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The Advances in Conversion Techniques in
Triboelectric Energy Harvesting: A Review

Wenyu Peng ™, Student Member, IEEE, and Sijun Du™, Senior Member, IEEE

Abstract— A triboelectric nanogenerator (TENG) is a new
transducer utilizing contact electrification and electrostatic
induction to transform mechanical energy into electric energy.
Due to its high energy density and flexibility, it can be employed
to make electronic devices self-powered by harvesting ambient
mechanical energy in many application scenarios, such as
biomedical devices, wearable electronics, and Internet-of-Things
(IoT) sensors. However, due to the time-varying and low internal
capacitance of a TENG, it is challenging to extract electrical
energy from it. Hence, good power conversion techniques are
crucial in TENG energy harvesting systems. Currently, studies
on dedicated integrated power conversion techniques are very
limited. Due to the exponentially increasing research interests in
TENG, a comprehensive study on the TENG energy harvesting
system, emphasizing integrated-circuit (IC) power conversion
techniques, is urgently needed. This paper summarizes and
compares the state-of-the-art triboelectric energy harvesting
systems, focusing on different power conversion techniques for
output power enhancement. Some techniques, which have been
widely used in other relevant energy harvesting systems, are
also mentioned to inspire innovative design strategies for TENG
systems.

Index Terms—Power management, triboelectric, transducer,
rectifier, switched-capacitor converter, synchronous switching,
MPPT.

I. INTRODUCTION

URRENTLY, electronic devices, e.g., Internet-of-Things

(IoT) and biomedical devices, are widely used to make
people’s life smarter and easier. Most of them are powered
by batteries, which will run out of energy eventually. Thus,
battery-free systems have drawn much research interest in
the past decade with energy harvesting technology, which
harvests ambient sustainable energy and converts it into
usable electrical form. Due to the ubiquity of kinetic energy,
interest in kinetic energy harvesting dramatically increased
in past decades. Piezoelectric energy harvesting is one of
the most popular techniques for harvesting kinetic energy.
It transduces mechanical movement/vibration into electricity,
relying on the vibration of internal cantilevers or plates.
Consequently, it can only provide high output power with
periodic and stable mechanical vibration. However, many
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mechanical movements, such as human motions and tides,
are irregular and unpredictable, leading to extremely low
efficiency using piezoelectric energy harvesters. To harvest
mechanical energy in much broader application scenarios,
a new mechanoelectrical transducer was proposed recently:
the triboelectric nanogenerator (TENG).

A TENG works based on triboelectrification (contact
electrification phenomenon) and electrostatic induction. Tri-
boelectrification refers to the redistribution of electric charges
between two different substances when squeezed or rubbed
against each other. When the distance or contact area between
them changes, an electric potential will be induced due
to the displacement current generated by the displacement
of the static charge [1]. This indicates the potential of
triboelectrification in sensing displacement and transducing
mechanical energy to electric energy.

The first TENG was proposed in 2012 [2]. In recent years,
the research interest in triboelectric energy harvesting has
been exponentially increasing [3]. TENG is advantageous in
high flexibility and energy density, making it more suitable
for miniaturization and planarization than piezoelectric and
electrostatic energy harvesters [4], [5], [6]. Different from
piezoelectric and electromagnetic kinetic energy harvesting,
triboelectric energy harvesting is not limited by the resonant
frequency and thus can transduce more power at low and
non-periodic vibration frequency [7], [8]. As a consequence,
it has been experimentally validated to harvest mechanical
energy from the human body when embedded in textile [9],
or bracelet [10], [11], or even from the motion of organs [12]
to provide a stable power supply to low-power wearable or
implantable devices, such as IoT environment monitors [13],
health monitors [14], [15], [16], [17], [18], [19], and human-
machine interfaces [20], [21], [22]. Furthermore, the feasibility
of TENG in harvesting tide energy, wave energy [23], [24] and
wind energy [25], [26] has been exploited.

However, energy extraction from TENG with conventional
circuits is difficult due to its time-varying high internal
impedance. The integrated circuit (IC) technology provides the
possibility and potential in enhancing energy extraction and
harvesting from TENG, thanks to small leakage current and
fully custom control designs. It has been widely implemented
in power management and energy harvesting, with many
efficient conversion techniques developed. However, despite
many studies on TENG structures and applications, few studies
have been devoted to providing a comprehensive overview
of the IC power conditioning circuit for triboelectric energy
harvesting. Due to the increasing research interest in designing
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Fig. 1. The main contents organization of this review.

TENG-based systems, a review of the state-of-the-art IC
conversion techniques and associated circuits is needed to
inspire new harvesters for TENG. Thus, this review will
start with a summary of the TENG features and energy
harvesting specifications in Section II. Then the IC conversion
techniques are categorized and introduced, in turn, from the
simple passive configuration (Section III) to the complicated
active configuration (Section IV). Apart from the converters,
advanced integrated techniques to further enhance triboelectric
energy harvesting performance are necessary and will be
presented in Section V. After the introduction to conversion
techniques, a comparison table is expected in Section VI to
compare their practical performance of them with the state-
of-the-art. At last, a conclusion will be given. A diagram of
the main content’s structure is presented in Fig. 1

II. REQUIREMENTS FOR TRIBOELECTRIC
ENERGY HARVESTING

A. Fundamental Theories of TENG

1) Structures: The triboelectrification phenomenon gener-
ates static electricity on dielectric, whose polarity and quantity
are determined by electron affinities of materials [27], [28].
The displacement of charges generates electrical potential,
which contains energy to be harvested and utilized. Typically,
a TENG has three working modes: vertical contact-separation
mode, lateral-sliding mode, and freestanding mode. Besides,
there are two electrode configurations: single-electrode and
double-electrode [28]. The combinations of different working
modes and electrode configurations are illustrated in Fig. 2.

The vertical contact-separation mode has two dielectrics,
or one dielectric and one electrode plate, moving face to face
as presented in Fig. 2a and Fig. 2b. Triboelectrification occurs
when they are in contact and squeezed. When two plates
move away from each other, a voltage potential difference is
induced between them by the displacement current. In lateral-
sliding and freestanding mode, the plates can have rotational
or translational movement with the triboelectricity generated
by rubbing [29]. For the double-electrode configurations
presented in Fig. 2b and Fig. 2c, when the effective contact
area between dielectrics changes, the charge on the non-
overlapping region induces different potentials on the anode
and cathode electrode plates. While for the single-electrode
lateral-sliding TENG illustrated in Fig. 2e, the potential is
induced by the charge on the dielectric at the overlapping
area between the dielectric and the electrode. With the
lateral-sliding and freestanding TENG, the kinetic energy
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Fig. 2. Two electrode configurations for TENGs in different working
modes: double-electrode configuration in (a) vertical contact-separation
mode, (b) lateral-sliding mode, and (c) freestanding mode; Single-electrode
configuration in (d) vertical contact-separation mode, and (e) lateral-sliding
mode [28]. (f) Figure legends.

in the parallel relative motion can be harvested. For single
electrode configurations, the current flows between electrode
and ground, so the ground can be set as either anode or cathode
in this case [28].

