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A B S T R A C T

Scavenging the energy of human motions has attracted widespread attentions with the development of wearable
electronics. This paper for the first time proposed a progressive triboelectric nanogenerator based on macro-
triangle-prism-shaped conductive polyurethane (PU) foam and polytetrafluoroethylene (PTFE) film, which oc-
cupy the top and bottom spots of the triboelectric table respectively. The proposed macro-structured conductive
PU foam also integrates the functions of spring, spacer and electrode. Thanks to the innovative structures and
chosen of the materials, an extended current pulse width is obtained. A maximum RMS power density of 100 nJ/
cm2/tap was obtained with a 60MΩ resistive load and press force of 10 N@5Hz. By regulating the TENG with a
Bennet doubler conditioning circuit, the ubiquitous voltage saturation phenomenon when charging a storage
capacitor using full-wave rectifiers is avoided. Moreover, the energy per cycle, charging efficiency and totally
stored energy can be exponentially pumped up. With a Bennet circuit charging a 5 nF capacitor, a harvested
energy density of ~ 710 nJ/cm2/tap was obtained when voltage across the capacitor was 400 V. Putting the
device under sole within 25 human steps, the totally stored energy was 0.43 mJ with a Bennet circuit, 3.6 times
higher than that using a full-wave rectifier (0.12mJ). The Bennet was proven better for regulating the tribo-
electric nanogenerators with long operation-time compared to the classical full-wave rectifier.

1. Introduction

There is a continuously growing demand for new power sources
with the rapid development of flexible electronics and wireless sensing
nodes for applications in medical and structural health monitoring,
internet of things (IoT) and environmental sensing [1–5]. The most
commonly used power, i.e. chemical battery, is always accompanied
with a limited lifetime and environmental problems [6]. The nano-
generator, which transduces environmentally existing energy including
solar, thermal, mechanical and chemical energy to electricity, is a re-
markable solution due to its renewable, flexible and sustainable prop-
erties [7]. Among different environmental energy sources, mechanical
energy from vibrations, body motion, water/acoustic waves and even
wind flow, is widely distributed and relatively easy to be harvested for
the applications of wearable electronics. Therefore, emerging techni-
ques including piezoelectric [8–10] and triboelectric-electret nano-
generators (TENG) [11–19] attract a wide attention, owing to the
possibility of developing high-efficiency, flexible, biocompatible, and
environmentally friendly mechanical energy harvesting devices. TENGs

are particular electrostatic kinetic energy harvesters (e-KEH) [20] based
on the coupling of contact electrification and electrostatic induction.
Among four basic working modes [11] of TENG, the contact-separate
(CS) mode is mostly concerned because of its high-efficiency and wide
range of application [21]. CS-TENG consists in physical contact of two
materials with different abilities of attracting electrons. Opposite
charges are left on the surfaces of the two friction materials, and a
current will take place from one electrode to another to rebalance the
electrostatic field when they contact/separate each other with me-
chanical force, as for any e-KEH.

The output performances of TENG can be improved by enlarging the
surface area [22], increasing the surface charge density [23,24], or
adding 2-dimensional materials as charge store layers [25]. However,
least attentions were paid to the elastic part of the TENG, although it is
of great significance for the output performances. The material prop-
erties and structural designs of the mechanical springs define the con-
tacting time, the approaching and detaching velocity, and the separ-
ating gap of the two electrodes, all these three points being crucial for a
TENG. Various spring designs and materials have been tested including
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classical metal spring [15], flexible polymer such as Kapton [26], ar-
ched or wave-shaped structures integrated with electrodes [14,27,28],
and flat foam [29] as spacers to separate the two friction layers.
However, the above designs have the drawbacks of wasting spaces and/
or being sometimes not fully flexible. More advanced structure designs
allow to enhance the electrical performances and application practi-
cality of the TENG, for instances the bellows-type [17] that includes the
packaging of the TENG, multilayers stacked silicone elastomers [30],
and paper-cutting structures [31,32]. Interestingly, we noted that no
researchers selected the commercial available low-cost open-cellular
polyurethane (PU) foam as the spring materials except [29] utilizing
flat PU foam as a spacer. In addition to the high shape recovery prop-
erty of the PU foam, which gives it the potential to be a good spring, the
PU foam is also a good friction layer since it occupies the top spot of
positive materials in the triboelectric table [11]. The only time PU foam
was used as the friction material was reported in [33].

