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Design and development of wobbling triboelectric nanogenerators for 
harvesting sustainable energy from wind and vibration
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A B S T R A C T

This paper reports the development, optimization, and real-world application of an innovative wobbling tribo-
electric nanogenerator to harvest energy from wind or vibrations. The harvester features a spring-supported 
structure, purposely designed to become unbalanced and reversibly shift from a steady to a non-steady state 
in response to minimal wind or vibration stimuli. Unlike conventional wind turbines, this approach transforms 
wind energy into contact-separation events via a wobbling structure. The harvester’s mechanisms are engineered 
to enhance power generation efficiency, optimizing parameters like electrode dimensions and contact-separation 
quality. Experimental findings showcase a maximum output power density of 1.6 W/m2 under optimal condi-
tions, employing a fixed suspending mechanism for heightened impact energy during contact. Moreover, the 
harvester efficiently charges a 3.7 V lithium-ion battery with over 4.5 μA, showcased in a self-powered light mast 
as a practical demonstration. The harvester provides cost-effectiveness by utilizing inexpensive, easily accessible 
materials without complex fabrication. This research paves the way for future exploration in integrating tribo-
electric nanogenerators with wobbling mechanisms, offering a promising pathway for sustainable power gen-
eration across various applications, including lighting and IoT sensor nodes.

Introduction

The growing demand for sustainable and autonomous power solu-
tions, particularly in remote or off-grid environments, has driven sig-
nificant interest in energy-harvesting technologies [1–5]. Energy 
harvesting techniques are generally categorized by their source: 
photovoltaic systems utilize sunlight [6], while electromagnetic gener-
ators (EMGs) [7], piezoelectric devices [8] and Triboelectric nano-
generators (TENGs) which convert mechanical motion into electricity. 
There are pros and cons for each energy harvesting method. For 
example, photovoltaics are limited in low-light environments, EMGs 
require bulky components and high wind speeds [9], while Piezoelectric 
and TENG harvesters typically produce low-power outputs and are 
sensitive to environmental conditions [10,11].

TENGs offer several advantages over traditional energy harvesting 
technologies. They can achieve high energy conversion efficiencies, with 
some designs demonstrating efficiencies between 50 % and 85 %. TENGs 
are effective at harvesting low-frequency mechanical energies, such as 
human motion and environmental vibrations, which are typically 
challenging for piezoelectric and EMG harvesters [12–15]. TENGs have 

gained prominence due to their ability to convert low-frequency and 
low-intensity mechanical stimuli into electrical energy without the need 
for external power sources [16].

TENGs’ unique advantages—including low cost, simple structure, 
lightweight materials, and high compatibility with diverse sub-
strates—make them highly suitable for powering wearable electronics, 
wireless sensor networks, and structural health monitoring systems in 
self-powered Internet of Things (IoT) applications [17,18]. TENGs 
operate based on triboelectrification and electrostatic induction and can 
be classified into four main working modes: contact-separation, sliding, 
freestanding triboelectric layer, and single-electrode mode [13]. This 
variety allows them to adapt to different mechanical excitation types 
[3,19]. Several works have achieved promising results with rotational 
TENGs, reaching power densities up to 8.55 mW/cm2 [20] and 3.18 
mW/cm2 [21]. While these designs benefit from continuous contact 
forces, they often depend on sustained airflow and rotational motion, 
which may not be efficient in all environments [22–27].