In the rest of this section, the double-electrode configuration
will be taken as an example for theoretical analysis, but
both single- and double-electrode configurations have similar
properties.

2) Feature Analysis and Modeling: To design energy
harvesting circuits for a TENG, the characteristics of current
and voltage generated from it must be taken into consideration.
The real-time output of a TENG can be comprehensively
described by the V-Q-x relationship with three variables: the
voltage between electrodes V, the generated charge Q, and
the relative displacement between the plates x [30]. Since
the TENG in contact-separation mode and sliding mode have
different characteristics, they should be analyzed separately.
First, the V-Q-x relationship of the vertical contact-separation
TENG is elucidated. Based on its working mechanism, it can
be approximately considered as a variable capacitor with a
uniform electric field between plate electrodes [31], [32]. Thus,
the induced V is derived by the product of x and the electric
field intensity mathematically. The internal electric field of
TENG is the superposition of two electric fields, induced by
the triboelectric charge and the Q on the electrode plates
respectively. Therefore, the V-Q-x relationship of the vertical
contact-separation TENG can be derived by the following
equation:

o
x)+ — (1)
€

where:

S is the plate size;

€0 is the vacuum permittivity.

dy and d; are the thicknesses of dielectric layers;

€1 and €, are the relative dielectric permittivity of each
dielectric layer;

o is the surface charge density of the dielectric generated
by the triboelectrification;

These variables and parameters are labeled in Fig. 3a.
Regarding single-electrode contact-separation TENGs, Eq. 1
also works except that only one dielectric layer exists; hence,
one of the d; and dp should be set to 0. Eq. 1 can also be
expressed in another form:

V= —L—i- Voc 2
CTENG
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Fig. 3. The theoretical model of (a) the double-electrode vertical
contact-separation TENG and (b) the double-electrode lateral-sliding TENG
with significant parameters labeled [30], [33].
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Fig. 4. (a) The theoretical equivalent voltage source model and (b) the
theoretical equivalent current source model of TENG [34]. (c) The waveform
of the real-time internal capacitance (Crfg), a current source (Igc), and
a voltage source (Vo) are illustrated when TENG operates in sinusoidal
vibration (x).

where,

Crave = — =12 @
TENG = = 0=t
oxX
Voc = o “)

Another important parameter of TENG in analyzing the
energy extraction efficiency is the maximal charge output, i.e.,
the total output charge under short-circuit conditions in each
semi-cycle, denoted as Qgc. Its relationship with x is derived
from Eq. 1 with V = 0 and expressed as:

Sox
dy + x

Eq. 2 is derived from an electronic perspective of a vertical
contact-separation TENG, i.e., an equivalent circuit model
composed of a voltage source that is identical to the potential
induced by the electrostatic surface charge, i.e., the open-
circuit voltage of TENG Vpc, and an inherent capacitor
with a variable capacitance Ctgyg connected in series [34].
This model is illustrated in Fig. 4(a), with the expression of
Voc and Crgnc presented by Eq. 3 and Eq. 4 respectively.
Besides, the waveform of Vpc and Crpyg is illustrated
in Fig. 4(c) when TENG operates in sinusoidal vibration.
It is advantageous in its direct relationship with the physical
mechanism of TENG, as well as the linearity between the V¢
and x.

According to Norton’s theorem, this model can be
transformed into a current source, which is identical to the

Osc = @)
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short-circuit output current Isc, in parallel with the internal
impedance, as presented in Fig. 4(b). Due to the time-varying
capacitance Ctgyg, the expression of Igc with respect to
the displacement of TENG will be complicated. Nevertheless,
this model is advantageous in analyzing the phase difference
between the output voltage and current, and thus is commonly
utilized in active energy extractor design.

One problem with the V-Q-x relationship of the TENG
shown in Eq. 1 is that this equation is not always valid
when x approaches or exceeds the width of the dielectric.
In that case, the electric field becomes nonuniform, and the
induced potential becomes nonlinear to x [32]. In practice,
when x exceeds a certain threshold, the increase of V¢ cannot
match the decrease of CTgng; hence the voltage across the
TENG will drop, or invert if the TENG is in a loop. The
specific relationship between Voc and x under this condition
is complicated and influenced by many factors, such as the
shape and width of the dielectric, etc. In practice, this situation
can be avoided with several methods. The first method is
to assume that the Vpc stays unchanged when x exceeds a
certain threshold in simulations. This is the most convenient
method but can be inaccurate and may lead to unexpected
output, such as voltage drop or inversion. Another method
is to limit the displacement of TENG in both simulation
and practice. This solution guarantees consistency between
simulation and experiment but is not always practical.

Then, the V-Q-x relationship of lateral-sliding TENG
will be introduced. The freestanding TENG has a similar
property to the lateral-sliding TENG so they share the same
relationship. Despite different motion modes, the Eq. 2 is still
valid in this mode, which means that the equivalent circuit
models presented in Fig. 4 also work in lateral-sliding TENG.
However, the parameters C7gyg and Voc of it as well as Qsc¢
are different from those of vertical contact-separation TENG
aforementioned, which are supposed to be

cow( — x) dp d>
CTENG = ———— (do=—+—) (6)
do €rl €r2
Voc = o d, (7)
oc = w0l =) o
Osc =owx ®)

where /[ and w denote the length and width of the plate
respectively. All symbols represent the same parameters as
those in the contact-separation TENG and are labeled in the
theoretical model illustrated in Fig. 3b [33]. These equations
are valid when x is smaller than /. When x is larger than /,
the Vo is not related to the displacement but only determined
by the electrostatic surface charge induced by the triboelectric
effect. In lateral-sliding and freestanding TENGs, the Igc
of the current source model is linear to the x. However,
as it is still not always equal to the current from the source,
the voltage source model is recommended in lateral-sliding
TENGsS as well.