In this paper, the authors propose a novel TENG based on a macro-
structured conductive PU foam (C-PUF), which is PU foam doped with
conductive carbon black powder, and a polytetrafluoroethylene (PTFE)
film that is close to the bottom of the triboelectric table [11]. The C-PUF
was shaped into macro scale triangle prisms, while its porous surface

has micro/nano 3D structures. At the same time, C-PUF plays the roles
of spring, spacer, friction layer and electrode. To the best knowledge of
the authors, this is the first time that a conductive foam, and in parti-
cular C-PUF, is used for TENG in such a way: thanks to the macro-
triangle prism shape, the contact and separation between the two
electrodes become progressive. This means that the friction area is
gradually growing/decreasing as the external force is applied/released.
In this way the device operates as a mix between the contact-separation
and the sliding modes. Due to its innovative structures and the chosen
materials, the TENG gets the property of self-release without using extra
springs. As it will be shown in the next section, the area below the
current curve (that is directly related to the width of the current peak
and to the harvested energy) is highly extended because the contacting
time between the two friction materials are greatly enhanced thanks to
the progressive contact and separate actions. The proposed TENG is
particularly suitable for practical applications such as energy harvesting
and pressure sensing for in/under sole during human walking. In ad-
dition, we also experimentally demonstrate that the universal voltage
saturation phenomenon when charging a capacitor with a full-wave
rectifier within a certain operation cycles can be avoided by using a
Bennet doubler conditioning circuit [34–36]. The Bennet doubler

Fig. 1. Illustration and principles of the fabricated TENG. Diagram of the TENG (a). Top view b(i), side view b(ii), and fabricated C-PUF with triangle prisms b(iii).
SEM image of the C-PUF (c). Process of the electron transport between different layers during operation (d). Measured transient current of the TENG (e), the inset
figure is the current of a TENG using planar copper and PTFE as the friction materials. Capacitance variation of the TENG (e). Measurement setup (g).
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conditioning circuit also leads to a considerable improvement on the
harvested energy per cycle and charging efficiency.

2. Experimental section

2.1. Comparison of materials

We first compared the output performances of a basic contact se-
paration TENG using planar un-conductive PU foam (UC-PUF), copper
or C-PUF (from Shanghai Leenol Industrial Co., Ltd) as the positive
friction materials. The PU foams are fabricated with ~ 60–65% polyol/
polyester resin, ~ 25% TDI (toluene-2, 4-diisocyanate), and ~ 5–10%
water-soluble resin. In addition, the C-PUF is doped with ~5% con-
ductive carbon black powder. The density of both PU foam is ~ 25 kg/
m3. The surface resistivity of the C-PUF is 103–106 Ω/sq, while that of
the UC-PUF is> 1012 Ω/sq. The testing setup and results are shown in
Supplementary material (note 1 and Fig. S1). The output peak voltage
of the C-PUF-based TENG with 100MΩ load is ~ 46 V, while that of the
TENG with copper and UC-PUF are ~ 36 V and ~ 12 V, respectively.
UC-PUF had poor performances compared to C-PUF because the large
thickness of the UC-PUF (5mm) severally limits the available maximum
capacitance Cmax(foam), the capacitance variation of the TENG and then
the energy transduction. This maximum capacitance is given by:

=
+

C
ε S

d dmax foam
eff eff

PTFE foam
( )

(1)

where εeff is the effective permittivity of dielectrics between the elec-
trodes, Seff is the effective surface area of the overlapping electrodes,
dPTFE and dfoam are the thicknesses of PTFE and PU foam in full com-
pression respectively. However, because of the conductive carbon black
power inside of the C-PUF, the gap dfoam almost disappeared and thus
the output is much higher. In addition, because of its rough surface that
created higher friction, the C-PUF TENG gets better results than flat
copper.

