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Energy manipulation from the mechanical power source is an essential segment for self-powered electronics and
the potential application in the Internet of Things. Inspired by the concept of programming, we proposed a
programmed-triboelectric nanogenerators (P-TENGs) using mechanical switches regulation methodology for
energy manipulation. It is based on three unit-operations, which were extracted from the mechanism of con-
ventional TENGs. A specific sequence and combination of the three unit-operations, considered as a program
realized by hardware, can achieve a power amplification easily, which is desired for the design of TENGs devices.
There can be an infinite number of feasible programs to be designed based on the specific application scenarios
and physical constraints. In this study, three different programs, current amplifier, Bennet doubler, and charge
oscillator, are designed and physically realized to illustrate the programming concept and achieve a ~kV level
voltage output. The material selection and structure design, which is the major concern for conventional TENGs
devices, no longer exist in P-TENGs. Even the contact surfaces with the same material still make the device
functional. Instead, P-TENGs meet other constraints such as high-k coating materials and high voltage break-
down. It is envisioned that the proposed mechanical switches regulation methodology can enable an alternative
approach to the research of triboelectric nanogenerators.

1. Introduction load. Two independent physical procedures happen in this basic work-

ing principle: charge generation by friction and power generation by the

Since firstly developed by Zhonglin Wang [1-5], the triboelectric
nanogenerators (TENGs) has demonstrated its promising capability on
energy harvesting from various kinds of sources and universal adapt-
ability on all kinds of physical and chemical sensing scenarios [6-34].
Up to now, the major improvement of the TENGs devices, either for
energy harvesting or self-powered sensing, is based on the optimization
of the materials and the design of the structures [35-84,97,98]. No
matter how the material and structure changes, the basic working
principle of the TENGs devices remains the same: a specific physical
operation, which can be either contact-separation or sliding, to induce
electrostatic charge by friction and further generates power upon the

capacitance change of the device. Although conventionally, these two
procedures are mixed in the operation of the TENGs devices, we are still
able to design and optimize them in the device level separately.

Along with the charge accumulation to power electronic device, one
of the worthful trials is introducing the concept of the charge pump,
which is a plate enabling a charge accumulation [85-90]. TENGs can
leverage the accumulated charges on this plate via either some partic-
ular circuit, such as a Bennet doubler conditioning circuit [85-88,91-96,
99], or another TENGs device, which means charging one TENGs by
another [89,90]. Based on this idea, the charge generated on the TENGs
device is not only from itself but also enhanced by some external parts,
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which can be either a circuit or a physical device. To further analyze the
fully disassembled working principle of the TENGs, three fundamental
operations, called unit-operations, were summarized. A new strategy by
programming the sequence of the unit-operations, instead of optimizing
materials and external electronics units, is proposed for boosting the
output of TENGs. It is called programmed-triboelectric nanogenerators
(P-TENGS). The three unit-operations can be arbitrarily programmed
with a specific sequence and combination to realize an exact function:
power amplification. Rather than optimizing the material and structure,
the design of TENGs more like writing a program. As a computer pro-
gram realized by switching operations of transistors, we introduced a
similar switching concept to manipulate the charge flow in the operation
of TENGs for realizing a specific function for an infinite number of
possible programs to design. To demonstrate our proposed strategy for
energy manipulation, three different programs, which called current
amplifier, Bennet doubler, and charge oscillator, are designed and
physically realized to illustrate the programming concept and achieve a
~KkV level voltage output. The material selection and structure design,
which is the major concern for conventional TENGs devices, no longer
exist in P-TENGs. Even the contact surfaces with the same material still
make the device functional. It is a step by step guide for readers to
master the idea of the P-TENGs in terms of program design, physical
realization, and performance characterization. It also envisions that the
proposed mechanical switches regulation methodology can enable an
alternative approach to the research of triboelectric nanogenerators for
energy manipulation.