Inspired by the V-Q-x relationship, the V-0 plot has been
utilized to analyze the TENG output [35]. An example of the
V-Q plot is illustrated in Fig. 5. The V axis represents the
voltage across the TENG, while the Q axis represents the
output charge. Vpoc4 is identical to Vpc at the maximum
displacement, and the Qgsc+ is the total charge output on that
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Fig. 5. The V-Q plot of TENG.

condition. Vpc_ is identical to the voltage across the internal
capacitor when the charge on that is equal to Qgc+ and the
capacitance CTgyg reaches the maximum. In this case, the
slope of the dashed lines connecting (0, Voc+) and (Qsc+, 0)
is the reciprocal of the minimal C7 gx¢, while that connecting
origin and the point (Qsc+, Voc-) is the reciprocal of the
maximal Crgyc as presented in Fig. 5. The output energy
can be calculated by the following equation:

E:/VIdt:/VdQ 9)

Eq. 9 indicates that the output energy can be conveniently
represented by an area in the V-Q plot. As illustrated
in Fig. 5, when TENG works from #; to t,, the energy
output is represented by the shadow area and thus can be
calculated mathematically. Therefore, the V-Q plot is useful
in triboelectric energy harvesting design to calculate energy
extraction performance.

B. Requirements for Extracting Triboelectric Energy

Based on the characteristics of TENG analyzed before,
some requirements for triboelectric energy harvesting can be
summarized. First, if a TENG is experiencing a periodic
mechanical motion, the output of the TENG is an alternating-
current (AC) energy due to the internal capacitor. To use
the harvested energy and power load electronics, the AC
energy needs to be converted to the direct-current (DC)
form with a rectification technique. Unlike the piezoelectric
and electrostatic transducers, the TENG is not typically
implemented in vibration environments, making its output
similar to a shock in a mono-directional motion cycle
[36], [37]. Additionally, the voltage and current outputs are
usually asymmetric for motion in different directions, even
with the same distance [36], [38]. Therefore, those rectifiers
applied in triboelectric energy harvesting should work with
fast-changing input.

Another problem caused by the internal capacitor is that it
will generate a phase difference between current and voltage
outputs when the TENG is loaded capacitively. In this case,
an amount of charge will be wasted to compensate for the
phase delay of voltage; as a result, the energy extraction
performance is degraded. In piezoelectric energy harvesting,
some mature solutions to eliminate that phase difference
have been proposed and employed, such as the synchronous
switching techniques including synchronous electric charge
extraction (SECE) technique [39] and synchronized-switch
harvesting on inductor (SSHI) technique [40]. However,
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different from the constant internal capacitance of the
piezoelectric transducer, the internal capacitance of TENG
is time-varying, which limits the effectiveness of those
techniques.

Besides, the internal impedance of TENG is very high due
to the small internal capacitance and low operating frequency.
In practice, this causes high output voltage when TENG is
loaded with high resistance or in open-circuit conditions,
where high voltage tolerance of devices in the interfaces is
typically required. On the other hand, if the load impedance
is small, the current can rocket sharply at the beginning but
drop soon, and in this case, the power output is very low [41].
Therefore, to extract more energy from a TENG, the power
management interface must optimize its load impedance or
the rectification voltage based on the time-varying internal
impedance of the transducer [42].

In summary, the internal time-varying capacitive impedance
makes triboelectric energy harvesting much different from
the energy harvesting of other mechanical energy harvesters.
Over the past decade, several techniques were reported to
extract more energy from TENG. Commonly, the viability
and performance of an energy harvesting interface can be
evaluated from the following perspectives: (1) Efficiency;
(2) Stand-alone operation; (3) Circuit complexity; (4)
Adaptivity; (5) Microscale compatibility [43]. Therefore,
those energy harvesting techniques are evaluated from these
perspectives and reviewed in the following sections.

III. PASSIVE CONVERTERS

Among all power conversion techniques, passive power con-
verters are widely employed due to their simplicity, stability,
and capability for a cold startup, though they typically suffer
from low energy conversion efficiency. Passive converters are
composed of passive components such as capacitors, diodes,
or diode-connected transistors. The most typical passive
converter is the bridge rectifier, which can be divided into
two types: half-bridge rectifier (HBR) and full-bridge rectifier
(FBR). Besides, rectification can be implemented together
with voltage regulation via switched-capacitor technologies.
Two passive switched-capacitor converters, voltage multiplier
and Bennet’s doubler of electricity, have been reported in
harvesting triboelectric and electrostatic energy as well as
other power management systems. These AC-DC converters
will be introduced respectively, with their feasibility, strengths,
and weaknesses in triboelectric energy harvesting applications.

A. Passive Bridge Rectifiers

Full bridge and half bridge are the two most common
configurations of rectifiers. The half-bridge rectifier comprises
two diodes, where one diode allows current in one direction
to pass while the other diode shorts the AC source. The
full-bridge rectifier (FBR) employs two half-bridge rectifiers
to regulate the current in both polarities. This topology
can rectify current regardless of its polarity, allowing it to
extract more energy than the half-bridge configuration in one
cycle; hence, it has been implemented in most harvesters.
The energy harvesting interface comprising an FBR and a
rectification capacitor is named a standard energy harvesting
circuit, as presented in Fig. 6a. When the rectification voltage,

Authorized licensed use limited to: TU Delft Library. Downloaded on July 17,2023 at 11:04:25 UTC from IEEE Xplore. Restrictions apply.



PENG AND DU: ADVANCES IN CONVERSION TECHNIQUES IN TRIBOELECTRIC ENERGY HARVESTING: A REVIEW

Voc+ [~
Rectifier ~

1

1 SN

1 . j\
'Vstore —— ~
! - <

1

1

Vstore ~

~
~< Qsc+

Q

—Vstore ~

Energy-harvesting ~~~ _ R

| A —

Voc-

(@) (b)
Fig. 6. (a) The configuration and (b) V-Q plot of the standard energy
harvesting circuit in triboelectric energy harvesting.

i.e., the storage voltage V.. in this case, is fixed, the V-Q
plot of a standard energy harvesting circuit in triboelectric
energy harvesting is illustrated in Fig. 6b. The shaded area
indicates the energy output per cycle, which is determined by
the output charges and the rectification voltage.

In practice, implementing an FBR in triboelectric energy
harvesting faces several challenges, which differ regarding
application scenarios. For instance, in low-power applications,
the input voltage is low, so the rectifier should emphasize
the suppression of the leakage current and conduction loss,
while in high-power applications, it must tolerate high
rectification voltage, but the voltage drop on the diode is
comparatively negligible. Therefore, the implementations of
FBR in low-voltage and high-voltage applications will be
discussed separately in the following part.