Vibration-based sources—including building sway, ocean waves, 
and flow-induced vibrations—also present vast potential for mechanical 
energy harvesting [28]. Research into structures inspired by trees [29] 
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or vortex-induced oscillations [30] shows that oscillating mechanisms 
can improve output performance. However, current works require a 
continuous flow of air or vibration. Integrating an unbalanced mass into 
vibration energy harvesting systems can significantly enhance energy 
conversion efficiency by amplifying small ambient vibrations. This 
approach utilizes rotational inertia to increase oscillatory motion, 
thereby improving the system’s responsiveness to external excitations. 
For instance, a study demonstrated that a nonlinear double-mass 
pendulum energy harvester effectively captures low-frequency vibra-
tions, showcasing the potential of unbalanced mass configurations in 
energy harvesting applications [31]. Additionally, research on the ef-
fects of proof mass geometry in vibration energy harvesters indicates 
that different geometrical dimension ratios significantly impact the 
resonance frequency and output performance, highlighting the impor-
tance of mass distribution in optimizing energy harvesting devices [32]. 
Unbalanced masses are utilized in TENGs to enhance energy harvesting 
efficiency, for example, a 3D chiral network of TENGs designed to 
effectively harvest water wave energy. This network employs chiral 
connections between unbalanced units, imparting flexibility and hyper- 
elasticity in water, which enhances wave energy absorption and con-
version [33]. An imbalance mass oscillation generator that converts 
kinetic energy from cardiac wall motion into electrical energy by 
oscillating in response to the heart’s motion, generating power sufficient 
to operate medical implants like pacemakers [34]. However, there has 
been no research on using a wobbling mechanism that can be created by 
unbalanced beams (mass) and spring combinations for TENG energy 
harvesters. This can be very efficient in noncontinuous and small sources 
of wind and vibration applications.

To bridge this gap, this study introduces a Wobbling Triboelectric 
Nanogenerator (WTENG) that leverages a spring-supported, inverted 
pendulum mechanism to transition from a stable to an oscillatory state 

under minimal wind or vibration. This unbalanced configuration en-
ables multi-directional motion and repeated contact separation, 
enhancing triboelectric performance without requiring continuous 
external force. The primary aim is to demonstrate the feasibility and key 
parameters (boundary conditions, electrode dimension, frequency of the 
input energy) affecting the performance of the proposed WTENG. This 
study further investigates impedance matching, rectification, and output 
optimization, demonstrating its potential as a practical energy harvest-
ing solution for real-world application. A theoretical model was also 
developed for the wobbling-based mechanism to show the relationship 
between the leveraged contact force via inverted pendulum dynamics 
and evaluate impedance matching conditions for effective power 
transfer. These insights offer new design principles for low-frequency, 
multi-source energy harvesting systems.

Methods and materials

Working principle

Wobbling mechanism
In the depicted wobbling mechanism (see Fig. 1a), a bar is con-

strained by a ball joint connector to the base, allowing it to have half- 
spherical movement. Four springs are positioned to maintain the bar 
perpendicular to the base. At the top of this bar, three blades are 
mounted to capture the wind’s mechanical energy from all directions 
and deflect the bar toward the direction of the wind. Consequently, the 
bar undergoes angular wobbling motion induced by the wind and the 
reaction of the springs.

Fig. 1b illustrates a contact-separation TENG that is positioned in the 
middle of the wobbling bar, consisting of two electrodes: an outer tube 
and an inner tube. A layer of Kapton is affixed to the outer surface of the 

Fig. 1. Sketch of the WTENG a) Schematic of the entire structure, b) Cross-sectional view illustrating the contact-separation TENG details, c) Entire assembled 
structure. Schematic of SM d) gyroscope, e) normal hinge, f) rhombic hinge, and g) fixed.
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inner tube, serving as the triboelectrification layer in contact with the 
inner surface of the outer tube. Two isolator fixtures position the inner 
tube at the bar’s midpoint. Similarly, the outer tube is suspended in the 
same position but connected to the outer shell, utilizing a gyroscope 
structure to track the bar’s movements when it comes into contact with 
the inner tube. The electrodes are connected to conductive wires for 
electrical connections, which are depicted in Fig. 1c.

Since the outer electrode encircles the inner electrode, the wobbling 
amplitude is restricted by the gap between the two electrodes. 
Describing the contact-separation process, when the wind pushes the 
blades, the bar deflects and the two electrodes come into contact. With a 
slight decrease in wind pressure, the tensioned and compressed springs 
push the bar back, separating the electrodes. Following this, the springs 
induce a wobbling movement, resulting in multiple reciprocating con-
tact and separation events. The direction of the wind determines which 
surfaces of the electrodes come into contact. If the wind direction is 
parallel to the X or Y coordinates (Fig. 1a), only one surface of each 
electrode contacts. However, any combination of these two directions 
results in two surfaces of each electrode coming into contact. Addi-
tionally, the angle of the blowing wind affects the impact of contact on 
each paired surface. As a rough estimate, a larger contacting area would 
result if the wind pushes the blades at a 45-degree angle to the X and Y 
directions, assuming the same pressing force in both directions. It is 
important to note that the contacting force contributes to the effective 
contacting surface area at the nanoscale.

