (b): the V-Q
plots of TENG through the power-management unit with various capacitances; (c) and (d): the short-circuit output charge transfers and open-circuit output voltages through AC
connection; (e) and (f): the short-circuit output charge transfer and peak current through DC connection (each capacitor C=1 nF). The triggering period is ~0.8 s.

storage unit (a battery or a supercapacitor) to stabilize the voltage
supply [42–44]. Through that, TENG, the power-management unit, the
energy storage unit and the load build a self-powered system.
Optimization of the total eﬃciency of the whole self-powered system
is worth to be further investigated towards practical applications.

(Fig. 4b), and QSC, out of nearly 150 nC are measured for both the AC
and DC connections (Fig. S7 b and c, Supplementary information). As a
result of the varied capacitance of TENG in contact and separation,
there is a little diﬀerence between QSC, out in the ﬁrst-half and the
second-half cycle due to diﬀerent QL1 and QL2, as consistent with the
discussions above. Besides, as shown in Fig. 4c, this design also
perfectly ﬁts the rotational TENG which is the most powerful TENG
design so far for harvesting wind and ocean energies [13,41], since the
rotational power-management unit can be easily integrated inside
TENG with an extremely small size. By integration of the powermanagement unit in diﬀerent modes of TENGs, it is possible to
improve the energy transfer eﬃciency while utilizing mechanical
energy harvested towards various applications.
For practical applications which usually require a stable DC power,
the power-management unit can be connected to a suitable energy

3. Discussions
Our motion-triggered power-management unit demonstrates the
new auto-power-management principle based on connection switches
between capacitors. Please notice that the motion-triggered unit is just
a proof-of-concept approach to achieve the principle. The switches of
the connections could also be realized by other designs. In this new
principle, the number of capacitors (N) determines the largest level of
the enhancement in the output charge, and the capacitance of each
306
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Fig. 3. The output performance of power-management unit with N=5. (a): the design of the power-management board and the electric brushes (top view). (b): the V-Q plots of TENG
using the power-management unit with various capacitors; (c) and (d): the short-circuit charge transfer and the charging plot of a 5 mF supercapacitor through the DC connection (each
capacitor C=100 nF); (e): the experimental and calculated (by Eq. (3)) total output energy per cycle. The triggering period is ~1.2 s except the one during charging the supercapacitor in
(e) which is~0.8 s.

principle, since charge transfers between capacitors are always almost
instantaneous (Note S11, Supplementary information), there is no such
a threshold power/frequency required for its operation so that even the
harvested energy in minimal scale and extremely low frequency can be
eﬀectively managed and utilized (Fig. S8c, Supplementary information). This feature enables the possibility to utilize varieties of
mechanical energy delivered by TENG, especially that with low
frequency and low power level. The maximum frequency of the
power-management design mainly depends on that of the TENG.
This kind of power-management solution is demanded by TENG that
is mainly targeted at low-frequency small-scale energy harvesting [19].
Secondly, without inductors and iron cores, it is much easier for
systems based on our power-management principle towards scaleddown fabrication in microscale, which can be easily implemented by
well-developed technologies such as printed circuit board (PCB) and

capacitor (C) along with the number of capacitors (N) determines the
ﬁnal output impedance (as stated in Note S10 and Fig. S8 a~b,
Supplementary information). This principle makes itself a unique
power-management solution with its own characteristics as discussed
below:
Firstly, it is possible to utilize this power-management principle to
harvest low-frequency low-power-level mechanical energy, which cannot be achieved by other power-management units based on the
electromagnetic eﬀect. As the core part for other power management
systems, coupled inductors [12] or transformers [18] may consume a
large quantity of power. To operate these units properly, a certain
power of at least ~100 µW level is required, and usually the power
outputs of TENGs used in their studies are in ~mW level [9,12,17,18].
To achieve this large power output, either large volume of TENG or a
certain large triggering frequency level is required. Based on our new
307
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Fig. 4. Expansion of the system towards multiple applications and operation modes. (a) and (b): the 3D illustration and V-Q plots of the power-management unit for CS mode TENG;
(c): the 3D illustration of the power-management unit (built inside the TENG) for rotational SFT mode TENG. The insets show zoomed-in pictures of the electric brushes (upper) and the
metal areas (lower). The triggering period for the CS mode TENG is ~12.9 s.

