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Abstract: Addressing the increasing development of IoT networks and the associated energy require-
ments, rotating triboelectric nanogenerators (R-TENGs) are proving to be strong candidates in the
field of energy harvesting, as well as to that of self-powered devices and autonomous sensors. In
this work, we review the theoretical framework surrounding the operating principles and key design
parameters of R-TENGs, while also associating them with their output characteristics. Furthermore,
we present an overview of the core designs used by the research community in energy harvesting
applications, as well as variations of these designs along with explicit solutions for the engineering
and optimization of the electrical output of R-TENGs. Last but not least, a comprehensive survey of
the potential applications of R-TENGs outside the energy harvesting scope is provided, showcasing
the working principles of the various designs and the benefits they confer for each specific scenario.

Keywords: triboelectric nanogenerators; rotating TENG; energy harvesting; IoT; self-powered;
sensors

1. Introduction

Technological advancements over recent years have led to widespread development
of the so-called Internet of Things (IoT), a new paradigm of high tech, smart everyday life
where various devices communicate with each other for sensing and control purposes [1].
As the range of applications for IoT networks flourishes, the need for long lasting, au-
tonomous systems with little or no maintenance requirements has become apparent. This
is especially true for applications where the devices are to operate in harsh or inaccessible
environments, with limited accessibility for human intervention.

A limiting factor for these applications is the availability of energy sources that can
power the individual components of IoT architectures under the intended operating con-
ditions. Batteries, for example, apart from the requirement for frequent interventions in
order to be replaced, also raise the question of sustainability and environmental impact [2].
Sustainability and energy autonomy, in particular, are becoming increasingly relevant
due to the global energy crisis, which has become even more prominent during recent
years [3]. To address the problem, many researchers have turned their focus to harvesting
energy from renewable energy sources, developing energy harvesters that exploit forms of
energy that are freely available in the environment. These sources can be anything from
electromagnetic radiation [4,5], temperature gradients [6–8], mechanical stresses [9–13],
acoustic waves [14–16], and so on.

The transformation of ambient mechanical energy to electrical has been a topic of great
interest, with researchers trying to develop methods to harvest this ubiquitous form of
energy, which often remains unexploited. In 2012, Wang et al. invented the triboelectric
generator by coupling the triboelectric phenomenon with electric induction, thus creating
an energy harvester that can transform mechanical energy to electrical [17]. Since then, the
triboelectric phenomenon and triboelectric nanogenerators (TENGs), in particular, have
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gained increasing attention due to their low manufacturing cost, the wide availability of
suitable materials, the different options of operating modes, and their high efficiency.

To date, different types of TENGs have been reported as either energy harvesters,
sensing devices, or a combination of both. The range of their applications becomes wider
as research progresses and TENGs appear to be able to exploit almost every kind of
ambient mechanical energy. Lately, there has been growing interest in TENGS that exploit
mechanical energy derived from rotational motion, as these types of TENGs can find
applications in vehicles, in the conversion of human body motion to electrical energy, in
wind and water turbines, etc. Some of the problems researchers face in this area are inherent
in TENGs, such as their high internal impedance, which results in a low current output.
Others stem from the specificity of rotating parts and the requirement for continuous sliding
motion of the TENG materials, which leads to material degradation over time, reduced
lifespan of the devices, and, thus, limited system autonomy.

In this review article, we first explore the theoretical framework formulated by various
research groups regarding the operating principles of rotating triboelectric nanogenerators
(R-TENGs), their design parameters, and the effect they have on their output characteristics.
Furthermore, we focus on the different designs that have been proposed to date for the
development of R-TENGs as energy harvesters, transforming mechanical energy from
a wide range of source to electrical, showcasing the various types of R-TENGs as well
as the strategies adopted in order to enhance their electrical output. Last but not least,
we highlight different applications of R-TENGs that deviate from the strict definition of
energy harvesting, emphasizing their versatility and suitability across a broad spectrum
of applications.

2. Theoretical Framework
2.1. Operating Principles of (Rotary) TENGs

In order to describe the mechanisms governing the conversion of mechanical en-
ergy to electricity has to start from the four fundamental Maxwell equations that unify
electromagnetism:

∇·D = ρ f , (1)

∇·B = 0, (2)

∇× E = −∂B
∂t

, (3)

∇× H = J f +
∂D
∂t

, (4)

where E is the electric field, B is the magnetic flux density, D is the displacement field, H is
the magnetic field strength, ρf is the free electric charge density, and Jf is the free electric
current density.

The second term in Equation (4) is Maxwell’s displacement current:

JD =
∂D
∂t

= ε0
∂E
∂t

+
∂P
∂t

, (5)

where P is the polarization field and ε0 is the vacuum permittivity. It was introduced by
Maxwell for consistency between Ampère’s law and the continuity of electric charges. While
Jf refers to the current due to free moving charges, also named conduction current, JD is a
time-dependent electric field within a vacuum or a medium due to changing electric flux.
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For the case of TENGs, if we consider the basic design in which two dielectrics
with back-electrodes are brought to contact and then subsequently separated, electrostatic
charges build up on the surfaces of the two dielectric materials, due to contact electrification.
These charges are immobile and lead to a surface charge density on the two materials, up
to the point of saturation. It can then be demonstrated that the corresponding displacement
current density is proportional to the charge density of the two dielectrics and the speed at
which the contact-separation cycle is performed. The electrostatic field that is generated
in this way drives the free electrons to flow through the external load in order to reverse
the effect of surface charge build up, leading to an accumulation of free electrons in the
electrode. This already provides us with intuition regarding the output characteristics of
TENGs. As it is obvious, the current in the case of TENGs is not based on the free flow of
electrons in a conducting material, but instead originates from induction. In other words,
contrary to electromagnetic generators where conduction current dominates the energy
generation process, the energy harvesting mechanism of triboelectric nanogenerators is
dominated by displacement current. This is why in the case of triboelectric nanogenerators
the term capacitive conduction is used, as the displacement current is the only conduction
mechanism taking place. In particular, the current output of TENGs can be described
as follows:

I =
dQ
dt

= C
dV
dt

+ V
dC
dt

, (6)

where the first term describes the current generated by a change in the applied voltage,
whereas the second term describes the current generated by a change in the capacitance.

In 2017, Wang expanded Maxwell’s equations by adding what has come to be known
as the Wang term, PS [18]. The Wang term is used to describe the presence of strain induced
electric charges that are not a result of polarization due to the electric field, but rather
occur due to polarization owed to mechanical triggering. By adding the Wang term, the
displacement field and the displacement current density are as follows:

D = ε0E + P + PS (7)

JD =
∂D
∂t

= ε0
∂E
∂t

+
∂P
∂t

+
∂PS
∂t

= ε
∂E
∂t

+
∂P
∂t

+
∂PS
∂t

, (8)

where ε is the permittivity of the medium and ε ≡ ε0(1 + χε), where χε represents the
electrical susceptibility of the medium.

Over the last years, expanded Maxwell equations have served as a starting point for the
development of different models that are used to describe the working principles of TENGs,
as well as to facilitate the modeling and optimization of their output. One such example is
the quasi-electrostatic model, which is capable of providing a time-dependent solution over
the entirety of the geometry under discussion, as wells as the distance-dependent electric
field (DDEF) model, which is a special case of the quasi-electrostatic model, exploring the
variation of the solutions in one particular direction [19]. Other types of models have also
been established utilizing lumped parameters or dimensional analysis in order to provide
insights on the physics of the TENGs operation and output, by simplifying the physics of
the problem.

The capacitive model, for example, treats TENGs as a voltage source with inherent
capacitance. The nanogenerator is described using lumped parameter circuit theory, and
two different types of capacitance are taken into consideration: the time-independent
capacitance due to the dielectrics and any additional capacitance connected in series with
the dielectrics, and the capacitance of the air gap, which is, as expected, time-dependent.
These two types of capacitances are considered in series with each other. One more type
of capacitance, connected in parallel to the capacitance of the device, is also taken into
consideration in order to account for parasitic capacitance of the TENG, which has been
observed to be unavoidable and also comparable to the inherent capacitance of the device.
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A different approach is Norton’s equivalent circuit, where the TENG is described as a
time-dependent current source in parallel with its internal impedance. Essentially, it can be
thought of as a variation of the traditional equivalent circuit described in the capacitive
model, where the time-varying capacitor is replaced by a time-varying impedance and the
voltage source is replaced by a current source based on the TENGs time-dependent, short-
circuit current. This approximation is very helpful for simulations aiming to calculate the
effective impedance of the nanogenerator, which allows for an estimation of the matching
external load that is required to obtain maximum power output [20].

The above approaches can provide a wealth of information regarding TENG design
and operating parameters, and can be applied to different types of TENGs, regardless of
their working mode. One such example is the work presented by Guo et al., who used the
quasi-electromechanical model to construct a 3D mathematical framework that describes
the operating parameters of coaxial cylinders in a lateral sliding motion. By doing this,
the group extracted the equations for the electric potential as well as the radial and axial
electric fields in cylindrical coordinates, resulting in a concise expression for the potential
difference across an external load ZL, as described in Equation (9):

−ZL A
dσU
dt

= Φ1(R1, 0, z, t)−Φ2(R3, 0, z, t), (9)

where Φ1(R1, 0, z, t) and Φ2(R3, 0, z, t) are the electric potentials of the two electrodes and
A is the normal contacting area of the cylinders. By solving this first-order differential
equation, the group was able to calculate all of the operating parameters, eventually being
able to predict the dynamic output of a TENG. A similar result was obtained for the same
TENG design by utilizing the capacitive model [21].

2.2. Classification of TENGs

Based on their mode of operation, TENGs can be classified into one of four types of
configuration: (a) contact separation, (b) lateral sliding, (c) single electrode, and (d) free-
standing electrode [22]. Contact-separation TENGs consist of a pair of dielectric materials,
each with its respective electrode. The surfaces of the two materials are initially brought into
contact and are then separated, following reciprocating displacement along the axis normal
to their interface. In each cycle, when the two dielectrics are brought to contact, opposite
surface charges form on their surface. As the materials are separated, a potential is created
between the back electrodes due to induction and when the system is connected to an
external circuit, the current flows in order to negate this potential build up. As the materials
are brought into contact again, for the second half of the operation cycle, an opposite
potential is formed and current flows in the opposite direction. As a result, time-dependent
current is generated in each cycle. Similarly, in lateral sliding mode, the displacement
happens parallel to the interface. In this case, the formation of opposite surface charges
and subsequently the AC output current follows the surface overlap between the two
dielectrics. Single electrode TENGs use the surface charges formed between a dielectric
and an electrode, using the ground as reference, thus requiring a simpler configuration.
These TENGs are operated in a similar manner to contact-separation mode, in that the
dielectric and the electrode are brought into contact and then separated by a reciprocating
motion along the axis normal to their interface. Finally, free-standing electrode mode
could be thought of as a special case of single electrode, in which instead of the ground, a
second electrode acts as reference and the output current follows the asymmetrical charge
distribution between the two electrodes (Figure 1).
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2.3. Design Parameters, Operating Conditions, and Electrical Output

The majority of reported rotary triboelectric generators (R-TENGs) can be categorized
under two basic designs, namely disk designs and cylindrical designs, both of which are
segregated into a number of gratings. R-TENGs in either category can be further separated
with regards to the employed materials into dielectric–dielectric or dielectric–conductor
TENGs, whereas the type of contact (or the absence of it) characterizes the mode of operation
into contact mode or non-contact mode.

The electrical output of a R-TENG depends strongly on its design parameters, such as
the type of materials used, the number of gratings, the size of their surface, the operating
mode, the surface spacing (in the case of non-contact mode), and the rotation speed.
Understanding the effect of these design parameters on the electrical output characteristics
of R-TENGs is crucial for correctly predicting and developing devices suitable for each
application. The quantities of interest in R-TENG designs are its capacitance (C), charge
density generated by the electrification process (Qsc), open-circuit voltage (Voc), output
short-circuit current (Isc), and average maximum power for an arbitrary external load of
resistance (Pmax). In 2016, Jiang et al. presented an extensive theoretical study on the
rotary sliding disk TENGs, in which they addressed the effect of design parameters on the
output of R-TENGs and derived a series of semi-analytical equations that can successfully
predict and interpret experimental data [24]. Their work showed that for both cases of
dielectric–dielectric and conductor–dielectric, increasing the surface gap leads to a decrease
in C, Qsc, and Voc, although the conductor–dielectric displays a higher C and lower Qsc
and Voc, while comparatively the charge transfer efficiency is lower in the case of the
non-contact mode.