1) Low-Voltage Full-Bridge Rectifiers: A significant appli-
cation of triboelectric nanogenerator (TENG) is to harvest
kinetic energy from human motion and power some
lightweight wearable devices. In this case, TENG usually has
nano-Watts output due to its small size and low working
frequency. Due to the high internal impedance, it outputs
several volts with nanoampere-level alternating current. The
advantage is that the system can start working from a cold
state easily. However, the power consumption and leakage
of the harvester must be very low. The integrated FBR is
more suitable in this situation with low leakage, smaller
size, and lower price compared to the discrete rectifier.
For on-chip implementation, the ordinary PN-junction-based
diode, presented in Fig. 7a, cannot be directly applied, which
has a high risk of latch-up, so the gated diode rectifier is
proposed with the diode-connected transistors as presented
in Fig. 7b [44]. This is the simplest way to implement
an integrated FBR, but it has several drawbacks. First, the
power conversion efficiency of this design in low-voltage
systems is restricted by the forward voltage drop of diode-
connected transistors [45]. Besides, the weak inversion leakage
of transistors can be fatal in low-power energy harvesting
systems.

To decrease the conduction loss caused by transistors,
a different configuration that used to be widely employed in
piezoelectric energy harvesting can be employed, which is the
cross-coupled rectifier, i.e., negative voltage converter [46].
It is illustrated in Fig. 7c. In this topology, the voltage drop is
suppressed considerably, but the reflux current of this rectifier
may be bothering when the input voltage is lower than the
output voltage [45]. Another configuration is the active-diode
topology illustrated in Fig. 7d, where one pair of NMOS in
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Fig. 7. Different configurations of full-bridge rectifiers in triboelectric energy
harvesting. (a) Passive diode rectifier; (b) Diode-connected gated rectifier;
(c) Cross-coupled rectifier; (d) Active-diode rectifier [46].

the cross-coupled rectifier is replaced by transistors gated by
comparators. Since the comparator can amplify the voltage
difference between the input and output, the conduction loss
on the transistors is suppressed and the current permittivity
is raised. However, this rectifier relies on a voltage supply to
power the amplifiers [47].

Regarding the leakage loss, the active-diode rectifier can
block the leakage current but the cross-coupled rectifier can
make it worse. One possible amelioration to it is to cascade
multiple cross-coupled pairs [48], [49]. Another solution is to
substitute the cross-coupled CMOS pair to each transistor [50].
It is composed of a PMOS and an NMOS gated by the source
of each other, which guarantees an off-voltage further from
0 and thus eliminates leakage current. A dynamic leakage
suppression rectifier is implemented in [51] with four cross-
coupled CMOS pairs and employed to harvest electrical energy
from a low-power TENG. The leakage suppression of it is
demonstrated effective.

2) High-Voltage Full-Bridge Rectifiers: Despite application
scenarios in the low-voltage domain, TENG is also promising
in high-power energy harvesting. For instance, a 12.6 cm?
TENG can output 1.2 mW power [52]. However, due to
the high internal impedance of TENG, high power density
is always accompanied by high voltage, so the diodes must
tolerate high reverse voltage in this case. Since some discrete
diodes can easily tolerate a voltage as high as thousands of
volts, most triboelectric energy harvesting circuits reported
so far are designed with discrete components [53], [54].
However, external rectifiers implemented with commercial or
self-designed diodes are not cost-friendly in terms of the
printed circuit board (PCB) area compared to integrated circuit
(IC) [55]. Besides, active energy extraction techniques can be
implemented and enclosed in the power management unit,
which boosts the efficiency and decreases cost and size.
Therefore, the integrated high-voltage rectifier for TENG was
being explored.

A typical high-voltage IC technique is based on the high-
voltage bipolar-CMOS-DMOS (BCD) technology. The most
cost-friendly choice by now is the high-performance power
lateral double-diffused MOS (LDMOS). It is constructed with
an internal PN-junction with a breakdown voltage of up
to 70V [56]. Besides, the new generation of high-voltage
semiconductors including Silicon Carbide (SiC) and Gallium
Nitride (GaN) is expected to improve the triboelectric energy
harvesting efficiency in the future.

Based on these high-voltage IC techniques, some power
conditioning techniques implemented on chips are promising
to tackle the constraints introduced in Section II-B, including
the asymmetric and fast-changing output of TENG and
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the polarity difference between voltage and current, with
negligible power consumption compared to the extra energy
harvested from TENG. For instance, an integrated high-voltage
dual-output rectifier (DOR) is reported to make full use of the
asymmetric output of TENG [57]. The conventional full-bridge
rectifier (FBR) has a single output terminal, while in this work,
it is split into two. Besides, the instantaneous voltage drop of
TENG caused by the nonlinearity of the potential field is also
taken into consideration. To extract more energy in this case,
the rectification voltages at different output terminals are set
differently. This also eliminates part of the phase difference
and consequently extracts more charge from TENG. In the
implementation, a high voltage protector is designed to avoid
the current leakage between the outputs of DOR [55]. This
architecture can be improved in topology by isolating the
outputs with the inductor to remove the protector and suppress
the power dissipation of the interface circuit [58], [59].

Nevertheless, the polarity difference of the TENG output
cannot be entirely eliminated by FBR so different topologies
are expected. In [60], it is reported that the charge extracted
by the half-bridge rectifier per cycle exceeds that of FBR
when the rectification voltage goes higher. This is because
the half-bridge rectifier shorts the TENG periodically, which
eliminates the phase difference caused by the internal
capacitor. Consequently, the passive half-bridge rectifier might
be a solution to this problem but it wastes much energy
in the short-circuit phase [61]. This problem also occurs
in piezoelectric and electrostatic energy harvesting, where
some mature solutions have been proposed that can contribute
to triboelectric energy harvesting. Those techniques will be
reviewed in Section IV.

B. Passive Switched-Capacitor Converters

Though bridge rectifiers are highly effective and efficient in
rectification, they cannot regulate the output voltage. Hence a
DC-DC regulator has to be additionally added to the harvesters
after the bridge rectifier. If the rectification and regulation
can be integrated into one converter, the end-to-end efficiency
of energy harvesting is expected to be improved. Such an
AC-DC converter can be implemented with capacitors and
passive diodes, named a passive switched-capacitor converter.
It does not need external control signal to drive the voltage
conversion but utilizes the inherent polarity switching of AC
input, thus the implementation of passive switched-capacitor
converters is simplified. However, this makes the conversion
speed and efficiency dependent on the AC input frequency
and thus it is usually employed in high-frequency AC energy
harvesting. Besides, due to a large number of passive diodes
in the converter, the conversion loss is significant. To improve
the conversion performance, the passive diodes can be replaced
by active switches controlled by comparing the AC input to
suppress the conduction loss [62].