For suspending the outer electrode in position, various suspending 
mechanisms (SM) with different degrees of freedom are designed, as 
depicted in Fig. 1d-g, to study the impact of degrees of freedom on 
electrical performance.

Fig. 2. a) Different states of WTENG and illustration of electric charge current. For each state, the top view of WTENG and its electrical condition is depicted at the 
bottom. b) Schematic of tube displacements in deflection mode.

Table 1 
WTENG specifications, material configurations, and test parameters.

Test category Material variety Note

Wobbling 
structure

3D-printed PLA SMs Gyroscope • Wobbling 
direction: 0, 90, 
45 degrees.

• Wobbling 
amplitude: 1–4 
mm.

• Wobbling 
frequency: 1–7 
Hz.

Normal hinge
Rhombic hinge
Fixed

TENG Triboelectrification 
layers

Kapton Thickness = 40 μm
Aluminum Thickness = 1.5 mm

Outer electrode Aluminum tube Cross section =
square
Width = 2.5 mm
Length = 1.25 ~ 80 
cm

Inner electrode Aluminum tube Cross section =
square
Width = 1.5, 2 mm
Length = 1.25–80 
cm

Electrical 
performance

​ Open circuit 
voltage

​

Power 
transmission

R = 100 Ω–10 MΩ

Battery 
charging 
current

​
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Triboelectrification
Triboelectrification occurs when two heterogeneous materials come 

into contact, resulting in the transfer of electric charges between their 
surfaces. Upon separation, due to the characteristics of the materials and 
the speed of separation, some of the transferred charges remain on the 
respective surfaces, creating a localized static electric field [3,35]. 
Hence, both the contacting force and separation speed play crucial roles 
in determining the electrical performance.

To elucidate the electric charge generation process, a similar 
approach to references [36–38] is adopted. Fig. 2a illustrates the four 
mechanical and electrical states of WTENG. The four schematics at the 
bottom depict the top view of WTENG in different states with electric 
charge flow. State (0) represents equilibrium, wherein the wobbling bar 
is perpendicular to the base, and no contact occurs between the dynamic 

parts of WTENG, i.e. the inner electrode with attached polymer and 
outer electrode.

When the wobbling bar deflects (state 1), the outer electrode and 
polymer come into contact. Due to the higher negative triboelectric 
charge density of Kapton, electrons transfer from the aluminum elec-
trode to Kapton to establish a balance between the occupied surface 
charge density in the outer electrode and Kapton [3,39]. Once these 
charge transfers occur, the outer electrode experiences a deficit of 
electrons, resulting in the movement of electrons through the load 
resistor (Fig. 2a) to maintain an equilibrium of charges.

Upon contact, the stored reaction force in the springs pushes the 
wobbling bar back, leading to separation in the WTENG (state 2). As 
separation commences, some transferred charges remain on Kapton’s 
surface, generating a local electrostatic field[40]. This field attracts 

Fig. 3. A) Illustration of the entire test setup, and b) Schematic of converting horizontal movement to wobbling movements.

Fig. 4. Demonstration of experimental validation of the WTENG’s working principle: a) Output voltage plotted against time for seven wobbling frequencies. b) 
Close-up of a single cycle of the 1 Hz wobbling.
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positive charges in the inner electrode toward Kapton, inducing a 
negative charge on the inner electrode. Consequently, charges tend to 
move toward the outer electrode through the load resistor to achieve a 
state of equilibrium. The magnitude of this current depends on the 
electrostatic field, which is determined by the amount of trapped charge 
on the Kapton surface, the dielectric coefficient and the thickness of 
Kapton, which has an inverse relationship with the thickness squared 
(

E = 1
4πε0

Q
d2

)

where E is the electric field, Q is the electric charge in the 

distance d and ε0 is the vacume permittivity (8.85 × 10− 12 F⋅m− 1). 
Therefore, it is expected that the amplitude of the backward flow will be 
less than the contacting process.