In addition, by studying the effect of the number of gratings, the authors showed
the impact of the edge effect, where the ratio between the dielectric length to thickness
is small and the assumption of the parallel plates capacitor is no longer valid. This leads
to significant deviations from the ideal case, where the semi-analytical equations they
proposed can no longer be used to describe the phenomenon and approximations need to
be employed. Another important aspect they investigated was that of the external load and
its effect on the maximum average power obtained by R-TENG. The group inferred that
dielectric–dielectric R-TENGs generate higher Pavg at higher optimum resistance due to
smaller capacitance, compared with the conductor–dielectric R-TENGs, while yet another
significant observation was that when the rotation speed increased, the output power also
increased in a linear way, whereas the matched resistance decreased.
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These observations have been verified in more recent years by other research groups
such as Khorsand et al. in 2020, who developed an AI-enhanced mathematical model to
study the same interdependencies for sliding disk R-TENGs [25]. Of particular interest
is the study of Wang et al., which expanded the analysis for cylindrical-type R-TENGs,
published in 2021 [26]. In their study, the authors introduced a figure of merit, allowing
them to directly compare designs with different effective areas of contact under continuous
rotational operation. The effect of the number of gratings, surface distance, and external
load on the electrical output characteristics of this type of R-TENG was in agreement
with the previous analysis, although the authors suggested that a freestanding conductor–
dielectric design demonstrated better tolerance to the effect of surface distance, which
allowed for the development of non-contact R-TENGs with increased durability due to
lower material wear (Figure 2).
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output of R-TENG (e–h). Voltage-charge curve (i), average power for different number of gratings (j),
figure of merit (k) and optimal average power (l) for different numbers of gratings. Reproduced with
permission [26]. Copyright 2021, Elsevier.

An interesting observation regarding surface distance is that discussed by Deng et al.,
who observed that in binary layered sliding disk TENGs, the electric field between the
two electrodes was found to reach a value of 4.37 MV/m, which was enough to cause air
breakdown and inhibit the accumulation of triboelectric charges [27]. As a result, the group
proposed that utilizing an additional electrification layer helps reduce the electric field,
protecting the device from this inhibiting effect.

Apart from the structural parameters of R-TENGs, external factors have been also
found to play an important role in the output characteristics of these devices. Ambient
conditions such as temperature and humidity, for example, have been shown to have a
significant impact on the voltage output of R-TENGs (Figure 3) [28].
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design and (c) comparison of the output for the different design types. (d) Chemical structures
of electrification materials. (e) Open circuit voltage and charge for devices fabricated from differ-
ently manufactured FEP films. (f) Stability and wear resistance of the R-TENG. Reproduced with
permission [28]. Copyright 2021, John Wiley and Sons.

Besides ambient conditions, peripheral electronic components, such as the wires
leading out of the R-TENG to the measuring and application system impart parasitic
capacitance that, when compared with the capacitance of R-TENG, could greatly affect
its output power. Bi et al. studied this effect of parasitic capacitance in relation to the
number of segments in a sliding disk R-TENG, showing that for small values of parasitic
capacitance, a smaller number of segments resulted in a higher power output, while the
reverse was true for high values of parasitic capacitance [29]. In addition, they showed that
while the maximum average power decreased with increasing the parasitic capacitance
for a given R-TENG, it was proportional to the square of the rotation speed, whereas the
voltage amplitude was in proportion to the rotation speed. This means that when the
load resistance was smaller than the matched resistance, the effect of parasitic capacitance
on the output power of the R-TENG was small, while the output voltage amplitude was
completely unaffected.

2.4. Enhancing the Electrical Output of R-TENGs

While carefully selecting the design parameters of an R-TENG is an obvious method
that can lead to optimized operation and output characteristics, as explained above, re-
search groups have investigated other methods to enhance the conversion of mechanical to
electrical energy. Of these methods, two stand out because of both application affinity and
sheer performance. Zhang et al. presented a theoretical comparison between triboelectric
nanogenerators and electromagnet induction generators (EMIGs), highlighting their equiv-
alency in 2014 [30]. The intuition behind this approach becomes apparent not only when
considering that rotating R-TENGS and EMIGs can both be fitted in the same scenarios
of energy harvesting applications, but also by comparing the basic characteristics of each
type of generator; as the group eloquently highlighted, the output voltage and current of
R-TENGs and rotating EMIGs depend on an equal number of physical variables that are
similar in nature (Figure 4).
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governing equations and the respective terms for EMGs. (b,d,f,h) Schematic, fundamental principles,
governing equations and the respective terms for R-TENGs. Reproduced with permission [30].
Copyright 2014, John Wiley and Sons.

First of all, there are the intrinsic material properties that are of importance for both
types of generators, in the form of charge density and magnetic flux density, with a direct
impact on the current output of R-TENGs and voltage output of EMIGs. In addition, the
structure of the generators comes into play, in the form of the number of segments on
a TENG and the number of coil turns for the case of EMIGs. Furthermore, the friction
area and the coil area are structural size properties, both of which determine the electrical
output of the two types of generators. Last but not least, the angular velocity of the rotator
in R-TENGs or the coils in EMIGs is the operating parameter that translates the external
mechanical input to be converted in both energy transformation scenarios. Following
this comparison, the authors attempt an association between the two types of generators
in terms of ideal voltage (EMIGs) and current (R-TENGs) sources, showing that when
combining EMIGs and R-TENGs in parallel (R-TENG driven) or serial connection (EMIG
driven), the obtained maximum power is approximately two times that of the individual
generators for the optimum external load of resistance in the respective configuration. It
is of importance to mention that due to the specific characteristics of the two types of
generators, EMIGs have a much lower matching impedance (a few Ω) than R-TENGs (in
the scale of MΩ); however, the measured maximum output power is slightly larger in the
case of R-TENGs. In particular, when considering the maximum power per unit volume
or per unit mass, R-TENGs displayed significantly larger values because of its compact
and lightweight design. This analysis of the equivalency between R-TENGs and EMIGs
can provide the basis for the development of hybrid systems that benefit from the merits
of both types of generators simultaneously, greatly enhancing the output characteristics
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of an energy conversion system in various applications. As we will see in the following
paragraphs, many research groups have adopted this approach for energy harvesting as
well as for sensing applications.

Last but not least, another obvious parameter that can greatly enhance the electrical
output characteristics of R-TENGs is that of charge density generated by the polarization of
the electrification layers, which is caused by the friction and subsequent charge separation
when the materials are brought into contact. As the separation of charges occurs by the
friction between two materials, it follows that charge density is gained at the expense of
material wear and device stability. To this end, many R-TENG designs have opted for a
non-contact mode of operation, where after an initial contact of the materials to induce the
separation of charges, a small gap is introduced between the rotator and stator. This gap
promotes the longevity of the materials, but as previously discussed, also leads to decreased
values in charge generated in the electrification layers. To overcome this drawback, some
research groups have proposed a charge pumping strategy [31,32]. The principle of this
method involves the integration of a second R-TENG operating simultaneously with the
main energy harvester, connected with a voltage-multiplying circuit (VMC), which, in its
simplest form, is a rectification bridge with a protective Zener diode, or in more intricate
designs it is also comprised of four capacitors. As the two R-TENGs operate, charges from
the pumping R-TENG are periodically driven to the electrification layers of the harvesting
unit, thus decoupling the charge generation and the interfacial friction processes (Figure 5).
This approach has been shown to effectively enhance the density of charges generated on
the energy harvesting unit, while simultaneously lowering friction and heat generation,
thus also minimizing the requirement of lubrication for the triboelectric surfaces.
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Figure 5. Schematic representation of the charge injection method using two R-TENGs.
(i–iv) Working principles of the pumping TENG. (v–viii) Working principles of the main TENG
when the injected charges reach saturation. Reproduced with permission [31]. Copyright 2020,
John Wiley and Sons.

3. R-TENGs for Energy Harvesting Applications

Energy harvesting is probably the most obvious field of application for TENGs in
general and R-TENGs in particular. As illustrated above, R-TENGs are capable of being
lightweight and simple in design, operating in either contact or noncontact mode. The
potential of R-TENGs to provide high power density per unit volume and unit mass was
illustrated earlier in the theoretical framework, as well. Over the years, many different
designs have been proposed, from simple R-TENGs to more sophisticated designs incor-
porating wireless energy transmission systems, self-excitation modules, or even hybrid
ones combining the triboelectric effect with other energy harvesting mechanisms, such as
electromagnetism and piezoelectricity.
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3.1. Radial Flaps

One of the earliest designs proposed is that of a collection of rotating radial flaps,
coming into intermittent contact with other stationary ones. These types of R-TENGs take
advantage of soft and flexible materials for the rotor and stiffer materials on the stator
to maximize the effective area of contact, leading to an increase in charge separation and
electrical output. Such designs can easily incorporate a propeller or a set of wind cups,
enabling the harvester to be driven by the wind or the flow of liquids in a system [33–35].

In 2013, Xie et al. demonstrated one such design, fabricated from the combination
of PTFE, PET, and aluminum [36]. The harvester used wind cups to drive the rotor, on
which four PET flaps were situated, with PTFE endings acting as flexible electrification
layers. To enhance the generation of triboelectric charges, the group treated the surface
of PTFE films with inductively coupled plasma (ICP), creating nanowires and increasing
their surface roughness. The triboelectric effect is induced by contact sliding electrification
between PTFE and the aluminum stationary electrodes, resulting in single-electrode mode
of operation (Figure 6).
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Figure 6. Wind harvesting R-TENG, with PTFE rotating flaps. (a) Schematic of the R-TENG. (b) SEM
image of the ICP-treated PTFE. (c) photograph of the device. Reproduced with permission [36].
Copyright 2013, American Chemical Society.

The electrical output of the wind energy harvester was tested under different wind
velocities ranging from 4 to 7 Bft (v = 0.836 B3/2 m/s), with the maximum output being
delivered when operated at 7 Bft. The open-circuit voltage output reached a value of
approx. 250 V, leading to a maximum charge difference of 140 nC. The peak current output
was measured to be 0.25 mA when the device was connected to a 1 GΩ external load of
resistance, while the maximum power output reached 12 mW when driven with an external
load of 1 MΩ resistance.
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Similar in design was the R-TENG harvester proposed by Rodrigues et al., for use
in harvesting mechanical energy from water flow [37]. In this case, the rotating flaps
were fabricated using indium tin oxide (ITO) as a flexible substrate, on which aluminum
electrodes with PTFE endings were attached, whereas the stationary flaps were made of
Nylon 6,6 to act as the second electrification layer. The harvesting unit was fitted with a fan
on the bottom end of its shaft, to allow the R-TENG to be driven by water flow (Figure 7).
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The group tested different designs containing different numbers of rotating flaps
under various water flows, concluding that the best design for maximum electrical output
was that of two rotating PTFE flaps and four stationary Nylon 6,6 flaps, for a water flux of
44 L/min. Under these conditions, the measured open-circuit potential reached a value
of approx. 102 V with the charge difference and the short circuit current density output
reaching 8.1 µC and 120 mA/m2, respectively. The maximum power density output of the
harvester was reported to be 6.1 W/m2, allowing the group to light more than 50 serially
connected LEDs and charging a 220 µF capacitor to approx. 9 V in a little over 15 min.

In 2018, Du et al. demonstrated an R-TENG harvester that utilizes radial flaps in
contact-separation mode for the transformation of wind energy to electricity [38]. The
group used the 3D printing technique to fabricate a PLA frame, consisting of a stationary
cylinder, on which the TENG was built, and four rotating rollers that are used to induce
the contact and separation between the triboelectric layers of the harvester. R-TENG was
comprised of a copper electrode layer, on top of which PTFE film patches were placed,
acting as electrification layers, the surface of which had been etched using ICP-RIE to
enhance its surface roughness. A series of flaps were then placed on top of the PTFE patches,
composed of a copper layer, acting as both an electrode and the second electrification layer,
and polyimide as the external surface (Figure 8).