In the following part, two typical passive switched-
capacitor converters used in energy harvesting will be
introduced respectively based on the ascend and descend of
voltage outcome: voltage multiplier and Bennet’s doubler of
electricity.

1) Voltage Multiplier: A voltage multiplier is a typical
passive switched-capacitor converter usually used in a step-
up circuit [64]. Two commonly used configurations of it are
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Fig. 8. Passive voltage multiplier in (a) the Cockcroft-Walton configuration,
and (b) the Karthaus-Fischer configuration [63].
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Fig. 9. Bennet’s charge doubler in (a) electrostatic voltage conditioning [66]
and (b) triboelectric voltage conditioning [67].

illustrated in Fig. 8, which are the Cockcroft-Walton config-
uration and Karthaus-Fischer configuration respectively [63].
It can commutate the current and regulate the voltage outcome
to multiple times the magnitude of the energy source Vj,
autonomously based on the number of diode-capacitor pairs.
As the voltage output of triboelectric nanogenerator (TENG)
is inherently high, an ultra-high voltage can be gained by the
voltage multiplier, which is required by certain devices e.g.,
AC electroluminescence device [65]. However, this converter
is not suitable to regulate TENG for powering the microsystem
that requires a low voltage supply.

2) Bennet’s Doubler of Electricity: Bennet’s doubler of
electricity was first proposed hundreds of years ago and
was designed to induce and extract extra charge by shifting
the capacitance at the beginning [68]. Its application in
charging storage elements is illustrated in Fig. 9a [66]. For
each working cycle, the variable capacitor C, shrinks its
capacitance first to decrease the voltage V; and induce charges
on the other variable capacitor Cp. Then C, resets while
Cp, decreases its capacitance to increase the voltage V2 so
that extra charges are pumped back to the storage element
C1. At the end of each cycle, the charge on C; increases,
and so is the energy. This technique has been used in
electrostatic energy harvesting as these variable capacitors are
identical to the electrostatic pumps of electrostatic generators
[69], [70], [71], [72]. Since the internal capacitor of TENG
is also variable, the implementation of Bennet’s doubler in
triboelectric energy harvesting is explored.

The first application of Bennet’s doubler in triboelectric
energy harvesting is proposed by [67] with the structure
presented in Fig. 9b. To extract charge from TENG and
decrease the output voltage meanwhile, this structure is
different from the prior Bennet’s doubler and utilizes two static
capacitors Cs; and C, to halve the output voltage. In each
cycle, Cy and C, extract charges from TENG in series when
its internal capacitance Crgyg is small, and transfer more
charges back in parallel when Crgyc is large. There are
two operation modes determined by the ratio between the
maximum and the minimum of Cr gy, which is denoted as pt.
When ¢ > 2, Bennet’s doubler works in the exponential mode
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that the output voltage diverges and increases exponentially.
When p < 2, the voltage will increase convergently and
saturate after a certain number of cycles [67]. Commonly,
CtEenNG varies significantly, so Bennet’s doubler usually works
in the exponential mode in triboelectric energy harvesting.
In this case, the charge extracted to Cs and C, per cycle will
increase exponentially, as well as the power output; hence the
energy extracted by Bennet’s doubler can easily exceed that
of the passive full-bridge rectifier, where the charge output
decreases when the rectification voltage increases. In addition,
the energy gained by Bennet’s doubler concentrates on the
capacitor with the largest capacitance among Crgng, Cs,
and C,, which makes it easy to be harvested [67]. These
strengths make Bennet’s doubler a very promising approach
to triboelectric energy harvesting, having been employed in
several works [73], [74], [75].

However, there are several drawbacks limiting the appli-
cation of Bennet’s doubler in triboelectric energy harvesting.
The first one is the long warm-up time of Bennet’s doubler at
the first use. Despite the exponential boosting of the charge
accumulated on the capacitor, the charge induced per cycle
at the beginning is very small, so it takes multiple cycles to
reach the proposed operational voltage based on the working
frequency of TENG [76]. Additionally, the output voltage of
Bennet’s doubler fluctuates, resulting in extra energy loss, and
thus, an extra voltage stabilization technique is required to
provide a steady voltage supply.

IV. ACTIVE CONVERTERS

Active converters are implemented with active switches
that have lower conversion loss compared to passive devices.
Though additional gate drivers and control circuits are
required, some actively-switching converters can tackle the
aforementioned polarity difference between voltage and
current outputs of TENG, which significantly increases the
power output by multiple times that of a standard energy
harvesting circuit.

This section introduces two synchronous-switching tech-
niques: synchronous electric charge extraction (SECE) and
synchronized-switch harvesting. Both have been widely
applied in piezoelectric energy harvesting to avoid the
efficiency degradation caused by the polarity difference.
In addition, the active switched-capacitor converter will also
be discussed, which can be fully integrated and thus benefits
from smaller size and processing advance.

A. Synchronous Electric Charge Extraction (SECE)

SECE is a popular active rectification technique to boost
energy extraction performance and was first designed for
piezoelectric energy harvesting [39]. The typical circuit and
voltage waveform is illustrated in Fig. 10a and Fig. 10b,
respectively. Unlike the standard energy harvesting circuit, the
rectifier is directly connected to the voltage regulator without a
rectification capacitor. For most time in each semi-period, the
transducer is isolated, so the output voltage is identical to the
open-circuit voltage. When the voltage reaches an extremum,
the inductor extracts the energy rapidly through the red path
in phase 1 (¢1), as presented in Fig. 10a. Since all charges
accumulated on the internal capacitor are extracted, the voltage
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is reset at the end of ¢, so there is no polarity difference
between current and voltage output. Then the source is again
isolated in the next semi-period when the energy temporarily
stored in the inductor is transferred to the storage element
Cyore through the blue path in phase 2 (¢) [77]. In this way,
the energy output is enhanced compared to the standard energy
harvesting circuit because the charge is extracted and harvested
at a higher voltage. Note that the quadra-switch design realizes
a buck-boost regulator, so theoretically, the output of SECE
can be directly used to power electronic devices.

The energy output of TENG enhanced by SECE is analyzed
and presented by the V-Q plot in Fig. 10c. Due to the open-
circuit phase in SECE, the charge is extracted from TENG at
Voc so the energy output is boosted. The shaded area presents
the theoretical extra energy output in each cycle compared to
the standard energy harvesting circuit, which is considerable
and verified in discrete circuits [78], [79].