2. Results and discussion
2.1. Programmed-triboelectric nanogenerators
The concept of P-TENGs is based on three unit-operations in Fig. 1A

and B. These three unit-operations can achieve the functions of charge
generation, charge transfer, and power output. The detailed mechanisms

(A) Operation mechanism of
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of these operations are explained below. Each operation consists of
electrode operations and switches operations with time sequence. The
electrode operation comprises the contact and separation of two elec-
trodes. The switch operation comprises the on and off connections as
follows three phases: the first is charge generation (Fig. 1B-a)-Operation
G. There are some initial charges on electrode A. This initial charge can
be generated by either friction with other materials or electrostatic in-
duction. This electrode A can be either a dielectric or a metal electrode
with a dielectric coating. Then make the electrode A contact with the
electrode B and close the switch to make B grounded. Because of the
electrostatic induction, electrode B will be charged with identical charge
quantity but opposite polarity as the electrode A. Disconnect the switch
first and separate electrode A and B, the charge on the electrode B can be
kept on it. As seen, this operation enables an electrode to be charged by
borrowing charges from the ground. The second phrase is charge
transfer (Fig. 1B-b) Operation T. Assume there are charges on both
electrodes B and C when they are not connected. Make electrode A
contact with electrode B first. Then close both switches to make A
grounded and B and C connected. Since electrode A and B form a
capacitor, all charges will be accumulated at the interface between
them. The charges on electrode C will be transferred onto the electrode
B. Meanwhile, the electrode A will be charge with identical charge
quantity but opposite polarity as the electrode B. As seen, the major
function of this operation is to concentrate charges from multiple elec-
trodes to one electrode. The third phase is called power output (Fig. 1B
and c) Operation O. Based on the charge transfer operation, we can
achieve an electrode with concentrated charges from multiple elec-
trodes, which is the electrode B. When the electrode A contacts and
separates with the electrode B, there is a charge flow on electrode A,
which is similar to the charge generation operation. The only difference
here is the load connected in series with the electrode A. The charge flow
through the load can generate power, which is an energy harvesting
process. The function of this energy harvesting operation is to convert
the mechanical energy to electric energy by leveraging the accumulated

(B) Unit operations in TENGs devices
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Fig. 1. Concept of programmed TENGs (P-TENGs). (A) The operation mechanism of the conventional TENGs: a, Contact-separation mode; b, Sliding mode; (B) The
three unit-operations to be extracted from the mechanism of TENGs: a, Operation G: charge generation; b, Operation T: charge transfer; ¢, Operation O: power output;
(C) Feasible programs to be realized in this study: a, Current amplifier; b, Bennet doubler; ¢, Charge oscillator.
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charge on electrode B.

As seen, just like programming software, charges can be arbitrarily
operated by a specific combination and sequence of the three operations
(G, T, and O) for a specific purpose, e.g., amplifying the. Therefore, such
a specific operation combination of charge manipulation is considered
as a program, which is realized by hardware rather than software. Then
the three basic operations are equivalent to the basic codes in software.
Thus, designing a TENGs is more like writing a program rather than
developing new structures and optimizing material selections, which is
the main concern for conventional TENGs devices. There are some
principles and constraints for designing a P-TENGs. To realize the pro-
gram in physical, the electrodes can only be operated either out-of-plane
(contact-separation) or in-plane (sliding). Meanwhile, the number of
electrodes involved in the program is always limited. The program
should always form a loop to enable an infinite running. The loop is the
most critical factor in determining its physical realization, and the loop
can be started from any state and not affected by the initial value. There
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are infinite possible programs that can be designed to achieve the
function of the output amplification of TENGs. In this study, we will
demonstrate several cases as shown in Fig. 1C, from simple to complex,
to systematically illustrate how P-TENGs are designed and realized. The
purpose of these case demonstrations is not only to show the capability
and performance of P-TENGs but more importantly, to promote the
concept the programming, which is an alternative direction for the study
of triboelectric energy harvesters.

2.2. Current amplifier device of P-TENGs

For conventional TENGs devices, the output current is normally
proportional to the area of the contact surfaces. Meanwhile, the TENGs
device normally follows the symmetric configuration, in which the top
and bottom electrodes are of the same area. Therefore, those devices
with sliding mode require a large operation area to achieve enough
power output. Based on the concept of P-TENGs, we can design an
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Fig. 2. The design of the current amplifier. (A) The program of the charge manipulation; (B) The time sequence and operation logic of all the electrodes, switches and
the loop form; (C) The mechanical design with in-plane configuration; (D) Realization of the designed mechanism; (E) The characterization of the current amplifier:
a, the short circuit current; b, the detailed waveform of the amplified current peak; ¢, The detailed waveform of charging each electrode when electrode B is sliding; d,
the charge curve of the sliding operation. The load resistance for the measurement of current is 100MQ.
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asymmetric TENGs device, in which the top electrode is small while the
bottom electrode is large, to generate a large current as a large area
device with a small sliding electrode. It is called the current amplifier.