The device was tested at a range of rotation velocities, corresponding to wind speeds
from approx. 3 to 7 Bft. The maximum electrical outputs of the harvester were determined
to be obtained at 120 rpm, under which circumstances the output open-circuit voltage
and closed-circuit current were measured to be 280 V and 78 µA, respectively, while the
maximum power density output was 2.54 W/m2 when the R-TENG was matched with an
external load of 5 MΩ resistance.
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3.2. Coaxial Cylinders

A popular design of R-TENGs, especially for applications regarding the transformation
of liquid flow to electricity, is the one utilizing cylinders [39–41]. In its simplest form, two
coaxial cylinders of different radii are fitted one within the other, with the TENG layers
sandwiched in the area in between. The devices adopting this conformation can act directly
as flow channels, where the fluids in question pass through the triboelectric structure,
actuating the rotation of the rotator or even acting as an electrification material, while they
are also capable of being fully encapsulated, allowing the harvesters to be directly deployed
in harsh environments, without risking deterioration of the materials.

One of the simplest uses of cylindrical geometry in R-TENGs is the one presented
in 2014 by Zhang et al. who described a single-electrode R-TENG design that could be
applied on bicycle tires in order to harvest mechanical energy from the spinning wheel [42].
The device contains an acrylic disk with PTFE blades that act as the electrification layer
and an aluminum foil that is both the second electrification layer and the single electrode.
An elastomer base ensures full contact between the electrode and the PTFE blades and
the blades were modified by ICP to improve the surface roughness and consequently the
charge separation process (Figure 9).

The device was tested at a range of rotation speeds between 100 rpm and 800 rpm,
and the group reported a gradual increase in the output voltage, current, and power
density with increasing velocity, reaching approx. 0.2 µA and 3.2 mW/m2 at 800 rpm.
The electrical output also showed a significant dependence on the symmetricity of the
PTFE blades. When two blades were employed in symmetry, the maximum output voltage
was measured to be approx. 20 V, which increased considerably when these blades were
assembled in non-symmetric positions, to a maximum of 29 V for 800 rpm velocity. By
expanding the design to include seven asymmetric PTFE blades, the maximum output
voltage was achieved (approx. 55 V), allowing for directly powering 30 commercial LEDs.
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Figure 9. The cylindrical design of R-TENG presented by Zhang et al. (a) Schematic. (b) SEM
image of modified PTFE surface. (c) Output performance under 800 rpm. Inset: Photograph of the
device and enlarged view of the voltage peaks. (d) Output voltages for different rotation speeds.
Reproduced with permission [42]. Copyright 2014, American Chemical Society.

In 2013, Bai et al. developed a core–shell structured R-TENG for harvesting air or water
flow energy [43]. The inner cylinder of this harvester acted as the rotator and comprised
of copper electrodes on top of which PTFE strips were employed as electrification layers,
connected in parallel. In order to increase the effective surface area for the charge separation
mechanism, PTFE nanoparticles were sprayed on top of the PTFE strips. The outer cylinder,
acting as a stator, comprised of copper strips with a dual role, that of both electrodes and
second electrification surface (Figure 10a).
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Figure 10. (a) Core–shell structure, utilizing nanopatterned PTFE, proposed by Bai et al. Reproduced
with permission [43]. Copyright 2013, American Chemical Society. (b–e) Cylindrical, non-contact
TENG for energy harvesting from hydraulics. Reproduced with permission [44]. Copyright 2020,
Springer Nature. (f) Cylindrical, oscillating R-TENG for water wave energy harvesting. Reproduced
with permission [45]. Copyright 2020, AIP Publishing.
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The group tested the harvester in a range of rotation velocities and the maximum
electrical outputs of the device were obtained when driven at 1000 rpm. Specifically, the
maximum open-circuit voltage and short-circuit current density output were measured at
400 V and 90 µA, respectively, while the maximum power density was found to be approx.
37 W/m2.

Another cylindrical R-TENG, this time operating in non-contact sliding mode, was
reported by Zhang et al. in 2020 [44]. The group developed a cylindrical, non-contact,
and freely rotating TENG to harvest energy from water flow. The harvester consisted of
two coaxial, hollow cylinders, with the inner cylinder acting as the stator and the outer
one as the rotator. On the outer cylinder, the group placed blades to achieve rotational
motion induced by the flow of water and patches of FEP film that had been previously
nanostructured via ICP etching, to act as the electrification layer. On the stator, four copper
foil patches connected in parallel in pairs act as the electrodes of the TENG (Figure 10b–e).

The device, after the initial contact of the layers in order to induce charge separation,
was operated in non-contact mode with a 1 mm gap at 400 rpm. Under these operating
parameters, the transferred charges in a single cycle of operation were calculated to be
6.9 nC and the average output voltage and current were 994 V (VOC) and 9 µA (ISC),
respectively. The output power of the tribogenerator was evaluated under different external
loads of resistance and the maximum power density obtained was 0.33 W/m2 when the
device was matched with a 150 MΩ resistance. The group also investigated the effect
of rotational frequency on the output electrical characteristics of the TENG, for rotation
speeds of 400–2000 rpm. They observed that both variants increased monotonically with
increasing the frequency, reaching 1661 V and 12 µA, respectively. After connecting the
tribogenerator to a rectification bridge, the device was driven at 2000 rpm and provided
a DC current of 16.5 mW/m2, which was able to charge a 10 µF capacitor to a voltage of
65 V within 150 s. The TENG was also tested for its durability by measuring the output
voltage after 3 h of continuous operation at 400 rpm. The open-circuit voltage after 3 h was
reported to reach an equilibrium value of 598 V (approx. 42% attenuation), showcasing the
robustness and long lifetime achieved by the non-contact design.

Feng et al. utilized the coaxial cylinder design to fabricate an oscillating, non-contact
R-TENG that was used to harvest low frequency mechanical energy from water wave
excitation [45]. R-TENG comprised of a six-bladed rotor with an FEP film on the surfaces of
the blades acting as the electrification layer and a cylindrical stator shell on which copper
electrodes were attached, acting as both electrodes and the second electrification material
(Figure 10f).

The harvester was shown to be able to convert water wave excitation as low as
0.033 Hz with a peak power density of 231.6 mW/m3. The group reported the R-TENG was
capable of delivering continuous output power for 85 s following a single excitation, with a
maximum open-circuit voltage, generated charge, and short-circuit current output of 120 V,
46 nC, and 1.52 µA, respectively, whereas the maximum generated power was measured to
be 159 µW when the R-TENG was matched with a 100 MΩ external resistance load.

A similar concept was showcased in 2022 by Jung et al., who introduced a cylindrical
R-TENG that utilizes a set of magnets to induce a swinging motion to the rotator, similar
to that of a pendulum [46]. The device is proposed as an energy harvesting solution to
transform the mechanical energy of sea waves to electricity. A metallic mass placed on
the rotor acts as a pendulum, while two neodymium magnets help to temporarily store
potential energy, converting low-frequency input energy to high-frequency electrical output.
In addition, a set of rabbit fur strips allow for soft partial contact with the electrification
layer, increasing the generated charge (Figure 11).
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Figure 11. Water wave energy harvesting R-TENG, utilizing a set of magnets for frequency multi-
plication. (a) Schematic and (b,c) photographs of the device. (d) Working principle of the R-TENG.
(e) Electricity generation process. Reproduced with permission [46]. Copyright 2022, Elsevier.

The group tested their design for different angles of displacement, reporting average
power outputs at an optimal load of 0.178 mW, 0.147 mW, and 0.117 mW for 60◦, 45◦, and
30◦ angles, respectively. The non-contact mode of operation of this design, in conjunction
with the soft partial contact achieved with the fur segments provides considerably enhanced
electrical output as well as increased robustness, with the output characteristics of the
harvester reported to remain constant after 400,000 cycles of operation.

3.3. Liquid-Solid Contact

Although R-TENGs have often been suggested as a suitable energy harvester to
convert the mechanical energy inherent in moving bodies of water (or other liquids), to
date, little exploration has been done on the prospect of exploiting the friction generated
when a liquid comes into contact with a solid surface [47–49].

One such design was proposed by Kim et al. in 2016 [50]. The operating principle of
this harvester is based on the flow of water within a tube, using the fluid as an electrification
layer. The design includes an acrylic cylinder with a number of patterned aluminum
electrodes covered by PTFE to act as the second electrification layer. The cylinder was
partially filled with tap water and the electrical output of the TENG was measured for
different angular velocities and water volume ratios (Figure 12a).

The device was tested at a range of angular velocities from 50 rpm to 300 rpm, showing
increasing voltage and power output as the speed increased, as well for different water
volume ratios. When operated at optimum conditions, TENG was found to produce
up to approx. 27 V and 3.8 µA and 19.1 µW when coupled with an external load of
20 MΩ resistance, although these numbers can increase with the integration of mutliple
triboelectric patches in the tube.

In 2021, Le et al. reported a sophisticated liquid–solid contact electrification R-TENG
that was developed so as to not require the use of a rectifier circuit to transform AC output
to DC [51]. R-TENG was comprised of a stator with stationary electrical contacts and a
rotator with six independent TENG cells. These cell TENGs are in the form of a liquid
storage compartment, each with its own lid made of a nanoporous PVDF membrane on
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copper electrodes. A phase inversion method was employed on commercial PVDF films to
change their structure and increase the surface density, enhancing their capability of charge
separation as electrification layers. The six TENGs were arranged in radial symmetry and
were partially filled with DI water (Figure 12b,c).
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Figure 12. (a) Cylindrical R-TENG utilizing water for contact electrification. Reproduced with
permission [50]. Copyright 2016, Elsevier. (b,c) Illustration, photograph and schematic of R-TENG
using symmetrical storage compartments for liquid-contact electrification. Reproduced with permis-
sion [51]. Copyright 2021, Elsevier.

The interesting property of this design is the addition of motion-activated switches
that are closed when water is in contact with one of two copper electrode surfaces in
the cell and open during the transition from one electrode to the other. In this way, a
unidirectional current is generated, suitable to be supplied directly to electronic devices
without requiring a rectifier circuit. The harvester was tested at 18 rpm and was reported to
have a maximum open-circuit voltage, generated charge, and short-circuit current density
output of 1.5 V, 2.03 nC, and 11.94 nA/cm2, while the maximum obtained power density
was 18.48 nW/cm2 for a matched external load of 20 MΩ resistance.

3.4. Radially Segmented Disk

The radially segmented disk configuration is probably the most popular design for R-
TENGs [52–54]. One of the first reported R-TENGs of this kind was the one described by Lin
et al., who reported a sandwiched structure segmented into four sectors [55]. Structurally,
the R-TENG is composed of a PMMA substrate on top of which sits a Kapton® layer with
gold electrode on its back side, while the rotator is fabricated by depositing aluminum
electrode on a PMMA substrate. The Kapton® layer was processed with ICP in order to
increase the effective contact area and enhance the electrical output of the device (Figure 13).

The maximum open-circuit voltage (230 V) and generated charges (40 µC/m2) were
obtained at 500 rpm, while the maximum current density output was reported to be
29 mA/m2 when driven at 1000 rpm. The maximum power density output of the harvester
was 1 W/m2, when matched with an external load of 10 MΩ resistance.

Another radially segmented disk R-TENG was reported by Zhu et al., comprised
of a copper rotator with 60 radially arrayed segments and a stationary disk with radial,
interdigitated gold electrodes on top of which a FEP layer is used as an electrification layer.
The rotator performs a lateral sliding motion on the upper surface of the FEP thin film
inducing opposite charges on the copper IDEs and the FEP layer, due to the triboelectric
effect (Figure 14) [56].
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The maximum electrical output was obtained at 3000 rpm with a reported Voc, Qsc,
and Isc output of 850 V, 0.32 µC, and 3 mA, respectively. Operating their triboelectric
harvester under optimum parameters (3000 rpm, 0.8 MΩ), they successfully generated
approx. 19 mW/cm2, which is a considerable amount of power, suitable for powering
simple electronic devices. Regarding device stability, the group included an adhesion
layer and performed plasma treatment of their substrate before metal deposition to ensure
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increased material adhesion. As reported, their device displayed stable output even after
107 cycles of operation, showing reliable stability.