2.2. Fabrication of the TENG

A schematic of the proposed TENG is shown in Fig. 1a. First, an
aluminium electrode with a dimension of 60mm×60mm ×100 µm
was pasted to an insulating Kapton substrate. Then a PTFE film of
50 µm was sticked to the aluminium electrode, as the negative friction
layer. The second electrode of the device was fabricated using the C-
PUF with initial thickness of 10mm, manually shaped with 5 triangle
prisms. The C-PUF was sticked to a paper substrate. Pictures of the
TENG are shown in Fig. 1b including its top view, side view and shaped
C-PUF. A SEM image of the C-PUF is shown in Fig. 1c. The PTFE film is
a little larger (65× 65mm2) than the aluminium to make sure that

Fig. 2. Electrical characterization of the TENG with a resistive load. Open-circuit voltage (a), short-circuit current (b), and transferred charges in short circuit mode
of the TENG (c). TENG peak current/voltage (d). Converted power (e) versus load resistance. TENG QV cycles with different load resistance (f).
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there is no short circuit between the aluminium electrode and the C-
PUF electrode during operation of the TENG.

2.3. Experimental setup

The fabricated device was placed under a vibration shaker (MODAL
SHOP K2007E01), where the vibration frequency and amplitude/force
can be controlled with a signal generator (Tektronix AFG3102). The
mechanical setup of the shaker is shown in Fig. S2a, and its picture is
shown in Fig. 1g. The applied force was measured using a force sensor.
The output voltage of the device was measured with a digital oscillo-
scope (LeCroy 9354AL) at the output of a voltage follower. The current
was measured with a picoammeter (Keithley 6485), and recorded
through GPIB on a PC. Signal rectification was obtained with a full-
wave rectifier or a Bennet doubler conditioning circuit, using low-
leakage diodes having a reverse voltage of ~ 250 V. The TENG capa-
citance variation was measured using the technique in [37]. The ca-
pacitance variation of the device during press and release is shown in
Fig. 1f, indicating a capacitance variation of ~ 3 with a peak force of
10 N.

3. Results and discussions

3.1. Working principle

The operation process of the TENG is shown in Fig. 1d(i)–(v). After a
transitory regime (Fig. 1d(i)) where the PTFE triboelectric-electret layer

will be charged at its saturation level [38], the surface of the PTFE and
C-PUF will be distributed with negative and positive charges respec-
tively (Fig. 1d(ii)), due to the tendency of PTFE to gain electrons and C-
PUF to lose electrons. Due to the original macro-shape of the C-PUF,
when the device is pressed, the contact (or friction) surface area be-
tween PTFE and C-PUF increases progressively. At the same time the
gap between the aluminium and the C-PUF electrodes decreases
(Fig. 1d(iii)), then the transducer's capacitance increased. Simulta-
neously, a current is flowing from the aluminium electrode to C-PUF
until C-PUF is fully pressed (Fig. 1d(iv)), corresponding to the TENG
maximum capacitance. In contrast, the contact surface area and TENG
capacitance progressively decreases while releasing the pressure on the
shaped C-PUF, leading to an opposite current until the C-PUF is fully
released (Fig. 1d(v)–(ii)). The measured transient current is shown in
Fig. 1e. It has noted that this current is not like the current transient
response of the traditional contact-separate TENG with solid-solid
contact [14–17] that is always accompanied with thin and tall peaks
(shown by the inset in Fig. 1e where copper is used). It is more like the
TENG with solid-fluid contact that shows a much wider pulse width
[39]. This is due to the high friction time between PTFE and the tri-
angular prism shaped C-PUF caused by the progressive contact. Even if
the maximum value of the current peak is smaller, its width is greatly
improves. It corresponds to an increase of the root means square (RMS)
current, which is the only relevant value in terms of energy conversion
[36].