Designing a P-TENGs always starts with programming the charge
manipulation. This current amplifier is a simple case to demonstrate
how the three basic operations are coded in one program to achieve an
output amplification. The detailed program is shown in Fig. 2A. There
are six plates and five switches involved in this program. The electrode B
is a pure dielectric plate, while others are metal electrodes. The elec-
trode B generates charges by operation G on all the five electrodes. Then
at the last step of one cycle, all the electrodes are connected and
grounded simultaneously. At this instant, all the charges accumulated on
five electrodes can be transferred together (operation T and O), forming
a much-amplified current flow. The second step of designing a P-TENGs
is to analyze the detailed operation sequence of all the electrodes and
switches and to figure out the loop form. This step helps make clear how
many switches are required and how to arrange all the electrodes. As
shown in Fig. 2B, the situation of each electrode (contact with which
electrode) and switch (on or off) is listed here. When an electrode faces
no other electrode, it is defined as facing the air. This loop of the whole
operation is circular. This program can be easily realized with an in-
plane sliding structure made by acrylic plates, as shown in Fig. 2C.
There are two plates required: top and bottom plates. The electrode B,
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which is a dielectric layer, is arranged on the top plate. All the other
electrodes, Al to A5, are on the bottom plate. Meanwhile, there are
switch pads to be arranged on both top and bottom plates to realize all
switch operations during the sliding operation. The detailed physical
operation is illustrated in Fig. 2D. The electrode B contacts with A1 and
Al is grounded (Fig. 2D-a). Then the top plate slides from Al to A5,
generating charges on each electrode (Fig. 2D-b). Further, slide the top
plate to make the connection pad contact with all the switch pads of A1
to A5 and the ground (Fig. 2D-c). The optical image of the device is
shown in Supplementary S1 and the operation can be seen in Supple-
mentary video V1. The wiring information of the current amplifier is
shown in Supplementary Figure S1.1.

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.105241

To demonstrate the characterization of the current amplifier-based
P-TENGs, the major function of this P-TENGs is to amplifier the cur-
rent and charge output, as characterized in Fig. 2E. The curve of the
short circuit current in Fig. 2E-a shows the major peaks, which are the
amplified current, can be up to about 13 pA. The detailed current
waveform of the major peak is shown in Fig. 2E-b. As seen, there can be
a breakdown between the electrode pads before they fully contact each
other, so there is more than one exponential peak to be observed. There
are minor current peaks generated by charging the electrodes A1 to A5,
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between two major current peaks. The detailed waveform is shown in
Fig. 2E-c. Since there are five electrodes to be charged during the
operation, five minor current peaks are observed in the curve. As seen,
none minor current peak is higher than 0.3 pA while the final amplified
major peak can be 13 pA. The charge output curve in Fig. 2E-d shows
how charges are generated on each electrode and transferred together at
the last step. From this characterization, it is confirmed that the pro-
grammed charge manipulation can be realized with a proper mechanical
design.