Due to the high open-circuit voltage of TENG, most
implementations of SECE in extracting triboelectric energy
are discrete circuits with mechanical switches. Some switches
utilize the structure of TENG and turn on autonomously when
the electrode moves to the extremum [80], [81]. However,
this design requires the electrode to move regularly so it is
incompatible in different scenarios. To implement a fully-
automatical and adaptive SECE harvester, IC technology is
required. The current and voltage detector implemented by
CMOS technology with a high-voltage integrated interface
can be helpful in the application of SECE in harvesting
triboelectric energy. A multi-shot energy extraction technique
implemented on-chip has been proposed recently, utilizing
SECE in limited voltage tolerance [82].

B. Synchronized-Switch Harvesting

The synchronized-switch harvesting technique is specialized
to eliminate the polarity difference between voltage and
current outputs to extract more energy. Its simplest topology
comprises a full-bridge rectifier (FBR) and a switch placed
across the energy source. The switch is turned on when
the direction of the current shifts to remove the residual
charge and reset the voltage. Thus it is named synchronous
short-circuit rectifier (SSCR). It has been proven to be
effective in synchronizing the voltage and current when TENG
moves to the extremum [83]. Besides, this synchronous short-
circuit path was recently added to the SECE interface in
piezoelectric energy harvesting to ensure stability and increase
the harvestable energy bandwidth [84], [85].

However, a large part of the energy accumulated on the
internal capacitor is wasted by SSCR in short-circuit phase.
This can be improved by utilizing an inductor to flip the
voltage instead of resetting it, which is the synchronized-
switch harvesting on inductor (SSHI) technique, i.e., bias-flip
rectifiers. Based on different topologies of inductor connection,
it can be divided into two types: parallel-SSHI and series-
SSHI [86]. The typical parallel-SSHI circuit and operation
waveform is illustrated in Fig. 11a and Fig. 11b, respectively.
When the current direction shifts, the switch will be turned
on so the voltage of the source, which was equal to the
rectification voltage, is flipped by the inductor [87]. When
the current in the inductor is zero, the voltage-flipping phase
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Fig. 10. (a) Schematic of a SECE interface connected to TENG with (b) operation voltage and current waveform and (c) V-Q plot of TENG.
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Fig. 11. (a) Schematic of a paralle]l-SSHI interface connected to TENG with

¢1 ends so the switch is turned off. Due to the nonideality of
the inductor, the voltage across the internal capacitor cannot be
completely flipped so it needs to be charged to the rectification
voltage before the current is harvested. Nevertheless, parallel-
SSHI saves much energy from discharging the internal
capacitor of the source and contributes to efficiency-boosting,
especially when the rectification voltage is high. Series-SSHI
has two ways of implementation. The first one has a similar
phenomenon to that of parallel-SSHI but flips voltage via the
shorted bridge rectifier rather than an independent path [88].
The other kind of series-SSHI is closer to SECE, with the
bridge rectifier cut-off for most of the time and the energy
extracted at the same time as voltage flipping [89], [90].

SSHI rectifiers can also be implemented in triboelectric
energy harvesting. The V-Q plot of TENG with a parallel-
SSHI interface is presented in Fig. 11c. The shadowed area
in Fig. 1lc is the extra energy harvested by the parallel-
SSHI rectifier compared to the standard energy harvesting
circuit. The parallel-SSHI is first implemented in triboelectric
energy harvesting in a discrete circuit by [91]. Then the
first integrated parallel-SSHI triboelectric energy harvesting
circuit was implemented in [92] with an inductive step-down
converter and a switched-capacitor DC-DC converter in series
for voltage conditioning. In addition, thanks to the LDMOS,
series-SSHI is more feasible since a short-circuit loop can
be easily established within FBR. A double-stacked-chip
series-SSHI employing an intrinsic fractal switched-capacitor
converter (FSCC) is reported in [93] and [52]. It boosts energy
harvesting by doubling the voltage tolerance of the harvester
via two series-connected FBRs and storage capacitors on two
stacked chips. When the current output is 0, both FBRs will be
shorted to flip the voltage across TENG. This active converter
is driven by an external power source, which is also the storage
element. Another series-SSHI triboelectric energy harvester is
reported in [94].

(b) operation voltage and current waveform and (c) V-Q plot of TENG.

Despite the advantages of the SSHI technique, it is not fully
integrated due to the off-chip inductor. Inductor also brings
other problems, such as difficult control of flipping time and
varying inductance, which lead to conversion loss [95], [96].
In this case, an inductor-less bias-flip rectifier was explored
and implemented by the switched-capacitor technique called
synchronized switch harvesting on capacitors (SSHC) [97],
[98]. To achieve higher efficiency, multiple capacitors are
necessary to flip the voltage smoothly to reduce the charge-
sharing loss, which can be implemented with more parallel
stages [99] or phase-split configuration [98]. This SSHC
converter can be fully integrated. However, considering the
variable capacitance Ctgng, the conventional SSHC circuit
achieves lower efficiency in triboelectric energy harvesting
than in piezoelectric energy harvesting so it needs to be
redesigned before being applied.

C. Active Switched-Capacitor Converters

The aforementioned synchronous charge extraction and
synchronized-switch harvesting techniques extract more
energy from TENG but cannot regulate the voltage output;
thus, a DC-DC converter should follow to condition the
voltage. The most popular DC-DC converter is the inductive
switching converter which is advantageous in wide conversion
range, high efficiency, and high driving capacity. However,
the inductor is relatively huge and cannot be integrated on-
chip. Comparatively, the switched-capacitor converter (SCC)
can regulate voltage with the converter fully integrated, which
brings benefits in scalability.

The configurations of active SCCs are various. One common
configuration is the fractal switched-capacitor converter
(FSCC) [100]. A typical two-to-one FSCC is illustrated in
Fig. 12a with the current flow in different working phases
indicated. In this case, the output voltage is theoretically half
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Fig. 12. (a) A typical 2-to-1 fractal switched-capacitor converter and (b) a
reconfigurable switched-capacitor converter.

of the input voltage. The conversion ratio can be changed
with more switched-capacitor pairs but is fixed when the
configuration of the converter is determined. The efficiency
of SCC will degrade when the real voltage conversion ratio
is different from the one determined by the configuration.
In practice, the output voltage or input voltage usually
varies; thus, it is usually hybridized with an inductive
switching converter [92] or implemented in a reconfigurable
topology, which is composed of multiple switched capacitors
as illustrated in Fig. 12b but only part of them will be enables
to achieve various conversion ratio [93], [94], [101].