Fig. 3. Electrical characterizations of the TENG under different press forces and frequencies. Open-circuit voltage (a), short-circuit current (b) and transferred charges
(c) of the TENG versus frequency with a constant force of 10 N. Open-circuit voltage (d), short-circuit current (e) and transferred charges (f) of the device versus press
force with a frequency of 5 Hz. (g) Peak values of the open-circuit voltage and short-circuit current as functions of the frequency. (h) Peak values of the open-circuit
voltage and short-circuit current as functions of the press force. (i) Transferred charges in short-circuit mode as the functions of the frequency and force.
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3.2. Power delivery with resistive loads

In order to characterize the TENG, we first connected it to a resistive
loads and we used the vibration shaker to press the device with a
maximal force of 10 N and a frequency of 5 Hz. The open-circuit voltage
is obtained with a resistive load of 6 GΩ, and the electrical setup is
shown in Supplementary material Fig. S2b. The peak values of the
open-circuit voltage and short-circuit current are 102 V and 2.2 µA re-
spectively, as depicted in Fig. 2a and b. The transferred charges
(Fig. 2c) are calculated based on the time integration of the current:

∫=Q idtt
t

00
0 . The peak voltage and current of the TENG with variable

resistive load are shown in Fig. 2d, and the electrical measurement
setup is shown in Supplementary material Fig. S2c. The maximum in-
stantaneous power appears at the optimized load of 60MΩ (shown in
Fig. 2e) and is equal to 53 µW, corresponding to a power density of ~
1.5 µW/cm2. More important, the RMS power density is ~ 0.52 µW/
cm2, corresponding to 100 nJ/cm2/tap and to 3.7 µJ per tap for the full
device.

The QV cycle (charges versus voltage) is an intuitive geometrical
tool to describe the operation of any electrostatic energy harvester [20].
It allows a quick calculation of the amount of the converted energy

during one cycle of the transducer's capacitance variation using simple
geometric arguments: the converted energy in a given cycle is equal to
the area enclosed by the QV loop for this cycle [13,40,41]. As shown in
Fig. 2f, the area of the QV cycle gets the maximum at the resistive load
of 60MΩ, which perfectly matches the optimized instantaneous peak
power in Fig. 2e.

TENGs are usually used to scavenge the low-frequency environ-
mental energy by direct applied pressure. Thus frequency and force
responses of the TENG have been investigated. The transient open-cir-
cuit voltage, short-circuit current and transferred charges (in short
circuit mode) of the device versus frequency with a force of 10 N were
recorded in Fig. 3a–c respectively. The peak values of the open-circuit
voltage and short-circuit current versus frequency are summarized in
Fig. 3g. The open-circuit voltage is more or less constant around 100 V
(it reaches a maximum at 2 Hz with a peak value of 120 V, and the
minimum peak voltages from 1Hz to 10 Hz are larger than 95 V). The
transferred charges in short circuit mode (shown in Fig. 3i) are also not
very sensitive to the frequency, on the contrary to the short-circuit
current that operates as a linear function.

With the frequency fixed to 5 Hz, the open-circuit voltage, short-
circuit current and transferred charges of the TENG were recorded with

Fig. 4. Electrical characterization of the TENG with a full-wave rectifier. Voltage of the storage capacitor (1 µF) versus time (a), energy per cycle versus time (b) and
energy per cycle versus voltage (c) under different press forces with a constant frequency of 5 Hz. Voltage of the storage capacitor (d), energy per cycle versus time (e)
and energy per cycle versus voltage (f) with different values of capacitances under a press force of 10 N@5Hz.
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the variation of the applied press force and shown in Fig. 3d–f re-
spectively. The peak values of the open-circuit voltage and short-circuit
current as functions of the force are summarized in Fig. 3h. The peak
voltage raises up when increasing the force until the force reaches 8 N.
After then, the peak voltage do not increase, no matter the value of the
force. This is because the capacitance variation achieves its maximum
around 8 N. The transferred charges versus forces in short circuit mode
perform similarly, as shown in Fig. 3i. In contrast, the short-circuit
current is linearly growing with the increasing force, as shown in
Fig. 3h. The reason is that a larger force causes a faster press-release
cycle, while the stiffness and deformation of the C-PUF are kept con-
stant.