2.3. Bennet doubler device in-plane design in P-TENGs

Bennet doubler is a clever device for the continuous doubling of a
small initial charge through a sequence of operations with three elec-
trodes. It was invented in 1787 by the Reverend Abraham Bennet, that
used it for studies about the electric state of the air. The original version
of the Bennet doubler only has three electrodes (A, B and C in Fig. 3A). In
this study, it was improved by adding an extra electrode D for achieving
continuous power output without charge consumption of the whole
system. The detailed charge manipulation is shown in Fig. 3A. There are
four electrodes involved in this program. The bottom side of the elec-
trode C and both sides of the electrode A are covered with dielectric
layers. Assuming there is some initial charge on the electrode A, which is
generated by friction. In step (A-i), electrode B is charged by operation G
via electrode A. Then, in step (A-ii), electrode C is charged by operation
G via electrode B. Electrode A contacts with electrode D for operation O,
power output. Then in step (A-iii), A separates from D for another
operation O. The charge transfer, operation T, from C to A, is achieved
via electrode B. As seen, now the charge on electrode A is doubled (from
1Q to 2Q) compared with step (A-i). Then after another cycle ((A-iv) and
(A-v)), the charge on electrode A has doubled again (from 2Q to 4Q). As
seen, two adjacent states form a cycle. The key point of the program is
that the charge on electrode A can be doubled in each cycle. Thus, this
electrode can be considered as a charge pump, where charges can
accumulate there. The induced charges on electrode D can increase
together with electrode A and achieve an increased energy output. As
long as the electrode A never grounded, the charges on it can be kept.
There are four electrodes and four switches involved in this program. A
detailed analysis of the condition of electrodes and switches is shown in
Fig. 3B, which is summarized according to Fig. 3A. The state (B-a) and
(B-c) refers to the state (A-i) and (A-ii), respectively. When an electrode
faces no other electrodes, it is defined as facing air. Between the state of
(B-a) and (B-c), there is an intermediate state, when all electrodes are
separated from each other. Thus, in this state, all electrodes are facing
air, and all switches are off. There are three possible states in total. The
loop form is shown in Fig. 3B (Operation loop). As seen, the system is
just dangling between state (a) and (c) via state (b). This situation in-
dicates that, rather than a circular operation, a back and forth operation
is more suitable to realize this program physically. Whether to use a back
and forth operation or a circular operation depends on the loop form. In
the next section, it is shown how a circular operation is necessary to
realize another program. Both in-plane and out-of-plane mechanical
structures, which are demonstrated in this study, can very easily realize
a back and forth operation.

The in-plane design for sliding operation is shown in Fig. 3C. There
are two plates required to arrange all the four electrodes and switches.
Since electrodes A never touches C and B never touches D, A and C are
arranged on the bottom plate while B and D are arranged on the top
plate. Each electrode is 7 x 7 cm?. There are some extra electrode pat-
terns, called switch electrodes, on plates to realize all the switch oper-
ations during the physical sliding automatically. The exact sliding
operation is shown in Fig. 3D. At the initial state (Fig. 3D-a), A vs D
while B vs C. Then slide the top plate (Fig. 3D-b) to make every elec-
trode faces air, which is the intermediate state in Fig. 3B-b. Further slide
the top plate (Fig. 3D—c) to make B vs A. Then slide back the top plate,
via state (D-d), to the initial state (Fig. 3D-a). A proper layout of the
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switch electrodes can achieve the correct switch operation during the
sliding.

Any non-conductive materials can be used as the substrate of the
device. In this study, we used acrylic plates, which can be easily
patterned by a laser cutter, as the top and bottom plates. The image of
the actual device is shown in Fig. S2. The sliding operation with voltage
output is shown in Supplementary Video V2. Theoretically, the charge
on the electrode A can have an infinite accumulation without limit.
However, in the actual testing, there will be a breakdown between
operational electrodes when the voltage is higher than a threshold. An
illustration of this breakdown is shown in Fig. 4d. During the sliding, the
distribution of the charge on the electrode will also change with the
relative position of the two electrodes. When the two electrodes are fully
overlapped (Fig. 4d-i), the charge can have a relatively uniform distri-
bution. However, when two electrodes are about to separate from each
other fully, all charges will be accumulated at the edge and tend to have
a breakdown between operational electrodes (Fig. 4d-ii), which is
similar to the situation of the tip discharge. The maximum voltage or the
maximum charged can be accumulated on the electrode A is determined
by how much voltage the dielectric layer can sustain. By changing the
materials of the dielectric layer, we can have different maximum
voltage. In this study, two materials, Fluorinated ethylene propylene
film (FEP) and Polytetrafluoroethylene (PTFE) film, are selected as the
dielectric coating. The FEP film and PTFE film are of 220 pm and 300 pm
thickness, respectively. There are two combinations as shown in Fig. 4a,
FEP vs FEP (440 pm thickness), and FEP vs PTFE (740 pm), are tested.
Since the dielectric constant of these two materials is quite close
(~2.03), so the difference mainly comes from different dielectric
thicknesses. Since the operation O is achieved by electrode D, the testing
of the energy output is also measured on the load resistance connected in
series with the electrode D. There are two possible measurement modes.
One is switching mode, which is just the same as shown in Fig. 4D: the
switch is closed only at the state (D-a) and (D-c). In this mode, the
generated voltage should follow a standard RC discharge waveform,
which is exponential. Another is a continuous mode, which means the
electrode D is directly connected with the load resistance. In this mode,
the generated voltage follows a normal TENGs waveform. Detailed
performance characterization of the Bennet doubler-based P-TENGs is
shown in Fig. 4. In switching mode, the load resistance value only affects
the pulse width of the exponential voltage waveform but does not affect
its amplitude. The measured voltage curves for both dielectric combi-
nation groups are shown in Fig. 4b. As seen, both curves show a grad-
ually increasing trend with the operation and finally saturated at a
certain value. The curve of FEP vs PTFE show a much higher voltage,
which is about 1300 V, than that of FEP vs FEP, which is about 800 V. As
mentioned above, the FEP vs PTFE has a thicker dielectric layer, which is
740 pm so that it can stand a higher breakdown voltage. The voltage
cannot have an infinite increase because of the breakdown between
operational electrodes. The evidence of this breakdown can be found in
the detailed voltage waveform as shown in Fig. 4c. In the switching
mode, the voltage should have appeared only at the instance when the
switch is connected. However, before the RC voltage waveforms happen,
there is another irregular voltage waveform, with a lot of small spikes,
indicated as breakdown between switches. Breakdown voltage always
has a lot of spikes. This breakdown happens between the switch pads
rather than the operation electrodes. Before the switch is about to be
connected, the spacing between the two pads is very low, and the
breakdown happens through the air. Since this breakdown current
shares the same direction as the current after the switch is connected,
the polarity of the breakdown voltage is the same as the RC discharge
follows it. Another breakdown happens inside the RC discharge wave-
form, which is the breakdown between operational electrodes explained
in Fig. 4d. This breakdown attenuates the shape of the exponential
waveform, making it not so regular. Since the breakdown current is
opposite to the output current through the load resistance, the spikes of
the breakdown voltage are opposite to the RC discharge waveform. The
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Fig. 4. Characterization of the in-plane design of the Bennet doubler-based P-TENGs. (a) The two dielectric layer combination groups in tests; (b) The output voltage
of the two groups in switching mode; (c) The detailed voltage waveforms showing the breakdown spikes; (d) The situation of breakdown happens when two
electrodes are not overlapped; (e) The output voltage of the two groups in continuous mode; (f) The detailed voltage waveform showing the breakdown spikes; (g)
The charge output of the two groups; (h) The voltage and peak power by changing load resistance; (i) The performance of charging a 0.1 pF capacitor with a full