Continuing from the reaction of the springs, the wobbling bar de-
flects in the opposite direction, resulting in contact in the WTENG, as 
depicted in Fig. 2a state (3). State (3) is similar to state (1) due to the 
square cross-section of the aluminum tubes and the uniform thickness of 
the attached polymer around the inner tube. The only difference lies in 
the force and speed of contact, which are expected to be lower than in 
state (1). The wobbling process will persist, oscillating between states 
(1-2-3-2-1) until it achieves an equilibrium state (0). This cyclical mo-
tion results in an alternating current in the load resistor. However, 
owing to damping in the wobbling, the generated current also exhibits a 
damping profile.

In addition to the contacting surface area, the contact force plays a 
crucial role in triboelectrification, as a higher impact force leads to more 
effective atomic-scale contact between surfaces [41]. The wobbling 
mechanism enhances this impact force by leveraging the inner bar’s 
moment arm, as described by Equation (1): 

M = Fapp.Li

FPO = Fapp
Li

LPO

(1) 

where M is the moment at the bottom of the inner tube (near the ball 
joint) in Nm, Fapp is the applied force (N), and Li is the total length of the 
inner tube, as depicted in Fig. 2b. The force at the midpoint of the inner 
tube, FPO, where the outer tube is positioned (LPO), is twice as large 
because the moment arm is halved. This force amplification can be 
further increased by lowering the outer tube’s position, but this also 
results in a larger maximum deflection (D, defined in Fig. 2b). The 
geometrical relationships governing this deflection are given in Equa-
tions 2–4: 

δmax =

⎧
⎨

⎩

wO − (2 × tO) − wi

2
, ifSM = fix

wO − (2 × tO) − wi, ifSM = pinned
(2) 

θ = tan− 1

⎛

⎜
⎝

δmax
Li
2 + LO

2

⎞

⎟
⎠ (3) 

D = Li × tan(θ) (4) 

where wO, wi and LO represent the width and length of the outer and 
inner tubes, respectively, and δmax is the maximum lateral displacement 
at the top of the outer tube. For a fixed SM, the lateral displacement is 
half that of a pinned SM, as rotation freedom affects the deflection 

Fig. 5. Comparing the output voltage as a function of wobbling frequency and amplitude for ITW 15 and 20 mm, with a) TL of 800 mm using a normal hinge SM, b) 
TL of 800 mm using a gyroscope SM, c) TL of 200 mm using a normal SM, and d) TL of 200 mm using a gyroscope SM.
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direction. Additionally, for diagonal movements, the lateral displace-
ment is 

̅̅̅
2

√
times greater than for movements along the X or Y axis.

Since the full cycle of wobbling motion causes the top of the inner 
tube to travel a total distance of 2D, lowering the outer tube increases 
the wobbling cycle duration. This is because the inner tube requires 
more time to reach the outer tube, and stronger restoring springs are 
needed to return it to its equilibrium position.

Dynamic behavior of the wobbling system
The wobbling motion of the system can be modeled as a simple 

harmonic oscillator, governed by Newton’s Second Law. Since the force 
acting on the system is cyclic, the acceleration follows F =ma where m is 
the effective mass of the wobbling object and a = d2x

dt2 is the acceleration 
of the object in x displacement in time t. The system’s restoring force is 
characterized by an effective stiffness k, leading to the equation of 
motion (Equation (5): 

m
d2x
dt2 + kx = 0 (5) 

which is a second-order homogeneous differential equation describing 
simple harmonic motion. The natural angular frequency of the system ωn 
is given by Equation (6): 

ωn =

̅̅̅̅
k
m

√

(6) 

which defines the fundamental oscillation frequency of the system when 

displaced from equilibrium. Solving the differential equation and 
assuming an initial displacement x0 and initial velocity υ0, the system’s 
motion follows Equation (7): 

x(t) = x0cos(ωnt)+
ϑ0

ωn
sin(ωnt) (7) 

where x(t) describes the displacement of the inner tube over time. Since 
the full-cycle wobbling movement is defined as 2D and is time- 
dependent, the optimal energy transfer occurs when the excitation fre-
quency matches the natural frequency.