A different approach was proposed by Zhou et al., of a R-TENG that can be utilized
in harvesting mechanical energy from the wheels of a bicycle during cycling and braking
modes [57]. The R-TENG consists of a radially segmented steel rotator and a stator com-
prised of interdigitated copper electrodes with a PTFE layer on top of them acting as the
electrification layer. Three brake clamps are also connected to the device, which, when
activated, press the stator closer to the rotator, increasing the friction between the PTFE
and steel layers (Figure 15).
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Figure 15. The R-TENG proposed for harvesting mechanical energy from bicycle tires during normal
riding and braking modes. (a) Schematic diagram. (b) Photograph of the R-TENG. (c) Powering of
LEDs in riding and braking mode. Reproduced with permission [57]. Copyright 2021, John Wiley
and Sons.

The R-TENG was tested in two modes at 150 rpm, one non-contact sliding mode with
a 0.5 mm gap between the stator and the rotor, representing the riding of the bicycle without
braking, and the other in contact sliding mode when the brake clamps are activated. In
non-contact mode, the harvester was capable of producing 0.3 mW when matched with a
46 MΩ external load. In contact mode, the electrical output of the device greatly increased;
the maximum output open-circuit voltage, generated charge density, and closed-circuit
current were measured at 300 V, 24 µC/m2, and 60 µA, respectively, while the maximum
output power in braking mode was 2.29 mW when the R-TENG was matched with a 20 MΩ
external load of resistance. The robustness of this design was also demonstrated as its
electrical characteristics were found to be stable after one million cycles of operation.

The radially segmented disk design has been adopted by many research groups to
date, who have developed different R-TENGs using a range of triboelectric materials and
structures to address the needs of specific applications. Some researchers have studied
designs of the basic architecture, such as the one described by Kuang et al. [58], while others
have reported more complex ones, such as the one demonstrated by Yong et al. in 2021 [59],
which incorporates more than one R-TENGs in a single design, or the ones proposed by
Cao et al. [60] and Li et al. [61], which utilize the Curie effect or the structural response
of shape memory alloys to changes in temperature, resulting in devices that transform
thermal energy to electrical (Figure 16).
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Figure 16. A collection of different R-TENGs based on radially segmented disk design. (a) Schematic
design and photographs of radially segmented R-TENG. (b) Structural design of dual rotation shaft
R-TENG. (c) Soft-contact R-TENG based on the Curie effect. (d) Schematic design of heat energy
harvesting R-TENG. Reproduced with permission [58–61]. Copyright 2015, Elsevier; 2021, John Wiley
and Sons; 2022, Springer Naturee; 2022, Elsevier.

One such design is the R-TENG harvester proposed by Lin et al. in 2020 (Figure 17),
which was developed to transform water wave energy to electricity [62]. Lin’s harvester
is a freestanding electrode R-TENG that uses a combination of contact electrification and
a reciprocal swinging motion, similar to that observed in a pendulum. The TENG is
comprised of a stator made of ICP-etched PTFE and copper, and an acrylic rotator with
radial segments made of nylon, which functions as the electrification layer. An impeller
translates the energy of water waves into a pushing motion, bringing the rotator and the
stator into contact with each other and leading to charge transfer between the layers, while a
spring restores the gap between the two components. Subsequently, the rotator follows the
rotating motion of the shaft, leading to the typical freestanding electrode mode of operation,
while an iron mass installed on the rotator leads to an oscillating, pendulum-like motion.

The device was reported to require some time to reach a steady state of charge sep-
aration, with the charge at saturation reaching 75 nC. Regarding the electrical output
characteristics of TENG, the open circuit voltage was reported to be up to 160 V, depending
only on the space charge density of the triboelectric materials, while the short circuit current
output was reported to reach approx. 1.5 µA for the maximum trigger acceleration. The
device was found to match at 100 MΩ external load, producing 74 µW. An interesting
property of this design is the slow attenuation of its voltage output with respect to the
mechanical trigger, owing to the pendulum-like motion induced by the iron mass on the
rotator, which enables the device to convert mechanical input of a very small frequency to
electrical energy. In addition, the contactless mode of operation imparts robustness to the
generator, with the authors reporting a stable performance after 500,000 working cycles.
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Another such variation was presented by Zhang et al., for harvesting energy from the
drafts created by rail trains along their path [63]. The basic TENG design comprised of a
stator and a rotator, and the group also detailed and advanced device where the rotator
was sandwiched between two stators, thus creating two TENGs operating in phase. In
this application, the stators were made of copper IDEs, while the rotator consisted of folds
made of PTFE and Kapton® on an acrylic disk (Figure 18).

In this design, the polyimide layer adds to the rigidity of the folds and ensures proper
mechanical contact, while PTFE acts as the electrification layer. The authors studied
different devices using PTFE, PVC, and FEP as electrification layers and tested them for
their electrical output in conjunction with their mechanical properties, namely their friction
coefficient and durability. Although FEP showed increased current and voltage output
compared with PTFE, the latter was preferred by the group for its superior transferred
charge versus applied forces. This means that PTFE-based designs required a smaller
driving force to operate and consequently suffered less material wear, proving the material
ideal for this type of application. Specifically, the single R-TENG design fabricated from
PTFE had an output of 160 nA and an open circuit voltage of 126 V when operated at
200 rpm, while maintaining 89.04% of its output after 50,000 cycles of operation. The
advanced, double layered design was thus fabricated using PTFE as the electrification layer.
This double TENG design was shown to be able to produce a closed-circuit voltage and
short-circuit current of up to approx. 1200 V and 0.35 mA, respectively, with the generated
charges having been measured to be approx. 2.2 µC. When matched with an optimum
external resistance load (1 MΩ), the harvester had an average output power of 47 mW and
peak power of 114 mW.

An interesting variation of these types of R-TENGs addresses the lower triboelectric
charge that is generated in the case of non-contact mode of operation. While non-contact
mode R-TENGs tend to be more robust due to the minimized friction between the materials,
they also have a lower electrical output than their contact mode counterparts. To this end,
various groups have added small patches of soft materials such as paper or polyester fur,
which come into contact with the electrification layer, increasing the generated charges.
One example of a such design was presented by Feng et al. (Figure 19a–c), who showed that
by adding a paper strip in their design, the R-TENG’s open-circuit voltage and short circuit
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current output increased from 702 V to 2352 V and from 25 µA to 133 µA, respectively,
when operated at 600 rpm, while the generated charges increased from 36 nC to 197 nC.
This increase in electrical output was paired with significant robustness of the device, which
showed 100% stable output after 1,000,000 cycles [64].

Nanoenergy Adv. 2023, 3, FOR PEER REVIEW  20 
 

 

 
Figure 18. The proposed design and illustration of the working principle of a R-TENG for harvesting 
wind drafts created by high-speed trains. (a) Device installation and application concept. (b) Sche-
matic diagram of the design. (c) Geometric structure design. (d) Working principle. Reproduced 
with permission [63]. Copyright 2021, American Chemical Society. 

In this design, the polyimide layer adds to the rigidity of the folds and ensures proper 
mechanical contact, while PTFE acts as the electrification layer. The authors studied dif-
ferent devices using PTFE, PVC, and FEP as electrification layers and tested them for their 
electrical output in conjunction with their mechanical properties, namely their friction co-
efficient and durability. Although FEP showed increased current and voltage output com-
pared with PTFE, the latter was preferred by the group for its superior transferred charge 
versus applied forces. This means that PTFE-based designs required a smaller driving 
force to operate and consequently suffered less material wear, proving the material ideal 
for this type of application. Specifically, the single R-TENG design fabricated from PTFE 
had an output of 160 nA and an open circuit voltage of 126 V when operated at 200 rpm, 
while maintaining 89.04% of its output after 50,000 cycles of operation. The advanced, 
double layered design was thus fabricated using PTFE as the electrification layer. This 
double TENG design was shown to be able to produce a closed-circuit voltage and short-
circuit current of up to approx. 1200 V and 0.35 mA, respectively, with the generated 
charges having been measured to be approx. 2.2 μC. When matched with an optimum 
external resistance load (1 MΩ), the harvester had an average output power of 47 mW and 
peak power of 114 mW. 

An interesting variation of these types of R-TENGs addresses the lower triboelectric 
charge that is generated in the case of non-contact mode of operation. While non-contact 
mode R-TENGs tend to be more robust due to the minimized friction between the mate-
rials, they also have a lower electrical output than their contact mode counterparts. To this 
end, various groups have added small patches of soft materials such as paper or polyester 
fur, which come into contact with the electrification layer, increasing the generated 
charges. One example of a such design was presented by Feng et al. (Figure 19a–c), who 
showed that by adding a paper strip in their design, the R-TENG’s open-circuit voltage 
and short circuit current output increased from 702 V to 2352 V and from 25 μA to 133 
μA, respectively, when operated at 600 rpm, while the generated charges increased from 
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(b) Schematic diagram of the design. (c) Geometric structure design. (d) Working principle. Repro-
duced with permission [63]. Copyright 2021, American Chemical Society.
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Figure 19. (a–c) Radially segmented disk R-TENG with paper patches for partial soft-contact elec-
trification. Reproduced with permission [64]. Copyright 2021, John Wiley and Sons. (d–f) Design
featuring polyester fur for soft-contact electrification to enhance charge generation. Reproduced with
permission [65]. Copyright 2021, Elsevier.

In another example, Li et al. presented a similar concept using polyester fur in their
design (Figure 19d–f) [65]. The group tested their design at 900 rpm, reporting a DC voltage
output of 15 kV (and an AC voltage output of 10 kV), with the generated charges reaching
a value of 516 nC. Regarding the power output of R-TENG, it was found to match with
an external load of 110 MΩ, due to the inherent high internal impedance of non-contact
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TENGs, providing an output of 201.83 mW. To further test their design, the group reported
they used the harvester to charge a 5.5 nF capacitor from 0 V to 6.8 kV in just 38 s.

Another approach to increase the amount of generated charges on the triboelectric
surfaces of R-TENGs is the one proposed by Long et al. in 2021 [66]. In this design, a
rotating, freestanding electrode R-TENG is coupled with a voltage-multiplying circuit
(VMC) that can be charged by the rotating TENG and can subsequently induce a fast
increase in charge density on the R-TENG itself, greatly enhancing its output. The TENG’s
stator consists of 12 radially arranged aluminum electrodes, whose surface is covered
with a thin polyamide film. The rotator was fabricated by covering six radial segments
of an acrylic disk with PTFE, covering the rest of the disk with copper electrodes to act
as excitation electrodes, which are also covered with a thin layer of polyamide. TENG
was operated in non-contact mode, with a 350 µm gap between the stator and the rotator
(Figure 20).
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Figure 20. Free floating rotating TENG with VMC based on the charge injection strategy. (a) Schematic
of potential application. (b) Schematic diagram of R-TENG design. (c) Working principle.
(d) Schematic of the VMC. (e–h) Self-excitation process in sliding mode. (i) Output charge density
under different operating modes. Reproduced with permission [66]. Copyright 2021, Springer Nature.

The operating principle of this design is that as the TENG starts to rotate, it also starts
charging the VMC, which in turn starts injecting increasing charges to the copper excitation
electrodes, up to the point where it reaches a saturation state and maximum output. When
the device was operated at 300 rpm, its voltage output under external load of 10 MΩ,
current and charge were measured to be 470 V, 76 µA and 1 µC, respectively, while the peak
power of 34.68 mW was obtained when the TENG was matched with a 30 MΩ external load
resistance. The tribogenerator was also tested at different rotation velocities (60–600 rpm),
and its output AC current and voltage amplitudes were found to increase up to approx.
120 µA and 700 V, respectively. The group also tested the stability and structural integrity of
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their device and showed that after intermittent operation for 15 days the stability of charge
on PTFE decreased only slightly and the electrical output of the device after 100,000 cycles
was also reported to be relatively stable.