bridge rectifier.

measurement of the output charge is shown in Fig. 4g, showing how the
charge output gradually increases from a very small value. Here, the
initial charge is generated from friction by either FEP vs FEP or FEP vs
PTFE. For the case of FEP vs FEP, since friction surfaces are of the same
material, the charge generation efficiency is very low. As seen, the initial
charge value is almost zero. However, because of the capability of the P-
TENGs to double the charge, the stable charge output can be around 30
nC. For the case of FEP vs PTFE, since the material is different and the
dielectric layer is thicker, the charge output reaches a higher stable
value, 130 nC, with a shorter duration.

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.105241

In the continuous mode, the output voltage is affected by the load
resistance. Fig. 4e shows the voltage curves for both groups with a 700
MQ load resistor. The same as a result in switching mode, the voltage of
FEP vs PTFE, about 1400 V, is higher than that of the FEP vs FEP, which
is around 800 V. A detailed voltage sample in Fig. 4f shows that the
breakdown between operational electrodes happens when the voltage is
approaching the maximum. Meanwhile, since the switch is disabled in
this mode, the breakdown between switches, which happens in the
switching mode, disappears. A more detailed illustration of the differ-
ence between these two breakdowns (between switches and between
operational electrodes) is shown in Supplementary Figure S2.2. Fig. 4h
shows the characterization of the output voltage and peak power by
changing the load resistance. As seen, the maximum voltage by
increasing the load resistance can be about 1000 V and 1800 V for the
FEP vs FEP and FEP vs PTFE, respectively. The maximum peak power of
FEP vs PTFE can be 3 mW at 700 MQ load, which is 3 times of FEP vs

FEP. The performance of charging a 0.1 pF capacitor is shown in Fig. 4i.
With the same operation speed, FEP vs PTFE can charge it to 18 V while
FEP vs FEP only achieves 6 V.