Some active switched-capacitor converters are reported to
harvest energy from high-voltage TENG, but all have severe
weaknesses. [102] implemented it with mechanical switches,
which can have connecting issues. Reference [103] reports
a high-conversion-ratio regulator by replacing the switches
with passive diodes to improve the voltage tolerance. Though
the voltage output is degraded, the driving capacity of this
converter is limited due to the low vibration frequency
of TENG. Hence, a more efficient way of utilizing the
integrated switched capacitor in high-voltage TENG needs to
be explored.

V. ENERGY HARVESTING ENHANCING TECHNIQUES

The performance of triboelectric energy harvesting can be
enhanced from different perspectives, including efficiency,
independence, and costs. For instance, the aforementioned
active converters improve energy extraction efficiency, while
the IC technology lowers the cost and volume of the
harvester. In this section, some other techniques contributing to
better energy harvesting from TENG will be introduced. The
maximum power point tracking (MPPT) technique is widely
used in photovoltaic energy harvesting systems to guarantee
that the transducer always produces the highest power
output. Self-excitation explores the possible energy-boosting
of cascaded electrostatic generators or TENGs. Cold-startup
is a significant function of all self-sustained energy harvesting
systems to eliminate the external power supply and, thus,
improve compatibility and widen the application scenarios.
With these techniques, triboelectric energy harvesting can be
more applicable in real-world implementations.

A. Maximum Power Point Tracking

The power output is proportional to the real-time product
of the voltage and current output of the energy source. The
condition under which the system has the maximum power
output is defined as the maximum power point (MPP) as
illustrated in Fig. 13a, and the technique to track and maintain
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Fig. 13. (a) Typical pattern of output energy per cycle versus rectification
voltage. (b) V-Q plot of MPPT in triboelectric energy harvesting.

the voltage at the maximum power point is named maximum
power point tracking (MPPT) and it plays an important role
in energy harvesting systems. If the energy extracted from
the transducer is consumed directly by a load, the maximum
power point is reached when the load impedance is equal to
the internal impedance of the energy source [104]. Since the
impedance of TENG is time-varying, an active impedance
matching method was studied in [105] to track it with a
negative impedance converter model. On the other hand,
impedance matching is not feasible when the energy is to
be harvested and stored, but the voltage across the storage
element is to be controlled. For instance, in a standard energy
harvesting circuit, the maximal power output is tracked by
monitoring the rectification voltage on the storage element
since the charge output in one cycle usually is relative to the
rectification voltage.

There are several methods to implement MPPT, including
perturb and observe (P&O), incremental conductance (Inc-
Cond), and fractional open-circuit voltage (FOCV). Both P&O
and IncCond track the maximum power point continuously
by adjusting the rectification voltage and monitoring the
difference in power output, i.e., the energy change stored in
the load capacitor [106]. These two techniques are accurate
but complicated to implement. On the other hand, the FOCV
methodology is much simpler to be implemented. For many
transducers, including piezoelectric transducers, electrostatic
transducers, and triboelectric nanogenerators (TENG), the
maximal power output usually occurs around a certain voltage
with a fixed ratio to the open-circuit voltage [107]. Indeed,
the V-Q plot that reflects the energy output of each cycle can
contribute to virtually seeking the maximum power point of
TENG, as presented in Fig. 13b. The red and green rectangles
indicate the standard energy harvesting circuit working at
different rectification voltages V.1 and V..o respectively,
while their areas represent the corresponding energy output.
MPPT technique should track the rectification voltage when
the energy output reaches the maximum, i.e., the maximum
rectangle enclosed by the dashed lines. When the properties
of TENG are fixed, the maximum power point can be quickly
figured out mathematically, which is

I Voc-Voc+
2Voc- + Voc+
where Voc— and Vo4 represent the asymmetric open-circuit

voltage of TENG. By monitoring these two voltages and
maintaining the rectification voltage at the Vyec mppr, MPPT

Vrec,mppt = (10)
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TABLE I
COMPARISON TABLE OF THE STATE-OF-THE-ART
. Passive converters Active converters
Rectifier
FBR Bennet’s doubler SECE P-SSHI S-SSHI SSHCI
Reference [115] [55] [59] [67] [73] [82]* [92] [52] [94] [116]
CS CS CS CS CS CS CS Wind Wind
Transducer PT
TENG TENG TENG TENG TENG TENG TENG TENG TENG
65 nm 0.18 um 0.18 um . . 0.18 um 0.18 um 0.18 um 0.18 um 0.18 um
Process Discrete | Discrete
CMOS BCD BCD BCD BCD BCD BCD BCD
. . Dual-output | Dual-output Multi-shot
Modification - - - - MCS-BF - -
rectifier rectifier SCE
. Dual-input Dual-input BUCK- BUCK
Regulation SCC - BUCK SCC SCC BUCK
BUCK BUCK BOOST +SCC
MPPT - FOCV FOCV - - - - - - FOCV
Vext (V) 2.5 3.5-170 <70 835 450* <70 12-70 65 x N <65 <5
PCE 88% 52.9% 75.6% - 31.60% 63.28% 32.7% 70.7% 79.3% 83%
Output voltage 1.2 2-5 2.8-33 - 17 2-20 2 31-43 | 27-42 | 1.6 - 4.6%
Pext(uW) 24 -15.6 45-209 39-105 70* 152 90.3 2.95 1200 300 29.2
FoM (nJ/cm?) - 80 64 140* 840 - 44 380 95 20
Pext/ Prr - - - 21 7.7x 1.91x 1.62x 3.14x - 5.44x
* Simulated results. ** Estimated.

can be implemented with less energy loss and a simpler control
system. Due to its simplicity and relatively-high accuracy, the
FOCYV technique is implemented in the integrated dual-output
rectifier (DOR) reported in [57] and [59]. In this work, it is
taken into account the different maximum power points of
TENG at different phases, so they implement separate FOCV
MPPT for either output of DOR.

MPPT technique can also be utilized to maintain
the maximal power output in active converters, where
impedance matching and storage voltage optimization are
also required [108]. So far, it has not been integrated into
active triboelectric energy harvesting. In both SECE and SSHI
interface, the maximum power point is determined by two
parameters: the maximal open-circuit voltage of TENG and the
nonideality of the inductor [109]. Both parameters may vary in
practice, making tracking the maximal power output difficult.
Besides, the rectification voltage at the maximum power point
can be multiple times the open-circuit voltage of TENG, which
can hardly be measured by integrated circuit [110]. Further
research is needed to solve these obstacles.