Another approach to enhancing the output of R-TENGs of the radially segmented
disk structure has been demonstrated by Han et al., whose design featured a combination
of an energy storage unit, an escapement mechanism and a resonator connected with a
R-TENG [67]. The arrangement of this generator allows the capturing of sporadic and low-
frequency ambient mechanical energy, which it subsequently transmits to a non-contact,
freestanding electrode R-TENG (Figure 21).
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Figure 21. An escapement mechanism-driven R-TENG for enhanced electrical output with upscaled
frequency. Reproduced with permission [67]. Copyright 2020, John Wiley and Sons.

The above structure results in an electrical output of fixed frequency regardless of
the frequency of the mechanical input, while additionally it is capable of up-converting it
resulting in enhanced electrical output. The group tested different materials combinations
before settling for a combination of micropatterned Nylon and PTFE for the rotator, over
aluminum electrodes on the stator. The maximum output voltage, charge density and cur-
rent density of the harvester for input rotation of 0.067 Hz were reported 320 V, 2.84 µC/m2

and 0.59 mA/m2, respectively. The average output power density under these operating
parameters was calculated to be 41 mW/m2 when matched with an external load of 33 MΩ
resistance.

The radially segmented disk design has proven to be extremely versatile due also to the
stacking possibility which allows the development of vertical architectures, by introducing
new components on additional disk layers. One such example is the wireless transmission
module coupled on a R-TENG, presented in 2018 by Jie et al. [68]. In this novel design
a freestanding electrode TENG is coupled with ferroalloys acting as collectors, which
utilize Maxwell’s displacement currents, thus developing a wireless energy delivery (WED)
system. In fact, their work combines a previously demonstrated wireless TENG developed
by the same group [69]. The system consisted of two parts, a contact mode, freestanding
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electrode TENG and a contactless part. The contact mode TENG consists of a rotator and
a stator, similar to the designs studied earlier. The rotator was made of PCB with radial
Au electrodes on its backside and four polypropylene (PP) sectors on its top side, which
are used to preserve the electrostatic charges generated by the sliding motion of the TENG.
The stator, on the other hand, was made of PCB with radial Sn electrodes on its backside
and a PTFE film on its top side, acting as the electrification layer (Figure 22).
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The contact mode TENG operates in a similar way to the ones previously reported
by other authors. In this case, however, by utilizing the periodically changing electric
displacement field, the group managed to transfer the triboelectric energy from the contact
mode TENG to the ferroalloy collectors in a wireless manner. The device was operated at
500 rpm, with the contact type TENG producing approx. 2 mA and 110 V, while for the
wireless TENG the reported rectified current was reported to reach approx. 3 µA and its
maximum power density was calculated at 21.8 mW m−2.

3.5. Hybrid Nanogenerators

Regardless of their specific design triboelectric nanogenerators in general and R-
TENGs in particular exhibit a low current output as compared to their voltage. This has a
significant impact on the amount of power R-TENGs are capable of delivering in a given
system. An approach to address this matter is to couple the R-TENG with another type
of power generator, so that they may operate complementary to one another. The most
obvious association in this case is the design of electromagnetic generators (EMG). Many
research groups have explored hybrid designs which include a R-TENG and an EMG
operating simultaneously, although other types of energy harvesters such as piezoelectric
ones have been also explored [70–73].

Many researchers have developed hybrid energy harvesters aiming to convert wind
energy to electricity, which can be implemented from small scale to large scale installation,
or even used as portable energy sources for low-power electronic devices. Cao et al.
reported the development of a rotating-sleeve type hybrid generator, which combined a
R-TENG and an EMG [74]. The R-TENG in this design has a coaxial cylinder structure,
with FEP film on the stator acting as an electrification layer and radially arrayed copper
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strips acting as both electrodes and as the second electrification layer. On the outer surface
of the stator, a series of also radially arrayed magnets were fitted, which when coupled
with the intertwined coils placed on the rotor grooves complete the EMG. The hybrid
harvester is driven by a fitted propeller, which converts wind energy to rotational motion
and subsequently to electrical, exploiting both the triboelectric and the electromagnetic
effect (Figure 23).
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Figure 23. Hybrid design combining a R-TENG and an EMG for wind energy harvesting.
(a,c) Schematic designs of the device, the stator and the rotator parts. (b) SEM image of surface treated
FEP. Reproduced with permission [74]. Copyright 2017, American Chemical Society.

While the electrical output of the EMG depends on the rotation speed of the rotor, the
voltage output of the R-TENG remains constant, as is expected by the theoretical analysis of
the triboelectric effect. In order for both types of harvesters to be exploited simultaneously,
however, a step-down transformer is required to achieve impedance matching between
them, which in this case the group reported to result at a load resistance of 8 kΩ and 7 kΩ
for the R-TENG and the EMG, respectively. The device was tested for its electrical output
at various rotating speeds and the group reported that the maximum power output was
obtained at 250 rpm. The output Voc and Isc at 250 rpm were determined to reach 48 V
and 1 mA, while when the hybrid harvester was matched with an external load of 8 kΩ
resistance it put out 13 mW.

A similar approach for harvesting low-frequency mechanical energy from sea waves
was described by Feng et al. in their work of 2021, featuring a swinging-motion energy
harvester [75]. The harvester was based on coaxial cylinders structure, with a non-contact
R-TENG made of FEP and copper electrodes, with a set of hair brushes for soft, partial
contact and a set of magnets and coils comprising the EMG. On the exterior of the outer
cylinder, three vertical flaps were used to transform the mechanical energy of waves to
rotation (Figure 24).
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A different approach to harvesting the energy available in water waves was put for-
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Figure 24. A hybrid R-TENG/EMG for water wave energy scavenging, based on swinging motion.
(a) Illustration of water-wave energy harvesting application. (b) Schematic design of the device.
(c) Shell with copper electrodes. (d) Rotor. (e) Copper coils. (f) Neodymium magnets. (g) Rabbit hair
brush. Reproduced with permission [75]. Copyright 2021, Elsevier.

The R-TENG consists of copper electrodes and FEP which acts as the electrification
layer of the non-contact TENG, and a set of rabbit fur patches which allow for soft contact
electrification, enhancing the generation of triboelectric charges on FEP. On the other hand,
three copper coils are paired with equivalent in number neodymium magnets to compose
the EMG, with the magnets also acting as proof masses, leading to an oscillating motion,
similar to that of a pendulum. The two individual generators were connected in parallel
and the hybrid energy harvester was reported to achieve a peak power density output of
10.16 W/m3 and an average power density of 0.23 W/m3 for an external agitation of 0.1 Hz
and a matched external load of approx. 100 MΩ.

A different approach to harvesting the energy available in water waves was put
forward by Zhao et al. in 2021, whose work featured a hybrid R-TENG/EMG energy
generator based on the conversion of heaving motion due to buoyancy to rotational [76]. A
set of gears is used to convert the heaving of a buoy to a unidirectional motion of a belt,
with the assistance of two pulleys. The belt, which is connected to the shaft of the harvester,
drives the rotation of the cylindrical structure allowing the subsequent transformation of
mechanical energy to electrical by the R-TENG and the EMG (Figure 25).

The R-TENG design is based on coaxial cylinders design, where a set of nylon brushes
situated on the rotator come into contact with PTFE segments placed on the stator, inducing
triboelectric charges, which in turn induce a charge difference between a pair of copper
electrodes, in a mechanism similar to that of a freestanding electrode. For EMG, six copper
twined coils on the stator are coupled with twelve magnets of opposing pole direction on
the driving plate, generating electricity via electromagnetic induction. The group tested the
hybrid energy harvester at various rotation speeds, reporting an average power density
output of 10 W/m3 for the R-TENG element, when attached to an external load of 8 MΩ
resistance, and 4.19 W/m3 for the EMG matched with a 100 Ω external load. Studying the
charging capabilities of the hybrid energy harvester, the group reported they observed that
in the early charging stages, EMG was the prevalent charger, while R-TENG took over in
the later stages, providing increasing electricity to the capacitor. The device was shown to
be capable of charging a 1 mF capacitor up to a potential of 10 V within 150 s.
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Copyright 2021, Elsevier. 
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Figure 25. Energy harvesting from the heaving motion of a buoy, by a hybrid R-TENG/EMG design.
(a) Illustration of potential application. (b,c) Schematic design of the R-TENG/EMG. (d) Working
principle for energy production. (e) Photograph of the device. Reproduced with permission [76].
Copyright 2021, Elsevier.

Fang et al. developed a wind-cup-driven hybrid R-TENG/EMG harvester, in which a
radially segmented disk R-TENG is coupled with vertically installed, cone-shaped rollers
containing the magnets of the EMG, while eight twined copper coils are placed on the inner
walls of the device’s casing (Figure 26) [77].
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Figure 26. Wind energy harvester comprised of a hybrid R-TENG/EMG combination. (a) Schematic
design. (b) Photograph of (i) the rotor, (ii) the stator and (iii) the assembled R-TENG. Reproduced
with permission [77]. Copyright 2021, Elsevier.
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The group tested PTFE, PVDF, and FEP as electrification materials for R-TENG before
settling on FEP as the material of choice, owing to the combination of significantly increased
charge generation, output voltage, and current. The design was also tested for its sizing
parameters, i.e., the number of coils and magnets, as well as the electrical output of the
hybrid harvester for different wind speeds. The maximum power density output of the
hybrid design was reported to be 0.27 W/m3 when matched with an external load of 60 MΩ
resistance. It is worth mentioning that the individual harvesters displayed vastly different
optimum matching impedances, with the maximum power for the R-TENG being 1.8 mW
at 60 MΩ and that of EMG 62 mW at 660 Ω. The group also studied the robustness of the
hybrid energy harvester, reporting a constant electrical output after approx. 35,000 cycles
of operation.

Another design of a hybrid harvester aimed at transforming wind energy to electricity
was presented by Guo et al. in 2019 [78]. In their work, a pinwheel-based design is
presented, incorporating a radially segmented disk type R-TENG and a stator-rotator
configuration of intertwined coils and magnets, with the magnets having been fitted on the
rotator and the coils on the stator (Figure 27).
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Copyright 2019, Elsevier.

This pinwheel hybrid R-TENG/EMG energy harvester was reported to provide unin-
terrupted electrical output in a range of measured wind speeds, owing to its dual energy
conversion mechanism. At low wind speeds, the output of EMG was negligible, but the
R-TENG was proven capable of providing 24 V (Voc) and 1.8 µA (Isc). At higher wind
speeds, the power-to-weight ratio of R-TENG and EMG were reported to be 0.12 W/g and
0.26 W/g, respectively, showcasing the device’s capability to be used as a light-weight,
portable energy harvester for low-power electronics.

The use of external blades to the design of R-TENGs has already been demonstrated
to be a popular design feature for harvesting the mechanical energy from both wind and
water currents. One such design was presented by Zhang et al. in 2016, who expanded the
simple design of radially segmented disk R-TENGs by adding a set of twined coils and
magnets to benefit from a hybrid energy generation mechanism (Figure 28) [79].
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Figure 28. Radially segmented disk R-TENG combined with an EMG and vertical flaps for wind
and water energy harvesting. (a) Schematic design. (b) SEM image of nanostructured PTFE surface.
(c) SEM image of aluminum nanopores. (d) Illustration of potential application. (e) Photograph of
the device. Reproduced with permission [79]. Copyright 2016, American Chemical Society.

The device was intended to be used in driveways, harvesting the air drafts generated
by passing vehicles. The group tested the hybrid harvester at various rotation speeds,
reporting a maximum 10.8 W/m3 volume power density output for the R-TENG when
matched with a 50 MΩ external load, while the EMG reached 51.5 W/m3 at a 400 Ω
matching impedance. A step-down transformer was included to decrease the impedance
of the R-TENG, leading to a maximum output of 55.7 W/m3 for the hybrid design when
matched at 700 Ω, while the maximum voltage and current output were measured to be
3.5 V and 5 mA, respectively.