2.4. Bennet doubler out-of-plane design in P-TENGs

The out-of-plane design for the contact-separation operation is
shown in Fig. 5a. The electrodes B and D are arranged on the left part
while electrodes A and C are arranged on the right part. Each electrode is
5 x 5 cm?. All the switch pads are arranged on the edges of the parts,
shown as the colored round pads. The detailed operation is shown in
Fig. 5b. The optical image is shown in Supplementary S3, and the actual
operation is shown in Supplementary Video V3. In this out-of-plane
design, we only tested the continuous mode (electrode D relates to the
load resistance). There are also two different dielectric combination
groups, shown in Fig. 5c, were tested. The PTFE vs PTFE is 600 pm thick,
and FEP vs PTFE is 520 pm. The voltage curves with a 700 MQ load
resistor is shown in Fig. 5d. As seen, since the friction material is the
same for PTFE vs PTFE, the voltage increases slower than that of the FEP
vs PTFE. However, due to a thicker dielectric layer, the PTFE vs PTFE has
a higher maximum voltage. The short circuit current in Fig. 5e and the
output charge in Fig. 5f show the same trend. The characterization for
the voltage and peak power is shown in Fig. 5g. The maximum voltage is
1400 V and 1150 V for PTFE vs PTFE and FEP vs PTFE, respectively.
Both two groups reach the maximum peak power at around 200 MQ
with 3.3 mW and 2.5 mW, respectively. The performance of charging a
0.1 pF capacitor is shown in Fig. 5h. With the same operation speed,
PTFE vs PTFE can charge it to 9.5 V while FEP vs PTFE only achieves 6.5
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Fig. 5. Characterization of the out-of-plane design of the Bennet doubler-based P-TENGs. (a) The layout design and electrode arrangement of the out-of-plane design;
(b) The operation of the out-of-plane design; (c) The two dielectric layer combination groups in tests; (d) The output voltage of two groups in continuous mode with
700 MQ load resistor; (e) The short circuit current of two groups; (f) The charge output of two groups; (g) The voltage and peak power by changing load resistance;

(h) The performance of charging a 0.1 pF capacitor with a full bridge rectifier.

V.

2.5. Charge oscillator in P-TENGs

As mentioned above, based on the concept of programming, there
can be an infinite number of possible programs for output amplification.
The Bennet doubler, which has been developed for more than 200 years,
is just one specific case. Here we designed another program shown in
Fig. 6, called charge oscillator, to achieve a similar function. There are
five electrodes involved in this program. Among them, the electrode B is
purely a dielectric layer. The electrode C and D are covered with a
dielectric layer. This electrode B can achieve operation G to generate
charges on electrode Al and A2. The electrode C can achieve operation
T to make charges transferred between Al and A2. The electrode D can
achieve operation O to generate power from Al and A2. This program is
called charge oscillator because the charge is oscillating between Al and
A2. The total charge accumulated can have an increment of 2Q in each

cycle. There are five electrodes and five switches involved in this pro-
gram. The detailed electrode and switch operations are shown in Fig. 6B.
There are four states in total, forming a circular loop. Apparently, this
circular loop cannot be realized by a back and forth operation. A me-
chanical structure for rotating operation is inevitable. This program can
be realized by two acrylic plates as shown in Fig. 6C. The electrodes A1l
and A2 are arranged on the bottom plate while others are arranged on
the top plate. Each electrode occupies about one-quarter of the plate. All
switch pads are arranged on the edge of the circular plate to realize all
switching operations during the rotation. The detailed operation of the
device is shown in Fig. 6D. The bottom plate is fixed while the top plate
rotates. It is emphasized here that, at state (b) and (d), electrode A1 and
A2 are connected via a wire above the plate, which is indicated as “A1 to
A2” in the figure. The optical image of the actual device is shown in
Supplementary S4. The operation of the device is shown in Supple-
mentary video V4. The dielectric layer of B is FEP (220 pm) and the
dielectric layer on electrode C and D is PTFE (300 pm). Since the
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Fig. 6. The design of the Charge oscillator-based P-
TENGs. (A) The program of the charge manipulation;
(B) The time sequence and operation logic of all the
electrodes, switches, and the loop form; (C) The
mechanical design with the in-plane configuration;
(D) Realization of designed mechanism; (E) Charac-
terization of the Charge oscillator based P-TENGs: a,
The output with 1000 MQ load resistor; b, The
charge output; ¢, The performance of charging a 0.1
pF capacitor with a full bridge rectifier; d, The
amplitude of the saturated voltage by changing load
resistance; e, The detailed voltage curve of 900 MQ
and 200 MQ load resistance.
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electrode D, which is the one for energy output, is on the rotating plate,
it is difficult to connect it with a wire for testing directly. It can only be
tested in the switching mode via the switch on the plates. A load resistor
is connected between the ground and the electrode D. The output
voltage should follow an RC discharge, which is an exponential wave-
form. The voltage curve with 1000 MQ in Fig. 6E-a shows that the