Since the effective stiffness k can be expressed in terms of force and 
displacement as k = F

D, the natural frequency, expressed in Hertz, is 
given by Equation (8): 

fn =
ωn

2π =
1
2π

̅̅̅̅̅̅̅
F

mD

√

(8) 

This equation demonstrates that the optimal wobbling frequency is 
determined by the applied cyclic force, the effective mass of the system, 
and the displacement range, which is influenced by the tube dimensions. 
If the system is driven at its natural frequency by an external force, 
resonance occurs, leading to maximum oscillation amplitude and high- 
efficiency cyclic contact-separation events. Therefore, accurately un-
derstanding the system’s natural frequency is essential for optimizing 
the wobbling triboelectric nanogenerator’s energy-harvesting 
performance.

Fig. 6. Generated voltage of the WTENG using different SM and three wobbling directions a) parallel, b) diagonal and c) perpendicular to the rotating coordinate of 
the SM, plotted against variations in wobbling frequency and amplitude. d) presents a comparison of the average generated voltages across the three directions for 
each SM.
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Dynamic behavior of WTENG’s impedance
The electrical characteristics of the WTENG are influenced by the 

contact mechanics of its wobbling motion. As established in the previous 
section, increased excitation—especially near the natural frequency of 
the system—results in greater acceleration, which in turn enhances the 
contact force between the electrodes. This increase in contact force plays 
a critical role in shaping the WTENG’s intrinsic impedance.

A higher contact force leads to more intimate contact and a smaller 
electrode gap. Since the capacitance in a parallel-plate model is 

inversely proportional to the distance between them 
(

C∝ 1
distance

)

, where 

C is the capacitance, a reduced gap results in higher effective capaci-
tance [42]. Additionally, during rapid separation, the rate of electrode 
disengagement increases, which limits the time window for charge 
dissipation through tunneling or air breakdown when the gap is mini-
mal. This dynamic behavior helps preserve the generated charges and 
contributes to efficient energy transfer [43].

From an electrical standpoint, the capacitive impedance (ZC) of the 

WTENG, given by 
(

ZC = − j 1
2πfC

)

, where f and C are signal frequency 

and capacitance, decreases as capacitance increases. This means that 
under stronger contact force conditions, the WTENG exhibits lower in-
ternal impedance, allowing more efficient power delivery to the external 
circuit. When the load resistance is properly matched to this internal 
impedance, conjugate impedance matching is achieved, resulting in 
maximal power transfer [44]. Understanding the dynamic relationship 
between mechanical contact force and electrical impedance is therefore 
essential for optimizing load conditions, especially when the WTENG 
operates under variable mechanical excitation.

Rectifier impedance and power transfer efficiency
To enable energy storage, the WTENG is connected to a rectification 

circuit consisting of a diode bridge and a 3.7 V lithium-ion battery. The 
rectifier’s dynamic impedance plays a critical role in determining the 
power transfer efficiency from the WTENG to the storage element. It can 
be approximated by Ohm’s law as Equation (9). 

RDB =
Vf

If
(9) 

where Vf is the total forward voltage drop of the conducting diodes and If 
is the average charging current. In a typical silicon diode bridge, each 
diode introduces a forward voltage drop of approximately 0.7 V, leading 
to a combined drop of 1.4 V during conduction.

To ensure efficient energy transfer to the storage unit, the rectifica-
tion circuit should present an input impedance that aligns with the 
WTENG’s dynamic output impedance. This impedance compatibility 
facilitates conjugate matching, minimizing power loss and enabling 
effective battery charging. Therefore, impedance considerations in the 
rectifier design are essential for maintaining overall system efficiency.

Material

The electrodes of the WTENG are made from industrial-grade 
aluminum tubes with detailed information regarding their dimensions 
provided in Table 1. The polymer used is a polyamide (Kapton) film with 
one-side adhesion and a thickness of 40 μm, possessing a triboelectric 
charge density of − 92.88 µcm− 2 [39]. The triboelectric charge density 
for Al2O3 is − 1.5 µcm− 2 [45] which makes a significant contrast for a 
higher triboelectrification in the contact-separation process. Further-
more, both materials are commercially available, require no additional 
surface treatment, and eliminate the need for complex fabrication pro-
cesses, making them highly scalable for energy-harvesting applications. 
For the wobbling structure, an aluminum bar with a diameter of 10 mm 
was selected due to its lightweight properties. The ball joint used is a 