A different type of hybrid R-TENG-based energy harvester was proposed by Zhao
et al., who expanded the radial flap design of an R-TENG by incorporating a piezoelectric
nanogenerator (PENG) in the rotating flaps [80]. The simple yet versatile structure of this
R-TENG is comprised of a series of radial flaps fabricated by a number of sandwiched
layers, driven by wind cups attached to the mutual shaft. The layered structure consists
of a single-electrode, contact-separation R-TENG based on PTFE and aluminum, and
alternating PVDF and gold layers that constitute the PENG (Figure 29).

The group tested reference PENG and R-TENG devices and compared them to the
hybrid structure under different rotation speeds, while also exploring the effect of external
loads of resistance on the output of each design. The hybrid harvester displayed superior
voltage and current output, and its matching impedance, after incorporating a transformer
for the R-TENG, was determined to be at approx. 250 kΩ. The maximum electrical output
of the hybrid harvester was reported to be 210 V (Voc) and 395 µA (Isc) when driven at
100 rpm, and the corresponding surface power density output was 6.04 mW/cm2.

From the works presented so far, it becomes apparent that rotating triboelectric genera-
tors are versatile energy harvesters. The large range of possible designs and configurations
allows their use in various different environments and makes possible the transformation
of mechanical energy from a wide range of sources, from wind and water flow, to rotating
machinery parts and even human motion. In addition, the performance of these energy gen-
erators can be further improved following different strategies, by enhancing the properties
that are intrinsic to the triboelectric effect, such as the effective area of contact of the electret
materials or the induced charges on their surfaces, or by coupling the R-TENGs with other
types of energy harvesters for a synergistic effect. A collection of energy harvesters based
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on R-TENGs is presented below in Table 1, along with key characteristics of their structure
and electrical output.
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Table 1. R-TENGs in energy harvesting applications.

Reference Dielectrics Electrodes Mode of
Operation

Electrical Output
Characteristics

Xie et al.
[12]

PTFE (ICP)
PET Aluminum Contact

Voc: 250 V
Qsc: 140 nC
Isc: 0.25 mA (1 GΩ)
P: 12 mW (1 MΩ)

Rodrigues et al.
[37]

PTFE
Nylon 6.6

Kapton
Aluminum Contact

Voc: 102.2 V (44 L/min)
Qsc: 8.1 µC (44 L/min)
Isc: 120 mA/m2 (44 L/min)
Pd: 6.1 W/m2 (44 L/min)

Du et al.
[38]

Kapton
PTFE (ICP) Copper Contact

Voc: 280 V (120 rpm)
Qsc: -
Isc: 78 µA (120 rpm)
Pd: 2.54 W/m2 (120 rpm,
5 MΩ)

Zhang et al.
[42] PTFE (ICP) Aluminum Contact

Voc: 55 V (800 rpm)
Qsc: -
Isc: 20 µA (800 rpm)
Pd: 3.1 mW/m2 (800 rpm)

Bai et al.
[16]

PTFE (PTFE
nanoparticles) Copper Contact

Voc: 400 V (1000 rpm)
Qdsc: 24.5 µC
Jsc: 90 µA (1000 rpm)
Pd: 36.9 W/m2 (1000 rpm)

Zhang et al.
[44] FEP (ICP) Copper Non-Contact

Voc: 1661 V (2000 rpm)
Qsc: 46 nC
Isc: 12 µA (2000 rpm)
Pd: 16.5 mW/m2 (2000 rpm)

Feng et al.
[45] FEP Copper Non-Contact

Voc: 120 V
Qsc: 46 nC
Isc: 1.52 µA
P: 159 µW (100 MΩ)
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Table 1. Cont.

Reference Dielectrics Electrodes Mode of
Operation

Electrical Output
Characteristics

Jung et al.
[46] FEP Aluminum Non-Contact

Voc: 395 V (0.33 Hz)
Qsc: 46 nC
Isc: 7.3 µA (0.33 Hz)
Pd: 117 µW (0.33 Hz, 70 MΩ)

Kim et al.
[50]

PTFE
Water Aluminum Contact

Voc: 27.2 V (200 rpm)
Qsc: -
Isc: 3.84 µA (200 rpm)
P: 19.1 µW (200 rpm, 20 MΩ)

Le et al.
[51]

PVDF (phase
inversion)

Water
Copper Contact

Voc: 1.5 V (18 rpm)
Qsc: 2.03 nC (18 rpm)
Jsc: 11.94 nA/cm2 (18 rpm)
Pd: 18.48 nW/cm2 (18 rpm,
20 MΩ)

Lin et al. [55] Kapton (ICP) Gold
Aluminum Contact

Voc: 230 V (500 rpm)
Qdsc: 40 µC/m2 (500 rpm)
Jsc: 29 mA/m2 (1000 rpm)
Pd: 1 W/m2 (10 MΩ)

Zhu el al.
[56] FEP Gold

Copper Contact

Voc: 850 V (3000 rpm)
Qsc: 0.32 µC
Isc: 3 mA (3000 rpm)
Pd: 19 mW/m2 (3000 rpm,
0.8 MΩ)

Zhou et al. [57] PTFE Copper
Steel

Contact &
Non-Contact

Voc: 300 V (150 rpm)
Qsc: 24 µC/m2 (150 rpm)
Isc: 60 µA (150 rpm)
P: 2.29 mW (150 rpm, 20 MΩ)

Kuang et al.
[58] PTFE - Contact

Voc: 200 V (500 rpm)
Qsc: -
Isc: 0.75 mA (500 rpm)
Pd: -

Yong et al.
[59] FEP Copper Contact

Voc: 306 V
Qsc: -
Isc: 32 µA
P: 5.2 mW

Cao et al.
[60]

FEP
Rabbit fur Copper Contact

Voc: -
Qsc: 389 nC (30 rpm)
Isc: 3.23 µA (30 rpm)
P: 14. 8 µW (30 rpm, 1.1 GΩ)

Lin et al.
[62]

PTFE (ICP)
Nylon Copper Non-Contact

Voc: 160 V
Qsc: 75 nC
Isc: 1.5 µA
P: 74 µW (100 MΩ)

Zhang et al.
[63]

PTFE
Kapton

Copper
Aluminum Contact

Voc: 1200 V (600 rpm)
Qsc: 2.2 µC
Isc: 0.35 mA (600 rpm)
Pavg: 47 mW (1 MΩ)

Feng et al.
[64]

PTFE
Paper Aluminum Non-Contact

Voc: 2352 V (600 rpm)
Qsc: 197 nC (600 rpm)
Isc: 133 µA (600 rpm)
P: 120 mW (600 rpm, 30 MΩ)

Li et al.
[65]

PTFE
Nylon Polyester

fur
Copper Non-Contact

VAC: 10 kV (900 rpm)
Qsc: 516 nC (900 rpm)
Isc: 71 µA (900 rpm)
P: 201.8 mW (600 rpm,
110 MΩ)

Long et al.
[66]

PTFE
Nylon

Copper
Aluminum Non-Contact

VR: 470 V (300 rpm, 10 MΩ)
Qsc: 1 µC (300 rpm)
Isc: 76 µA (300 rpm)
P: 34.68 mW (300 rpm, 30 MΩ)
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Table 1. Cont.

Reference Dielectrics Electrodes Mode of
Operation

Electrical Output
Characteristics

Han et al.
[67]

PTFE
(nanopatterned)

Nylon
(nanopatterned)

Aluminum Non-Contact

Voc: 320 V (0.067 Hz)
Qdsc: 2.84 µC/m2 (0.067 Hz)
Jsc: 0.59 mA/m2 (0.067 Hz)
Pd: 41 mW/m2 (0.067 Hz,
33 MΩ)

Jie et al.
[68]

PTFE
PP

Tin
Gold Non-Contact

Voc: 17.5 V (500 rpm)
Qsc: -
Isc: 3 µA (500 rpm)
Pd: 21.8 mW/m2 (500 rpm,
7 MΩ)

Hybrid Energy Harvester Designs

Reference Combination Dielectrics Electrodes Maximum electrical output
characteristics

Li et al.
[61]

R-TENG and
EMG FEP Copper

Voc: -
Isc: -
PdTENG: 313 µW (6 MΩ)
PdEMG: 4.3 mW (680 Ω)

Cao et al.
[74]

R-TENG and
EMG FEP Copper

Voc: 48 V (250 rpm)
Isc: 1 mA (250 rpm)
PHybrid: 13 mW (250 rpm,
8 kΩ)

Feng et al.
[75]

R-TENG and
EMG

FEP
Rabbit fur Copper

Voc: -
Isc: -
PdHybrid: 0.23 W/m3 (0.1 Hz,
~100 MΩ)

Zhao et al.
[76]

R-TENG and
EMG

PTFE
Nylon Copper

Voc: -
Isc: -
PdTENG: 10 W/m3 (8 MΩ)
PdEMG: 4.19 W/m3 (100 Ω)

Fang et al.
[77]

R-TENG and
EMG

FEP
Nylon Aluminum

Voc: 683 V (47.4 V)
Isc: -
PdHybrid: 0.27 W/m3 (267 rpm,
60 MΩ)

Guo et al.
[78]

R-TENG and
EMG FEP Copper

Voc: -
Isc: -
PdTENG: 0.12 mW/g
PdEMG: 0.26 mW/g

Zhang et al.
[79]

R-TENG and
EMG

PTFE (ICP)
Polyurethane Aluminum

VR: 3.5 V (700 Ω)
IR: 5 mA (700 Ω)
PHybrid: 55.7 W/m3 (1000 rpm,
700 Ω)

Zhao et al.
[80]

R-TENG and
Piezoelectric

PTFE
PET

Gold
Aluminum

Voc: 210 V (100 rpm)
Isc: 395 µA (100 rpm)
PdHybrid: 6.04 mW/cm2

(100 rpm, ~250 kΩ)

4. R-TENGs as Sensors and Actuators
4.1. R-TENGs for Sensing Applications

From the theoretical framework discussed earlier, with regards to the operating prin-
ciples of R-TENGs and the relationship between the design parameters and the electrical
output characteristics of these devices, it becomes apparent that these same parameters
can be exploited as sensing mechanisms for a series of applications [81–86]. In addition, in-
creasing the level of design complexity of R-TENGs allows for the acquisition of more than
one triboelectric signal, which can offer a wealth of information after being appropriately
processed. This flexibility in design becomes an additional exploitable aspect of R-TENGS
for sensing applications.
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Based on the correlation of the output characteristics and design parameters, determin-
ing the angular velocity of R-TENGs is probably the most intuitive. In particular, the direct
dependency of both voltage and current frequencies, as well as output current amplitude
on the rotational speed of R-TENGs has been well established in theoretical analysis.

Many research groups have utilized the aforementioned dependencies to develop
R-TENG-based self-powered rotation speed sensors. Lin et al. presented a radially seg-
mented R-TENG design that could function as a self-powered sensor of rotation speed and
vertical displacement (Figure 30) [87]. The device operated in non-contact mode, which
ensured minimal material wear and a long lifetime, with a reported signal stability after
500,000 cycles. The group observed that the amplitude of the output current density (Jsc)
decreased as the surface gap increased from full contact (0 mm) to 5 mm, while it increased
with the increase in rotation speed. On the contrary, its frequency only showed dependency
on the rotation speed, thus Jsc profiles could be used to infer both rotation speed and
vertical displacement. In addition to the sensing potential of the device, the reported output
open-circuit voltage (220 V), short-circuit current density (13 mA/m2), and power density
(1.22 W/m2, matched at 2 MΩ) confirm the capabilities of the R-TENG to function as a
self-powered sensor.
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In a similar approach, Lu et al. also demonstrated a radially segmented R-TENG for
use as a self-powered rotation speed sensor [88]. In their work, they paid close attention to
the attenuation of the signal amplitude as it is driven through a rectification bridge and a
signal processing unit. They inferred that while the amplitude of the output short-circuit
current decreased, its frequency remained intact and could be utilized to extract the rotation
speed of the R-TENG. The device was fabricated using gold and copper electrodes and
PTFE as the electrification layer and was operated at full contact mode. The maximum
values reported for this device were 39 V, 15.6 µA amplitude (AC), and 377.7 µW (matched
at 600 kΩ). A comparison of these values with the ones reported by Lin et al. for their
non-contact R-TENG, elucidated the significance of surface treatment for the materials used
in R-TENG designs. By employing induced couple plasma etching on the surface of FEP
film and micropatterning the surface of the aluminum electrodes, Lin et al. managed to
enhance the resulting surface charge density generated by the electrification process, which
is reflected in the high output characteristics despite the non-contact condition.