006

maximum stable voltage can be around 1600 V when the dielectric layer
thickness is 520 pm. Considering this dielectric thickness is the same as
the one in the out-of-plane Bennet doubler device, so the output voltage
also of similar value. The charge output in Fig. 6E-b shows a typical
increasing trend and saturates at around 70 nC. This device can charge a
0.1 pF capacitor to 10 V in 30 s, as shown in Fig. 6E—c. Ideally, the
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voltage amplitude measured in the switching mode should not vary with
the load resistance. However, since the voltage generated by the P-TENG
is too high, the breakdown effect plays a dominant role, introducing a
complex effect on the measured voltage amplitude as shown in
Fig. 6E~d. The actual voltage amplitude can have a step increment by
increasing the load resistance. The detailed voltage waveforms at
different load resistance (200 MQ and 900 MQ) are shown in Fig. 6E-e.
As seen, for the curve of 900 MQ, there is a huge breakdown voltage
before the exponential waveform. The amplitude of this breakdown
voltage is 2-3 orders higher than the exponential waveform; thus, it
cannot be recorded by our system. However, the curve of 200 MQ does
not have this huge breakdown voltage. Instead, the exponential wave-
form has two peaks. A reasonable explanation is that the discharge
happens twice in this curve. One happens when the switch has not been
fully connected. The high voltage between the switch pads generates a
plasma discharge, forming the first peak and consuming part of the
energy. Then before the end of plasma discharge, the switch is con-
nected, forming the second peak. Since the total energy is divided into
these two discharging processes, the measured voltage amplitude de-
creases. After introducing all the programs design in this study, the
energy transformation ratio of all devices is provided in the Supple-
mentary S5 as a reference for readers to estimate their performance.
Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.105241

3. Conclusions

As demonstrated in this study, by leveraging the programming
concept, it is very easy to achieve ~ kV level voltage output by a simple
device without any material optimization. Even the same material, just
like PTFE vs PTFE, still can generate high voltage, which is unachievable
in conventional TENGs devices. However, it also faces some challenges
and constraints. Theoretically, there is no upper limit for the energy
output. The charge can have an infinite accumulation on the electrode.
However, in real test, the breakdown, happening at 1 kV level, consumes
the charge and limits the achievable voltage. One possible solution to
improve this issue is to increase the dielectric layer thickness. As seen in
the testing of Bennet doubler-based P-TENGs, a thicker dielectric layer
can achieve a higher output voltage. But a thicker dielectric layer also
reduces the capacitance between the electrodes, resulting in a higher
inner impedance, which is undesirable for the energy harvesting pur-
pose. A better solution is using high-k materials as the dielectric layer,
which is a common method in the semiconductor industry to increase
the capacitance and avoid the breakdown. We use PTFE and FEP films,
which are optimal choices for conventional TENGs, in this study just
because the inertial thinking inherited from conventional TENGs device.
Since the P-TENGs is an alternative direction for designing the TENGs
device, it also requires a completely different ideology. For P-TENGs, the
surface treatment and the electronegativity is no longer the concern for
material selection. Instead, we should find high-k materials, which are
suitable for surface coating. Moreover, the breakdown also happens
between the switch pads, which is highly affected by the actual shape of
the switch pads. For example, tip shape is easier to have a breakdown
while a blunter shape tends to have a breakdown at a higher voltage.
This issue is quite practical and should be noticed in real device design
and device preparation. There are several kinds of P-TENGs demon-
strated in this study. We do not plan to compare the efficiency or per-
formance of all these devices. The Bennet doubler and charge oscillator
are used for different scenarios: one is for back and forth operation while
another is for circular operations. Instead, we are more focused on
demonstrating the endless possibilities of the programming concept.
After mastering the three basic operations, G, T and O, everyone can
design and realize his P-TENGs, maybe even better than the Bennet
doubler and the charge oscillator.

Nano Energy 78 (2020) 105241
4. Experimental section

Characterization: A programmable electrometer (Keithley model
6514) was used for the charges, and the output voltage was measured by
an oscilloscope (Keysight, DSOX3034T) with an internal resistance 100
MQ.
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