5. Experimental section

optical lithography.
At the last but not least, compared to previous systems with coupled
inductors or transformers which are heavy and bulky, our powermanagement unit could be light in weight, small in size and well
integrated with TENG already. They can be packed as a low-voltage but
high-current power cell, which is portable and scalable for eﬀectively
utilizing ambient mechanical energy. Based on the same working
principle, it is also possible to make power-management units ﬂexible
and wearable, if logic control circuits with low power consumptions
[12] are introduced to control the connection switches of the capacitors.

5.1. Fabrication of SFT mode TENG
Typically, an acrylic sheet (thickness of 3 mm) was cut into
5 cm×10 cm by laser cutter as the substrate. Then two electrodes made
by copper (Cu) or gold (Au) were deposited on a FEP ﬁlm (50 µm in
thickness) with an interval gap of 2 mm by physical vapor deposition
(PVD 75). Finally, the FEP ﬁlm was adhered onto the acrylic sheet with
the electrodes facing up to form the electricity generation part of
TENG.
The moving part of the TENG was attached with the electric
brushes, as fabricated on an acrylic sheet (6 mm in thickness)
composed by a 4.5 cm×3 cm area on one end (short-wide end) and a
5.2 cm×1 cm area for N=2 or 10 cm×1 cm area for N=5 on the other
end (long-narrow end). The moving part of TENG was fabricated by
sticking a 4.5 cm×3 cm FEP ﬁlm onto the short-wide end, and then
several pieces of metal foils (usually steel, copper or titanium, each with
6–12 mm in width) were bent and adhered on the long-narrow end as
the electric brushes, with use of kapton tapes to ﬁx them. The sizes and
positions of the brushes were adjusted to match the designed metal
areas in the power-management board.

4. Conclusions
In summary, a novel power-management principle based on
automatic connection switches of capacitors is designed for TENG.
This principle is ﬁrstly theoretically analyzed, and then proof-ofconcept power-management units as automatically triggered by the
motion of TENG are fabricated and experimentally characterized, to
achieve the lowered voltage but greatly improved charge outputs with
the energy transfer eﬃciency comparable to the previous work. This
power-management unit can be extended to accommodate multiple
modes of TENG for various applications. This power-management
design shows plenty of advantages such as capability for managing lowfrequency small-scale power, high scalability and light weight, which
makes a revolutionary step towards TENG-based self-powered systems.

5.2. Fabrication of CS mode TENG
An acrylic sheet (thickness of 3 mm) was cut into two 5 cm×5 cm
pieces by laser cutter as the substrate. Then two 4.5 cm×4.5 cm pieces
of FEP ﬁlms (50 µm in thickness) are deposited with Cu by physical
vapor deposition (PVD 75). Finally, the FEP ﬁlms was adhered onto the
acrylic sheets with Cu side of one piece facing to the FEP side of the
other piece to form a CS mode TENG. The top acrylic sheet with the Cu
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side facing out is attached with steel strips on the side as the electric
brushes. The power-management board is fabricated by the method as
described below and attached to the bottom acrylic sheet perpendicularly.
5.3. Fabrication of the power-management board
The fabrication of the board with N=2 is described as an example.
In the beginning, an acrylic sheet (thickness of 3 mm) was cut by a laser
cutter into 4.6 cm×7.2 cm as the substrate. The Cu or Au metal were
deposited on the front side of the board by PVD 75 to form the metal
areas, with the mask made by other acrylic sheets cut by the laser
cutter. Six grooves were cut on the back side of the substrate so that the
Cu wires can be arranged on the back of the board. Then several Cu
wires were arranged on the backside of the as-fabricated board. The
electrodes with the same marks were connected together by these Cu
wires, respectively, and the TENG and capacitors were connected to 0+
and 0–, 1+ and 1–, 2+ and 2–, and etc, respectively. The board with
N=5 and the board for CS mode TENG were prepared with the similar
procedures but with diﬀerent sizes and positions of the metal areas.
5.4. Electrical measurement and motion control
The output voltage signals, charge transfers and current signals of
the device were acquired via the Keithley 6514 System Electrometers.
The V-Q plots were measured by two electrometers at the same time as
shown in Fig. S5a, Supplementary information. The linear slide motion
was produced by a linear motor (T - Proﬁle Rail Guides).
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