Other research groups have also utilized segregated sliding disk designs to develop
rotation speed R-TENG sensors [89], while coupling the rotation speed with external stimuli
such as the temperature-dependent force of a shape memory alloy has also allowed for
the indirect determination of other parameters [90]. Of particular interest are the designs
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proposed by Meng et al. in 2015 [91] and Xin et al. in 2022 [92], who transferred the idea of
a freestanding electrode design in the form of bearings, to fabricate R-TENGs that were
utilized as self-powered rotation speed sensors (Figures 31 and 32).Nanoenergy Adv. 2023, 3, FOR PEER REVIEW  37 
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Figure 31. Illustration, image, and schematic of the working principle of a R-TENG utilizing PTFE
ball bearings. (a) Schematic design. (b) Photograph of the device. (c) Illustration of the charge
generation mechanism. (d) COMSOL calculation of charge distribution. (e) Simulation results of
open-circuit potential on the bearings. Reproduced with permission [91]. Copyright 2015, Elsevier.
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tration of potential applications. (b) Schematic of the energy harvester and the power management
system. (c) Illustration of the proposed installation of the R-TENG. (d) Photograph of the device.
Reproduced with permission [92]. Copyright 2022, MDPI.

The designs incorporated the merits of R-TENGs, allowing the extraction of informa-
tion regarding the rotation speed of the devices from the frequency profiles of the output
Isc and Voc, while also displaying increased robustness due to the inherent low friction due
to the nature of the employed PTFE bearings included in the design.

Similar in their working principle is R-TENGs, which have been proposed by numer-
ous groups for use as tilt angle sensors. Often, especially for the determination of small
angles, these devices utilize multiple R-TENG components and the angle measurement is
performed by processing a collection of signals [93]. In 2015, Wu et al. presented a radially
arrayed sliding disk design, which was capable of both measuring the rotation angle as
well as determining the angular velocity [94]. The rotator was developed on acrylic, with a
patterned soft foam layer on top and deposited copper foil sectors acting as electrification
layers. The copper foils were deposited in radially arrayed sectors separated by equal
intervals, creating a pattern that allowed for the codification of the output signal of the
sensor (Figure 33). The stator consisted of three layers: four radial segments of copper were
deposited on an acrylic substrate to be employed as electrodes and a FEP thin film was
placed on top of them to act as electrification layer. In order to facilitate the sliding motion
and to improve the energy conversion process, spherical PTFE nanoparticles were used as
lubricants on the surface of the FEP film.

The sensor was tested at a range of rotation speeds from 0 rpm to 1250 rpm and a
linear relationship between the speed and the voltage output frequency was deduced. By
collecting the electrical output of the TENG from the four electrodes simultaneously, the
group was able to measure the rotation angle performed by the rotator. Depending on
the position of the rotor with regards to the stator electrodes, four unique, out-of-phase
signals are produced that are sufficient to derive the exact position of the stator. As stated
by the authors, an increase in the number of electrodes can improve the resolution of the
angle measurement.
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is based on two rotating TENGs that produce a signal with a phase shift, induced by a 
difference in overlap of the electrodes, which can be used to extract the direction of the 
angular motion. The individual TENGs are comprised of a rotator containing two groups 
of copper freestanding electrodes with a central angle difference, to achieve the hysteresis 
in overlap, and a stator consisting of Kapton® film, which acts as the electrification layer 
and two groups of copper IDEs, with the same central angle and no difference between 
the two groups (Figure 34). 

Figure 33. Radially arrayed R-TENG angle and rotation speed sensor. (a) Schematic design. (b) Pho-
tograph of the rotator. (c) Photograph of the stator. (d) SEM image of Cu foil. Inset: Enlarged SEM
image. (e) SEM image of the PTFE particles on the surface of FEP. Reproduced with permission [94].
Copyright 2015, John Wiley and Sons.

A peculiarity that arises for these specific devices is the requirement for a more intricate
design required to determine, apart from the tilt angle, the direction of rotation as well. To
that end, some groups such as Hou et al. have opted to use mechanical restrictions that only
allow for unidirectional rotation of the R-TENG [95]. On the same topic of tilt angle sensing
for applications in robotic and human limbs, Wang et al. presented a sophisticated design
of a self-powered angle sensor (SPAS), which was demonstrated to be able to measure the
tilt angle, angular velocity, and direction [96]. The design of the sensor is based on two
rotating TENGs that produce a signal with a phase shift, induced by a difference in overlap
of the electrodes, which can be used to extract the direction of the angular motion. The
individual TENGs are comprised of a rotator containing two groups of copper freestanding
electrodes with a central angle difference, to achieve the hysteresis in overlap, and a stator
consisting of Kapton® film, which acts as the electrification layer and two groups of copper
IDEs, with the same central angle and no difference between the two groups (Figure 34).
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The sensor was tested at different angular velocities (1◦–80◦ s−1) and angular distances
(10◦–100◦) and it was observed that the number of voltage output crests of the TENGs
was constant (20), regardless of the angular velocity or distance. The voltage signal of the
individual TENGs is already high enough (approx. 65 V), which allows its use without
requiring amplification and the sensor was shown to have a resolution of 2.03 nanoradians
and sensitivity of 5.16 V/0.01◦. The group also tested the robustness of the sensor, reporting
an average open-circuit voltage of 123.09 V and a standard error of 0.48 V with no observable
attenuation after 100,000 cycles, which confirms the reliability of their device after a long
time of operation.

Another unique design was the one proposed in 2018 by Hu et al., who developed a
triboelectric, pendulum-structured generator that was also able to be used as a tilt-angle
sensor [97]. The device consisted of a rotor and two stators in coaxial conformation about
the pivot point. They constructed the rotor from acrylic to provide structural support and
PTFE thin film was used as the triboelectrification layer. The stators sandwiching the rotor
were created by two sets of interdigitated copper electrodes, creating a variation in the
freestanding electrode structure (Figure 35a–d).
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The device operated at 1.5 Hz was able to produce a current of up to 8.4 µA, whose
value decreased with time due to energy losses from friction; however, the voltage output
remained constant at approx. 84 V, thanks to the grating structure of the device. The
group evaluated the maximum instantaneous power density to be 35.2 mW/m2 when
matched with an external load of 10 MΩ. Apart from the possibility to utilize the device
as a tilt-angle sensor, charging of a range of different capacitors was demonstrated and
the device was able to charge different capacitors up to even 66.4 V, within a few seconds
of operation.

A unique application of R-TENGs was demonstrated in 2019 by Wang et al., who
utilized the difference in viscosity coefficients of a series of liquids to develop a tubular
R-TENG that was capable of performing chemical analysis [98]. The device consisted of
copper electrodes, electric brushes, and an FEP tube within which different organic solvents
were placed and were forced to rotate by an external drive (Figure 35e).

The different viscosity coefficients and contact angles between these substances and
FEP were shown to lead to varying output voltages. By associating the contact angles
with the polarity of the different liquids and the voltage output of the R-TENG, the group
showed they were not only able to determine which liquid was inside the FEP tube, but it
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was also possible to determine the amount of water present, when a mixture of a substance
with water was inserted in the tube.

All of these applications highlight the versatility offered by R-TENGs in the field of
sensors, owed not only to the electrical properties of the triboelectric effect, but also to the
multitude of potential designs, which can be tailored for a variety of working environments
and desired applications. A collection of sensing applications of R-TENGs along with some
of their key characteristics are summarized below in Table 2.

Table 2. R-TENGs in sensing applications.

Reference Type of
R-TENG

Type of
Sensor Parameters Mode of

Operation

Electrical
Output

Characteristics

Lin et al.
[87]

Radially
segmented
sliding disk

Displacement
and Rotation

speed

Jsc amplitude
and frequency Non-contact

Voc: 220 V
Jsc: 13 mA/m2

Pd: 1.22 W/m2

(2 MΩ)

Lu et al.
[88]

Radially
segmented
sliding disk

Rotation speed Isc frequency Contact

Voc: 39 V
Isc: 15.6 µA (AC

amplitude)
Pmax: 377.7 µW

(600 kΩ)

Xie et al.
[89]

Radially
segmented
sliding disk

Rotation speed Voc frequency
Isc frequency Contact

Voc: 130 V
Isc: 150 µA (AC

amplitude)

Xuan et al.
[90]

Radially
segmented
sliding disk

Rotation speed
(Temperature)

Isc amplitude
and frequency Non-contact

Voc: 226.2 V
Isc: 12.3 µA (AC

amplitude)
Qsc: 78.4 nC

Pmax: 538.6 nW
(40 MΩ)

Meng et al.
[91] Bearings Rotation speed Isc frequency Contact

Isc: 70 nA (AC
amplitude)
Qsc: 2.7 µC

Xin et al.
[92] Bearings Rotation speed Voc frequency Contact

Voc: 150 V
Isc: 2 µA (AC

amplitude)
Pmax: 107 µW

(~700 MΩ)

Lee et al.
[93]

Radially
segmented
sliding disk

Angle Voc frequency Contact

Voc: 180 V
Isc: 0.4 µA (AC

amplitude)
Qsc: 65 nC

Wu et al.
[94]

Radially
arrayed

sliding disk
Angle Voc amplitude Contact Voc: 20 V

Hou et al.
[95]

Radially
segmented
pendulum

Angle Voc frequency Contact
Voc: 150 V

Isc: 0.4 µA (AC
amplitude)

Wang et al.
[96]

Radially
segmented
sliding disk

Angle
Voc frequency

Phase
difference

Contact Voc: 123.09 V

He et al.
[97]

Radially
segmented
pendulum

Angle Voc amplitude
Isc amplitude Contact

Voc: 83.6 V
Isc: 8.46 µA (AC

amplitude)
Pmax:

35.2 mW/m2

(10 MΩ)

Wang et al.
[98] Tubular Chemical

composition Voc amplitude Contact

Voc: 228 V
Isc: 11.5 µA (AC

amplitude)
Pmax: 37 mW

(120 MΩ)
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4.2. R-TENGs as Actuators

As showcased above, R-TENGs provide the capability to design and develop self-
powered sensors, based on the correlation of their structural and operating parameters and
their electrical output characteristics. Apart from this, TENGs have been also studied as
potential candidates to drive numerous different processes or systems, highlighting their
versatility and capability to be utilized in a wide range of dissimilar applications [99,100].

Several groups have utilized the electrical output of R-TENGs to directly drive elec-
trochemical reactions. In 2016, Li et al. reported the use of a R-TENG to drive the electro-
chemical corrosion of a nanoporous gold cantilever [101]. The group developed a radially
segmented disk R-TENG that was capable of delivering continuous AC current with an
amplitude of 1.5 mA and an oscillating potential of 140 V. Using a transformer, the group
managed to increase the short-circuit current of the energy harvester to approx. 14 mA,
while simultaneously reducing its voltage output to about 20 V, which was sufficient to
drive the required chemical reactions. In addition, they concluded that the energy output
of the R-TENG was higher at lower temperatures, which allowed for an increase in the
output current and voltage by 14% and 20%, respectively, by adding a cooling system to
the R-TENG.

Adhering to the central theme of powering electrochemical reactions using R-TENGs,
Ren et al. presented a self-powered system for water splitting, based on the conversion of
wind energy by a cylindrical R-TENG (Figure 36) [102]. The group connected a freestanding-
electrode, cylindrical R-TENG to an electrolytic cell, after first transforming and rectifying
its electrical output in order to overcome the impedance mismatch between the device and
the electrolyte. After the testing the capabilities of their design at a range of different wind
speeds, a maximum H2 generation of approx. 7 µL/min was reported for a driving wind
speed of 10 m/s.
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Figure 36. Schematic of self-powered water splitting system. Reproduced with permission [102].
Copyright 2018, Elsevier.