B. Self-Excitation

In some works, the energy output of TENG is strengthened
by extra charge provided by external energy sources such
as batteries or another TENG, which is called the self-
excitation technique [111], [112], [113]. Those sources or
storage elements charge TENG at low voltage and harvest
electrostatic energy at high voltage. This methodology is
advantageous in boosting the charge density on TENG without
changes in the triboelectrification of the material. However,
it still needs caution about the internal breakdown of TENG
caused by the high voltage across it. Besides, accurate and
automatic synchronization is required in the charge depositing
and withdrawing.

C. Cold Startup

Active converters rely on steady power supplies to work.
To build a battery-less system without an external power
supply, the system must be capable of activating from the cold
state. The cold startup technique has been widely employed
in piezoelectric and electrostatic energy harvesting. Typically,
it is implemented with a passive path that can rectify and
harvest the energy, though with low efficiency, before the
active parts in the system start operating. When the stored
energy is high enough to drive the active converters and logic
circuits, the active interface takes over the energy harvesting
process to increase efficiency. Some self-driven triboelectric
energy harvesting interfaces are reported, with the cold startup
via discrete diodes [114] or integrated transistors [55].

VI. COMPARISON AND DISCUSSION

The state-of-the-art of triboelectric energy converters in
the previous 5 years is summarized in Table. 1. This
table summarizes their process, conversion techniques, and
performance and evaluates the circuit complexity and figure
of merit (FoM). In triboelectric energy harvesting, the FoM is
defined as the energy extracted from TENG per cycle with a
normalized size. It is derived from the following equation:

Pexrt
fop xS

where Pgxr represents the power extracted from TENG,
i.e., the power input to the harvester, and fpp represents
the operational frequency. It depicts the absolute energy
extraction capacity of the harvester while the fraction of
Prxr over the power extracted by FBR (Prpg) only reflects
the relative energy extraction capability. Therefore, a higher
FoM corresponds to a higher energy extraction capacity of
the harvester and better transduction performance of TENG.
Besides, the voltage regulator employed in each work is

FoM = (11)
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mentioned, as well as the relevant results, such as the
power conversion efficiency (PCE) of the whole interface
and the output voltage, which reflects their performance and
compatibility.

Among the state-of-the-art, contact-separation TENG (CS
TENG) is the most employed TENG due to easier fabrication
and modeling. Wind TENG is also reported to be employed
in harvester development. Unlike the aforementioned funda-
mental TENG, it has a fixed internal capacitance and works
at a higher operational frequency identical to the vibration of
triboelectric film driven by the airflow, so its energy extraction
is relatively more straightforward [52], [94]. In addition, one
case of piezoelectric energy harvesting is included to present
the difference between energy extraction from TENG and
piezoelectric transducer (PT).

In general, the harvesters implemented with passive devices
such as FBR and Bennet’s Doubler are simpler than those
with active switches; however, they have low adaptivity
and compatibility without voltage regulation implemented
by active switches. IC technology is advantageous in
implementing active converters in miniaturization and lower
leakage but is limited in voltage tolerance. That is the reason
why Bennet’s Doubler implemented discretely has higher
extraction capacity than integrated FBR, dual-output rectifier
(DOR), synchronized-switch harvesting on inductor (SSHI),
and synchronous charge extraction (SCE) based on the FoM.
Among the IC works implemented with 65nm CMOS or
0.18um BCD process, their extraction voltage Vgpyxr are
lower than 70V due to process limitation and thus achieves
relatively lower FoM, except the work [52], which exceeds the
voltage limitation via the multi-chip-stacked bias-flip (MCS-
BF) technique. As a consequence, its FoM is more than 4 times
higher than other IC works.

Furthermore, it is noted that few works in triboelectric
energy harvesting employ MPPT. The reason is that most
harvesters reach the maximum power point (MPP) when
operating at the highest allowed voltage. In other words, the
ideal MPP has exceeded the breakdown voltage of the device.
In this case, the MPP of the triboelectric harvester can be
easily tracked by operating it at the highest allowed voltage.

VII. CONCLUSION

A triboelectric nanogenerator (TENG) is a new mechanical
energy transducer that performs high-efficiency energy har-
vesting from low-frequency and irregular mechanical motion;
thus it has wide application scenarios, from biological
motion energy harvesting to tide energy harvesting. Due to
its different characteristics from those of prior transducers,
specific energy harvesting interface circuits need to be
designed to achieve high conversion efficiency. This work
summarizes TENG energy harvesting requirements and recent
advancements in triboelectric energy harvesting techniques.
Due to the small and time-varying internal capacitance, TENG
can generate asymmetric high-voltage output, which is one
of the biggest obstacles in extracting energy harvested by
TENGs. Fortunately, some mature methodologies employed in
piezoelectric and electrostatic energy harvesting systems have
been demonstrated feasible and advantageous in triboelectric
energy harvesting. Passive converters take advantage of
simplicity and, thus, are widely employed in triboelectric
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rectification. Active rectifiers such as synchronized electric
charge extraction (SECE) rectifiers and synchronous switch
harvesting rectifiers are effective in improving the performance
of energy extraction from TENG by eliminating the phase
difference between the voltage and current outputs. Besides,
the switched-capacitor technique is advantageous in the
CMOS process, thanks to the compatibility for on-chip
integration and flexible voltage conditioning; as a result,
it has been employed in triboelectric energy harvesting.
An innovative switched-capacitor converter, Bennet’s doubler
of electricity, previously utilized to extract electrostatic energy
from the capacitance varying, has been demonstrated to show
promising performance in triboelectric energy harvesting.
These conversion techniques are summarized in one table in
this review, with their performance quantified.

Nevertheless, the state-of-the-art designs in triboelectric
energy harvesting show relatively low efficiency and narrow
application scenarios. One reason is that most energy
harvesting techniques are borrowed from prior piezoelectric
or electrostatic energy harvesting solutions. As TENGs have
very different characteristics and voltage/current responses
due to the varying internal capacitance, those techniques
cannot fully explore the potentials of TENGs; therefore,
specific design considerations and efforts are needed for TENG
energy extraction techniques. Besides, triboelectric energy
harvesting designs should also be specialized according to
different applications, where the features of TENGs vary
significantly. For future work, novel bias-flip and energy
extraction topologies considering varying internal capacitance
are needed. Interface circuits extracting energy from irregular
mechanical movements are of great interest to broaden the
applications scenarios of TENG energy harvesting systems.
In addition, employing high-voltage devices to cope with the
high TENG voltage is a promising approach to extracting
more energy from TENGs. Furthermore, integrating TENGs
into multiple-source energy harvesting systems will enable the
autonomous systems to be fully sustained in fast-varying or
harsh environmental conditions.
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