3.3. Power delivery with a full-wave rectifier

A 1 µF capacitor was charged through a full-wave rectifier, and the
voltage of the storage capacitor was monitored with a follower (elec-
trical measurement setup can be found in Supplementary material Fig.
S3a). Output voltages versus various applied forces on a 1 µF capacitor
and a fixed frequency of 5 Hz are shown in Fig. 4a. As expected, the

slope of the charging curve is increasing with a larger force. The total
accumulated energy after n cycles is calculated based on:

=E C V /2tot res n
2 (2)

where Cres is the storage capacitor. The converted energy per cycle,
which represents the stored energy during one press-release cycle, is
another important factor to judge the performance of the TENG [35]. It
can be extracted from:

∆ = −+E C V V( )/2cyc res n n1
2 2 (3)

+Vn 1 and Vn meaning the voltage across Cres after +n 1 and n cycles
respectively. Fig. 4b shows the energy per cycle growing up with time.
The energy per cycle is progressively reaching a saturated value since
the tangent slope is getting smaller and smaller with time. After 100
taps (20 s), the energy per cycles are 0.65 µJ/cycle at 3 N and 1.96 µJ/
cycle at 10 N. The converted energy per cycle versus the voltage across
Cres is shown in Fig. 4c. As for any e-KEH, the higher the voltage on
Cres, the higher the converted energy per cycle. When the capacitor
voltage reaches 15 V, the energy per cycles are 1.11 µJ/cycle at 3 N

Fig. 5. Electrical characterizations of charging a capacitor with a Bennet circuit and a full-wave rectifier with a constant frequency of 5 Hz. Voltage of Cres (a), energy
per cycle of Cres versus time (b), and energy per cycle of Cres versus voltage (c) under Bennet circuit with different press forces. Voltage of Cap (d), energy per cycle of
Cap versus time (e), and energy per cycle of Cap versus voltage (f) under full-wave rectifier with different press forces. The inset figures in (c) and (f) are the brief
schematics of Bennet and full-wave circuit.
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after 190 taps and 2.02 µJ/cycle (~ 56 nJ/cm2/tap) after 100 taps at
10 N. Concerning the effect of the frequency, the capacitor voltage,
energy per cycle versus time and voltage are shown in Supplementary
material (Fig. S4).

Similarly as for resistive loads, the capacitive load should be care-
fully chosen [42] for TENG. Therefore, here we studied the charging
performance of the TENG with variable capacitors. Fig. 4d–f show the
voltage, energy per cycle versus time and voltage with variable capa-
citances respectively. For sure, when capacitance increases, the time to
get a certain value of energy per cycle is going up. What's interesting is
that the energy per cycle is growing faster with a smaller capacitor. And
with the same voltage, the capacitor gets almost the same energy per
cycle seen from Fig. 4f. The totally stored energy versus time with
different capacitance is shown in Supplementary material Fig. S5. It is
obtained that a smaller capacitance is faster than a larger one to store
the same energy.

3.4. Power delivery with a Bennet doubler

As it can be seen in the above results and many other previous works
[43,44], the output voltage of diode-bridge rectifiers is limited to the
output voltage of the TENG, which is equivalent to a saturation phe-
nomenon. We recently proposed to use a Bennet doubler conditioning
circuit with TENGs [34], which increases the voltage across the storage
capacitor exponentially to an ultra-high value [45]. Limitations can
come from the spring-softening effect in inertial e-KEH [20], the diode
reverse current and the diode Zenner voltage [35], or even the air
breakdown according to the Paschen law.

In this section, a Bennet doubler conditioning circuit is used to
rectify the TENG output voltage. The setup of the Bennet circuit is
described in the Supplementary material (Fig. S3b). The voltages across
Cres versus time and for various applied forces with the Bennet doubler
circuit are shown in Fig. 5a. When the force is larger than 5 N, the losses

in the circuit become negligible and the output voltage tends to increase
as an exponential function. The reason why the exponential increase
appears only with larger forces, is because the Bennet doubler requires
a capacitance variation larger than 2 [41], which can hardly be fulfilled
with a small press force. Voltage across Cres reaches 400 V within less
than 8 s, and the voltage can be even higher with time. As a compar-
ison, a full-wave rectifier with a capacitor divider was also studied and
the setup is shown in Supplementary material (Fig. S3c). The voltage
across Cres gets to a saturated voltage of ~ 260 V within 5 s with the full-
wave rectifier, as shown in Fig. 5d. By comparing the energy per cycle
versus time between Bennet circuit and full-wave rectifier in Fig. 5b and
e, it can be concluded that the converted energy per cycle with the
Bennet doubler circuit is always increasing unless the conditions men-
tioned above are reached (strong electro-mechanical coupling, diode
losses or dielectric breakdown), while that with full-wave rectifier is
first increasing to a peak value and then quickly drops progressively to
zero when the output voltage across Cres reaches the voltage across the
TENG. When press force is set to 10 N at 5 Hz, the energy per cycle
reaches 25.6 µJ/cycle (128 µW) within 7.8 s with the Bennet doubler
circuit, while the peak value of energy per cycle using the full-wave
rectifier is 10 µJ/cycle (50 µW) at 0.7 s.