Another field of potential applications for R-TENGs that has been explored by a num-
ber of groups is that of directly driving external systems, without using an intermediate
energy storage device. Li et al. demonstrated the capability of a R-TENG to drive an elec-
trospinning system [103]. In their work, a radially segmented disk design was employed,
using FEP and copper electrodes as the constituents of the R-TENG (Figure 37). The as-
developed energy harvester provided an open-circuit voltage of 1400 V and a short-circuit
current of 5.5 mA for a maximum instantaneous power of 1.08 W when matched with an
external load of 120 kΩ.
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which was ultimately capable of delivering a DC voltage of up to 8 kV, allowing for the 
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Another example of such an application is the one presented by Yu et al., who 
demonstrated the capability of a cylindrical R-TENG to manipulate the transportation of 
droplets for microfluidic applications [104]. R-TENG was fabricated by a combination of 
PTFE, nylon, and copper electrodes and was capable of providing an output Voc of ap-
prox. 3.5 kV amplitude (Figure 38). 

 

Figure 37. Schematic of radially segmented disk R-TENG, used to drive an electrospinning system.
(a) Schematic illustration of the energy harvester actuated electrospinning apparatus. (b) Schematic
design. Insets: Schematic illustration of the Cu IDEs. (c) Photograph of the stator and rotator parts.
(d) Photograph of assembled R-TENG. Reproduced with permission [103]. Copyright 2017, American
Chemical Society.

Testing the capabilities of R-TENG showed that its voltage output was insufficient to
drive the spinneret. To this end, the group utilized a voltage-doubling rectification circuit,
which was ultimately capable of delivering a DC voltage of up to 8 kV, allowing for the
electrospinning of various nanofibers as a proof of concept.

Another example of such an application is the one presented by Yu et al., who demon-
strated the capability of a cylindrical R-TENG to manipulate the transportation of droplets
for microfluidic applications [104]. R-TENG was fabricated by a combination of PTFE,
nylon, and copper electrodes and was capable of providing an output Voc of approx. 3.5 kV
amplitude (Figure 38).
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Figure 38. Schematic of the design and the operating principle of R-TENG used to manipulate the
transportation of droplets. (a) Illustration of the electric brush. (b) Schematic design of the droplet-
based transport system. (c) Schematic design of the R-TENG. (d) Illustration of the droplet tracking
process. Reproduced with permission [104]. Copyright 2021, Royal Society of Chemistry.
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With the addition of a diode, the rectified DC voltage was enhanced to an absolute
value of approx. 5 kV, which was proven sufficient to manipulate droplets to move, but also
to split or mix via dielectrophoresis, showcasing the versatility of R-TENGs in microfluidic
applications.

A further demonstration of R-TENGs being capable of directly driving external sys-
tems is that described by Ouyang et al. in 2019, who developed an on-demand drug
delivery system driven by a radially segmented disk R-TENG [105]. The R-TENG follows a
simple design using two radially segmented copper disks (rotator and stator), sandwiching
a PTFE film, which acts as the electrification layer (Figure 39).
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Figure 39. An R-TENG used for controlled subdermal drug release. (a) Illustration of the complete
system, including subdermal patches, R-TENG and power management system. (b) The right side
of the integrated system. (c) Schematic of the rotor and stator parts and the assembled R-TENG.
Reproduced with permission [105]. Copyright 2019, Elsevier.

The group used the electrical output of the R-TENG to supply a polypyrrole film
loaded with molecules of the desired drug, which started being released following electrical
stimulation. In their work, an ex vivo drug penetration of approx. 30 ng/cm2 was reported
on porcine skin, with the group demonstrating the capability to control the drug delivery
rate by tuning the operation time of the energy harvester or by varying the resistance of the
power management unit.

Another concept related to biological applications was featured in the work of Hu
et al., regarding the stimulation of cell cultures with the aim to enhance their proliferation
and migration [106]. The group utilized the electrical output of a segmented disk type
R-TENG, fabricated by copper electrodes and PTFE, to periodically stimulate L929 cell
cultures for a period of six days, studying their proliferation and migration with respect to
the delivered current amplitude and frequency (Figure 40).
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Figure 40. R-TENG utilized in the electrical stimulation of L929 cells (a–c) and its effect on their
proliferation and migration (d,e). Reproduced with permission [106]. Copyright 2019, Elsevier.

The group reported that stimulating the cell cultures with currents between 10 µA
and 50 µA could lead to an enhanced migration rate up to 67% compared with the con-
trol sample, while stimulation was also found to enhance the genes related to migration
and proliferation.

On a different domain, Bai et al. presented the employment of a double R-TENG for
the excitation of microplasma in air, to be used in decontamination of chemical warfare
agents [107]. The proposed R-TENG design consisted of two radially segmented disk
R-TENGs using PTFE as the electrification layers and paper strips as a soft contact material
to enhance the charge generation process, similar to the work presented by Feng et al.
(Figure 41).
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The device was operated at 600 rpm, and the charge generated was measured to be
465 nC, with Voc and Isc reaching a maximum value of 3 kV and 171 µA, respectively.
By connecting the R-TENG to a couple of electrodes and placing the chemical agent
between them to be directly decontaminated by the microplasma, the group studied the
decontamination process using AC, negative DC, and positive DC current. Following their
experimental results, they concluded that AC and negative DC current showed similar
results, achieving a decontamination percentage of up to 99.75%.

On the wider topic of decontamination, in 2022 Chen et al. suggested the imple-
mentation of R-TENGs as a wind driven discharge harvester to power a UVC lamp for
water decontamination [108]. R-TENG is based on a variation of the freestanding-electrode
design in a radially segmented disk conformation, where FEP and PTFE are utilized as the
electrification materials and copper IDEs are used as the electrodes (Figure 42).
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Figure 42. Operating principle and components of a wind-driven UVC lamp for water decontamina-
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The R-TENG was reported to have an output of 4.8 kV (Voc) and peak-to-peak Isc and
Qsc of 79 µA and 0.9 µC, respectively. In addition, the group observed that the discharge
taking place between the output terminals has a synergistic effect which enhances the
output of the R-TENG up three times.

An interesting application of R-TENGs was demonstrated by Shin et al. in 2022,
who suggested the utilization of triboelectrically induced charges as a gate potential for
transistors [109]. In their work, a transistor comprised of PTFE as the dielectric material,
poly(3-hexylthiophene-2,5-diyl) (P3HT) as the semiconducting layer, and silver electrodes
functioning as the source and drain. For the gate, an aluminum rotating cylinder was
brought into to contact with the PTFE layer, leading to the generation of triboelectric
charges as the cylinder rotated with the two materials in contact. In this conformation, the
induced triboelectric charges on the PTFE layer function as the gate potential, allowing
for the implementation of this design to gate-free transistors on moving objects such as
vehicles (Figure 43).

The rotating gate transistor was tested at a range of rotation speeds and the drain
current was found to be dependent on the rotation speed of the gate, similar to the current
measured in typical R-TENGs. In addition, the group reported that their transistor behaved
in a way similar to conventional transistors, displaying saturation of the measured drain
current at a certain gate potential, and a steep increase after a rotation speed threshold.
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5. Conclusions and Future Prospects

In this article, we reviewed the emerging technological advancements in the field
of rotating triboelectric generators. We summarized the theoretical framework and the
operating principles of R-TENGs and the working modes utilized by numerous researchers
in the development of simple or more complex devices. Moreover, we described the
correlation between the design parameters and operating conditions of R-TENGs and their
electrical output, while we also highlighted strategies for enhancing some of their key
operating properties. This survey allowed for the identification of key parameters for
engineering and manipulating the output characteristics of R-TENGs, while also providing
a roadmap for optimization strategies.

In addition, we expounded the use of R-TENGs as energy harvesters, showcasing the
different designs employed by various research groups and the wide variety of available
energy sources. Variations in the basic designs were also explored, illuminating the capa-
bility of R-TENGs to provide a broad range of electrical outputs, while at the same time
we reviewed different strategies for enhancing their output, from self-excited designs to
hybrid energy generators. This overview of the experimental implementation of the ideas
discussed in the theoretical framework, which was developed in the beginning, serves
as a depository of designs and individual design parameters, offering researchers the
opportunity to adopt, remodel, and expand a set of solutions to cater to their own specific
applications at hand.

Furthermore, we presented a range of applications for R-TENGs that lie outside
the strict definition of energy harvesting. Initially, our attention mainly focused on the
widespread use of R-TENGs as self-powered sensing devices, where different architectures
were examined along with their capabilities. Nevertheless, the list of potential applications
and their designs was expanded to include applications where R-TENGs are utilized to
directly drive external systems, from R-TENGs stimulating and controlling drug delivery
systems to R-TENGs operating as rotating gates in transistors. The broad range of appli-
cations covered in this section offers an insight into the versatility of R-TENGs and their
capability to be integrated in a wide variety of practical scenarios. In addition, the different
solutions presented here, along with their impact on the operating parameters of R-TENGs,
can be exploited by researchers in conjunction with the solutions discussed in the energy
harvesting section, providing a multitude of options for design customization.

It is certain that over the next years, more research will be dedicated to R-TENGs,
as it becomes apparent from the significant scientific interest they have already attracted.
The number of different designs and the reported variations in these designs is a simple
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indication of the versatility this type of nanogenerators presents, while the diversity of
proposed applications hints to the wide range of different requirements that need to be
taken under consideration, many of which are application-specific. As we showcased in
this review, the use of R-TENGs can vary significantly and can range from large-scale
installations for blue energy harvesting to nano-applications where R-TENGs are employed
as components for microelectronic devices. Regardless of the field of application, through
this work, we have identified a number of aspects related to R-TENG design that are of
particular interest for future research, as advancements in these areas will greatly improve
R-TENGs and their applications.

One intuitive such element is the materials used as electrification layers. So far, most
of the research regarding R-TENGs is heavily focused on a small number of dielectrics,
such as FEP, PTFE, Kapton®, and PET. However, to fully exploit the versatility of R-TENGs,
different operating ambient conditions and special structural requirements may need to be
taken into consideration. In light of this, research on new materials and especially novel
composites, focused on optimized combinations of electrical and structural properties,
will provide a flexible compilation of electrification layers for specialized applications.
In addition, given the direct correlation between attainable surface charge density and
R-TENG power output, new approaches on surface treatments for electrification materials,
extending from surface patterning techniques to chemical functionalization, are certain to
provide valuable design solutions.

Another area of particular interest in the design and assembly of R-TENGs is the
fabrication techniques that can be employed in accordance with the materials of choice, as
well as the desired architecture. Additive manufacturing processes, such as 3D printing,
offer reduced fabrication times and limit material waste as opposed to subtractive processes.
In particular, 3D printing is an attractive method, especially for lightweight structures,
due to its versatility, ease-of-use, and low cost. As a method, it is suitable for use even for
intricate designs, while also providing the capability of simultaneous material deposition
and surface patterning, with recent developments also allowing for micro- and nano-
patterning scales. Typical limitations of 3D printing include the requirement for low
viscosity resins, as well as the existence of maximum thresholds for additives in composite
material filaments due to nozzle geometries. As a result, research regarding the triboelectric
properties of different (composite) printable materials is a topic that will surely attract
scientific interest in the near future. In particular, studies providing a correlation between
the electrical properties of novel materials, their printability and device structural integrity,
while also taking into consideration the limitations they confer to structure precision and
spatial resolution will prove beneficial for the efficient adaptation of this novel, growing
field of additive manufacturing for R-TENG development and fabrication.

Last but not least, remaining on the subject of fabrication methods and techniques,
the applicability of R-TENGs for autonomous, long-lasting systems was highlighted in the
present work. The wide range of available mechanical energy sources along with the flexi-
bility in design makes R-TENGs strong candidates as energy sources or sensors/actuators
for remote systems with little to no accessibility for human intervention. Such applications
include, but are not limited to, remote installations or biological applications, which call for
low-dimension and low-energy components. To this end, research on different approaches
for the miniaturization of R-TENGs will prove to be of interest, along with optimization
techniques for increased output characteristics to compensate for smaller electrification
surfaces. Combined with advancements in power management and system integration,
this is sure to provide a set of useful tools through which the range of potential applications
for R-TENGs extends even further.
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