Fig. 7. a) Comparison of the generated voltage as a function of wobbling amplitude and frequency using fixed SM and different TLs, b) Comparison of the average 
generated voltage for the fixed SM across various TLs.
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cost-effective variant commonly found in chair bases. A Polyvinyl-
chloride (PVC) drain pipe with a diameter of 75 mm serves as the outer 
shell. All mechanical connectors, such as the gyroscope, wind blade 
holder, springs holder, and isolator fixture, are 3D printed from a tough 
Polylactic acid (PLA) material. Additionally, to ensure smooth and low- 
resistance operation of the gyroscope, four small ball bearings are 
incorporated into the joints. In material selection, prioritizing cost- 
effectiveness and ease of availability and use was paramount to align 
with the core principles of triboelectric energy harvesting.

Test method and effective parameters investigated

The test method involves inducing wobbling through wind force. 
However, controlling wind in a laboratory setting requires expensive 
equipment and facilities. Given that WTENG can harvest any type of 
wobbling movement, it is decided to induce wobbling by moving the 
base rather than the wobbling bar. Comparing the movements in these 
two conditions (wobbling the bar or the base) yields the same results, as 

ultimately, the wobbling bar with all its installed parts moves against the 
fixed components installed on the outer shell and base. Therefore, 
wobbling the base can be achieved under controlled conditions using the 
designed setup shown in Fig. 3a.

The operating principle of the setup is that a servo motor provides 
precise and controlled rotation, while a reciprocating mechanism con-
verts these rotational movements into linear movements. Additionally, a 
linear guide ensures perfect one-dimensional linearity. As depicted in 
Fig. 3b, the wobbling structure is installed on two bases: the hinge base, 
which is fixed and allows for angular movements, and the ramp base, 
which is connected to the reciprocating part and converts horizontal 
movement into vertical displacements. Consequently, the back-and- 
forth movements of the ramp base result in the wobbling of the WTENG.

Using this setup enables the control and testing of all parameters 
represented in Table 1, which contribute to electrical output perfor-
mance. A Linear Variable Differential Transformer (LVDT) is incorpo-
rated to measure linear movements, which correlate linearly with the 
wobbling angle according to the Pythagorean principle. Additionally, to 

Fig. 8. Electric power generation at wobbling frequencies and amplitudes of 1–4 mm (a − d). e) Battery charge current profile with varying frequency and 3 mm amplitude over 
time. f) Average charge current at 3 mm amplitude vs. frequency, with battery charging circuit diagram inset.
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capture electrical parameters, a digital oscilloscope and an ammeter are 
utilized.

Results and discussions

Fig. 4a plots the output voltage over time for seven different 
wobbling frequencies, all with a wobbling amplitude of 3 mmP-P, an 
outer tube width (OTW) of 25 mm, an inner tube width (ITW) of 15 mm 
and a tube length (TL) of 25 mm. The graph demonstrates an increase in 
output voltage with increasing the wobbling frequency. This phenom-
enon can be attributed to the rise in contact force, as it is described in the 
dynamic behaviour of the wobbling system. Since the mass of the 
wobbling bar remains constant, an increase in acceleration results in a 
higher force.

To look deeper into the working principle, Fig. 4b provides a 
zoomed-in view of a single cycle of 1 Hz wobbling. This figure highlights 
the fluctuation process occurring due to the spring’s reaction force. 
However, owing to the low speed of the external wobbling, these fluc-
tuations become damped over time through several contact and sepa-
ration events.

As per the TENG’s principle, greater contact area results in increased 
triboelectrification and higher electricity generation[46]. To assess this 
and determine the optimal TL and difference in tube widths, a series of 
tests with various dimensions are conducted. Another important factor 
that is evaluated is the SM (Fig. 1d-g), as the degree of freedom impacts 
the spring-based fluctuations, where a more rigid mechanism provides a 
greater impact energy during the time of contact. In order to evaluate 
the optimal WTENG size, experiments are conducted with different SMs. 
Additionally, to account for the influence of TL and difference in tube 
widths on electrical performance, experiments are carried out with two 
ITWs (15 and 20 mm) and two TLs (200 and 800 mm) for each SM.