Furthermore, with a larger storage capacitor, such as a 0.1 µF ca-
pacitor (Cres1 in Fig. S3(b)) in parallel with a 2 µF capacitor (Cres2 in Fig.
S3(b)), corresponding to a storage capacitance of 0.095 µF, the per-
formances of the Bennet doubler and the full-wave rectifier were
compared (see Supplementary material Fig. S6). The results indicate
that the Bennet doubler has better charging performance in case the
operation time is long and the voltage is high, while the full-wave
rectifier does better at the initial or the low-voltage stages.

3.5. Energy harvesting under sole

In this section, we placed the TENG under a sole to evaluate its

Fig. 6. Output voltage of the capacitor (a) and energy per cycle versus time (b) with Bennet circuit; output voltage of the capacitor (c) and energy per cycle versus
time (d) with full-wave rectifier. The inset figures in (b) and (d) are the corresponding total storage energy.
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performance for human walking energy harvesting. The tests were
performed with both Bennet doubler and full-wave circuits, and the
electrical schematics are shown in Supplementary material Fig. S3b and
c respectively. The step frequency is 1 Hz. With the Bennet doubler, the
converted energy achieves 40.6 μJ/cycle within 25 s (25 steps), corre-
sponding to a harvesting power of 40.6 μW when the TENG was put
under the footheel. When the TENG was put under the forefoot, it
achieves 24.1 μJ/cycle within 48 steps. In comparison, the energy per
cycle using a full-wave rectifier is limited to 14 μJ/cycle (footheel) after
2.5 s, as shown in Fig. 6d. The total harvested energy using the Bennet
doubler under footheel is 0.43mJ within 25 steps (see the inset in
Fig. 6b), while it is only 0.12mJ with full-wave rectifier as shown in the
inset in Fig. 6d. Thus, within 25 steps the total harvested energy using
the Bennet doubler is almost 3 times better than with the full-wave
rectifier.

4. Conclusions

In summary, a progressive contact-separate TENG based on macro-
shaped and commercially supplied conductive polyurethane foam was
demonstrated. Its electrical characterizations with resistive loads and
power delivery with capacitive loads regulated with a full-wave recti-
fier or a Bennet circuit were studied. The macro-structured C-PUF with
triangle prisms plays the roles of spring, spacer, friction material and
also electrode. A maximum converted energy density of ~ 100 nJ/cm2/
tap with a 60MΩ resistive load as a conditioning circuit is achieved
when press force is 10 N@5Hz. With a full-wave diode bridge circuit on
a 1 µF capacitor, a harvested energy density of ~ 56 nJ/cm2/tap was
achieved when the voltage across the capacitor was 15 V after 100 taps.
With a Bennet doubler circuit on a 5 nF capacitor, a harvested energy
density of ~ 710 nJ/cm2/tap was obtained when voltage across the
capacitor was 400 V after 40 taps.

It was proven that the Bennet doubler conditioning circuit is much
better to be used for TENG in the situation with long-time operations.
These demonstrations provide another possible structure design, ma-
terial and conditioning circuit for TENGs. However, the resistivity of
the C-PUF is not as good as the metal electrode, which limits the output
current of the device. Therefore, it is better to fabricate conductive PU
foam doped with carbon nanotube, to enhance the conductivity of the
foam. A drawback of using the Bennet circuit is the starting time or
initial time is with low charging efficiency, and the final voltage of the
storage capacitor is so high making the following circuit complicated
for matching the voltage limitation of any electronics. In the future
work, we will focus on lowering the voltage of the storage capacitor
based on Bennet circuit while keeping its charging efficiency.
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