Comparing the two different ITWs in Fig. 5 reveals that ITW = 15 
mm exhibits a better performance in both normal hinge and gyroscope 
SMs, across the long and short TLs. Surprisingly, Fig. 5c and 5d 
demonstrate that a shorter TL leads to a higher output voltage, contrary 
to the expectation of “higher contacting area, higher performance”. The 
error bars in Fig. 5 show the variation in the amplitude of output voltage 
in repetitive wobbling motion. Based on these findings, additional tests 
are done with ITW = 15 mm and TL = 200 mm to determine the optimal 
SM.

Given that the test setup only wobbles the WTENG in one direction 
(let’s refer to it as direction X), it is important to acknowledge that real- 
world scenarios involve two-directional wobbling (directions X and Y). 
Moreover, the effect of wobbling direction influence on the WTENG’s 
performance is investigated, including directions parallel, perpendic-
ular, and diagonal to the rotating coordinate of the SM.

Fig. 6a-c illustrates the generated voltage of the WTENG using 
different SMs and three different wobbling directions, for the fixed SM, 
wobbling directions of 0 and 90 degrees are considered the same, across 
variations in wobbling frequency and amplitude. The variation in output 
voltage peaks in each test is in the range of 5 % to 17 % and the error 
bars are removed to avoid messi figure.

The results from different SMs are compared with the average 
generated voltages in all wobbling directions. As shown in Fig. 6d, the 
fixed SM provides the best performance. Despite the lack of degree of 
freedom in the fixed SM, the solid contact between dynamic parts of the 
WTENG contributes to a higher voltage output.

To determine the optimal TL, sets of experiments are conducted 
using a fixed SM and a wobbling direction perpendicular to SM’s rota-
tion coordinate and ITW = 15 mm. Fig. 7a illustrates the generated 
voltage as a function of wobbling amplitude and frequency utilizing 
different TLs. While increasing TL generally leads to a higher output 
voltage, it is noteworthy that the decrease in the surface flatness asso-
ciated with longer TLs contributes to a reduction in the effective contact 
area.

Additionally, according to Equation (8), the natural frequency of the 

entire structure, which depends on the dimensions and weight of the 
wobbling structure, plays a role in generating the output voltage[47]. 
Consequently, at certain wobbling frequencies and amplitudes, the 
generated voltage can be significantly higher than the other TLs, irre-
spective of the speed-dependent contacting force. This factor adds 
another dimension of consideration alongside the contact area and 
needs further modeling and evaluation.

So far, optimization has been based on comparing the generated 
output, representing the harvested electric charges. However, since 
energy harvesting is the primary objective of designing the WTENG, the 
transmission and storage of electric power become important consid-
erations in energy harvesters. To examine the electrical characteristics 
of the WTENG, a variety of resistors (0.1 to 10 MΩ) are applied as 
electrical loads, and the power consumption of the resistors is recorded 
at different wobbling frequencies and amplitudes (Fig. 8a-d) to find the 
maximum power transmission based on the explanation in the section of 
Dynamic behavior of WTENG’s impedance.

Fig. 8a-d illustrates how the wobbling amplitude and frequency 
directly affect the WTENG’s output performance. Considering the pa-
rameters TL = 50 mm and ITW = 15 mm, the generated power density at 
a wobbling amplitude of 4 mm and frequency of 6 Hz is 1.6 W/m2. 
However, it is noticeable that in certain cases, such as Fig. 8a, and b, 
increasing the frequency from 6 to 7 Hz does not lead to a higher output. 
This phenomenon is attributed to the natural frequency of the wobbling 
mechanism.

To store the generated electric charges in a 3.7 V lithium-ion battery, 
a bridge diode made of ultra-fast recovery rectifier diodes (shown as an 
inset in Fig. 8f) was used to minimize voltage loss across components. 
Fig. 8e shows the time-dependent charging current measured during 
WTENG operation at different wobbling amplitudes. Due to the low 
sampling rate of the ammeter, the current profile appears non-repetitive. 
Nevertheless, based on the average measured current, Fig. 8f reveals an 
exponential-like increase in charging current with wobbling frequency. 
Based on Equation (9), at an average charging current of approximately 
4.6 μA, the estimated rectifier impedance is about 300 kΩ, which closely 
aligns with the optimal load resistance obtained from power trans-
mission tests (Fig. 8a–d). This match confirms that the diode bridge does 
not cause a significant impedance mismatch, supporting effective energy 
transfer to the battery and validating the rectification and storage 
strategy. In order to evaluate the functionality of the WTENG as an 
energy harvester, it is installed inside a light mast to charge the battery. 
The stored energy supplied a 0.1 W LED for a few seconds and only when 
the employed passive infrared (PIR) sensor detects human motion.

Conclusions

This research presents a new approach to harnessing wind energy by 
combining mechanical wobbling and TENG in order to provide a sus-
tainable and cost-effective energy harvesting system to be used across 
different applications. Efficient energy harvesting capabilities have been 
demonstrated through the leveraging of wobbling motion and the uti-
lization of a contact-separation mode TENG. The optimization of key 
parameters such as electrode dimensions, and wobbling mechanisms has 
led to significant improvements in power generation efficiency, about 
1.6 W/m2 for TL = 50 mm, ITW = 15 mm in wobbling frequency and 
amplitude of 6 Hz and 2 mm respectively. Experimental results have 
shown the effect of wobbling frequency, amplitude, and SM on output 
efficiency, building the ground for future research and development. 
The successful integration of the WTENG into a real-world application, 
e.g. charging a Li-ion battery with a charging current of 4.6 μA and 
supplying power to a light mast, demonstrated its practical viability. 
This study highlights the potential of WTENGs as sustainable and effi-
cient solutions for diverse energy harvesting needs, particularly in IoT 
sensor nodes and other remote applications. Future research directions 
may include further optimization of WTENG design, scalability for large- 
scale deployment, and exploring additional practical applications across 
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various industries. Another aspect that needs more investigation for 
optimum performance is engineering the entire system’s natural 
frequency.

Limitations and future work

While the WTENG demonstrates promising energy-harvesting capa-
bilities, several aspects require further investigation to ensure its prac-
tical deployment in real-world environments. One key limitation of this 
study is the lack of experimental evaluation under varying environ-
mental conditions, such as humidity, temperature fluctuations, and 
long-term mechanical fatigue. Since triboelectric charge transfer can be 
influenced by surface contamination, moisture absorption, and material 
wear, future work should include controlled environmental testing to 
assess the WTENG’s stability and efficiency over extended operation 
periods.

Additionally, material degradation over time remains an open 
question. Although Kapton and aluminum are widely used for their 
durability and resistance to chemical degradation, repeated contact- 
separation cycles may lead to surface wear, which could affect charge 
transfer efficiency. Investigating surface modifications or protective 
coatings could enhance the WTENG’s lifespan while maintaining 
triboelectric performance.

Another limitation lies in structural optimization for different wind 
and vibration conditions. The wobbling mechanism in this study was 
designed to function under controlled laboratory settings, but in outdoor 
environments, wind turbulence, irregular vibrations, and external me-
chanical forces may introduce unpredictable variations in performance. 
Future studies should include wind tunnel experiments to validate the 
WTENG’s response to real-world wind profiles, as well as improvements 
in blade design to enhance energy capture efficiency.

To achieve a more optimized WTENG design, future work should also 
include simulation-based and analytical investigations. Finite element 
modeling and computational fluid dynamics could provide deeper in-
sights into the structural behavior, airflow interaction, and mechanical 
response of the system, helping to refine key parameters such as 
wobbling frequency, blade dimensions, and aerodynamic efficiency. 
Analytical modeling can further aid in establishing performance pre-
diction frameworks and design guidelines to improve overall energy 
conversion efficiency.

Moreover, energy storage and power management are critical as-
pects that were not fully explored in this study. Although the WTENG 
was demonstrated to charge a Li-ion battery, an in-depth analysis of 
energy conversion efficiency, rectification losses, and storage system 
integration is necessary for developing fully autonomous self-powered 
systems.

Despite these limitations, this study provides a feasibility study for 
wobbling-based energy harvesting, offering a scalable and low-cost so-
lution. Addressing these challenges through material enhancements, 
environmental testing, advanced simulations, blade design optimiza-
tion, and real-world wind testing will be essential for deploying WTENG 
in practical applications such as structural health monitoring, wireless 
sensor networks, and off-grid energy solutions.
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