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Stable energy output is crucial for the sustained flight of small aircraft, particularly flapping-wing air
vehicles (FAVs). Traditional energy supply methods, such as batteries, suffer from limitations in weight, range,
and environmental impact. This study proposes a novel energy self-consistent model (ESCM) for FAVs that
integrates a triboelectric nanogenerator (TENG) structure into a flexible-wing technology (FWT) based on silk
protein. The TENG is designed to harvest energy from the wing’s deformation during flapping motion. The ex-
perimental results demonstrated that the proposed model maintained an average energy output of 29.6 3.4 mW
over a 100 h simulated flight test, with a stability index of 3.5. Compared with the control group using traditional
flexible wings without an integrated TENG, the performance of the research model improved by 36.82 %, with
an average energy output of 29.6 + 3.4 mW and a stability index of 1.8. With the increase in the number of cycles,
the energy recovery accuracy of the wing has been improved, reaching up to 93.5 %. This innovative approach
provides a promising solution for the energy challenges of small aircraft, paving the way for more sustainable

and efficient flight.

Flapping-wing aerial vehicles (FAVs), inspired by the flight
mechanisms of birds and insects, have garnered significant
attention due to their superior maneuverability, energy ef-
ficiency, and stealth capabilities, making them well suited
for diverse applications (Zhang et al., 2021). However, the
technological advancement of FAVs remains constrained by
critical challenges, particularly in energy supply (Xu et al.,
2022). Most existing FAVs rely on batteries, which inher-
ently limit flight endurance due to their relatively low power
density (Xiao et al., 2021). To overcome this limitation, re-
searchers have explored alternative power sources such as
micro fuel cells and solar energy. However, these approaches
also suffer from drawbacks, including inefficiencies, addi-
tional weight burdens, and operational constraints (Yousaf et
al., 2021; Ozaki et al., 2023).

Conventional energy supply methods present several chal-
lenges, including excessive system weight, restricted flight
duration, and environmental concerns related to battery dis-

posal (Kim et al., 2021). Addressing these limitations re-
quires innovative energy solutions capable of enhancing
flight endurance without imposing additional weight penal-
ties. One promising approach involves harvesting energy di-
rectly from the flapping motion of the wings. Among var-
ious energy-harvesting technologies, triboelectric nanogen-
erators (TENGs) have attracted significant interest due to
their ability to convert mechanical energy into electrical en-
ergy, offering a self-sustaining power source for lightweight
aerial systems. TENGs are particularly well suited for cap-
turing energy from low-frequency, irregular motions such as
flapping wings. Prior studies have demonstrated their effec-
tiveness in various applications. Wang et al. (2021) explored
the charge transfer mechanisms in TENGs and their poten-
tial for self-powered sensors and energy harvesting. Wang
et al. (2023) developed a networked TENG system for blue
energy harvesting. Zhang et al. (2022) introduced a super-
lubricating TENG to mitigate friction and wear issues. Xu et
al. (2023) proposed a direct-current (DC) TENG to enhance
current density and simplify circuit management. However,



existing research primarily focuses on relatively simple- or
predictable-motion environments, leaving the integration of
TENGs into the complex, dynamic flapping-wing systems
largely unexplored (Li et al., 2022; Xie et al., 2023; Zhao
et al., 2022; Wu et al., 2022; Wang et al., 2023; Cui et al.,
2022).

To bridge this gap, this study proposes a FAV energy
self-consistent model (FAV-ESCM), integrating a TENG
structure into a silk protein-based flexible-wing technology
(FWT). Flexible wings have shown significant advantages in
the aviation field, such as improving lift and delaying stall,
providing the possibility for dynamic adaptation of aircraft
shapes (Guo et al., 2021; Ahmad et al., 2024). The TENG is
seamlessly embedded within the wing structure, harnessing
the cyclic deformation and contact—separation interactions of
the flapping motion to generate electrical power. This har-
vested energy serves as a supplementary power source, ef-
fectively extending flight endurance and reducing reliance
on traditional battery systems. Compared to previous stud-
ies that focused on TENGs in other applications or flexible
wings alone, this study emphasizes the synergistic integra-
tion of these two technologies to optimize the energy harvest-
ing of FAVs in dynamic and complex motion environments.
By utilizing this new approach, the study aims to advance
energy-efficient FAV design and provide new insights into
sustainable power solutions for the next generation of bio-
inspired aerial systems.

The main structure of this study is divided into four sec-
tions. The first section is an analysis of the current research
status to point out the shortcomings of the current research.
The second section analyzes the TENG structure and the en-
ergy dissipation factors of small aircraft and builds an FAV-
ESCM that combines the TENG structure and FWT. The
third section is an analysis of the energy recovery effect and
the practical application of the proposed model. The last sec-
tion is a summary of the research results, pointing out the
shortcomings of the study and providing prospects for future
research.

This study utilizes a TENG structure based on the principle
of contact electrification and electrostatic induction to con-
vert mechanical energy from wing flapping into electrical en-
ergy. The TENG consists of two layers with different electron
affinities: a silk protein layer (positive triboelectric material)
and a polytetrafluoroethylene (PTFE) layer (negative tribo-
electric material). When these layers come into contact and
separate due to the flapping motion, electrons transfer from
the silk protein to the PTFE, creating a charge separation.
This potential difference drives electron flow through an ex-
ternal circuit, generating electricity (Choi et al., 2023). The

operating principle diagram of the TENG structure is shown
in Fig. 1.

In Fig. 1, the internal electrical strength of TENG struc-
tural medium 1 is shown in Eq. (1).
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In Eq. (1), Q is the transferred charge; E| is the electric field
strength inside dielectric layer 1; S is the area of the electrode
layer, which is the area of the charge distribution region; & is
the vacuum dielectric constant; and &, is the relative dielec-
tric constant of dielectric layer 1, which is a dimensionless
quantity representing the capacitance capacity of dielectric
layer 1 relative to a vacuum. The internal power intensity of
medium 2 is shown in Eq. (2).
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In Eq. (2), E; denotes the electric field strength in dielectric
layer 2. The term &,, corresponds to the relative permittiv-
ity of dielectric layer 2. The E,j (the electrical strength of
the frictional gap (air) between medium 1 and medium 2) is
shown in Eq. (3).
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In Eq. (3), o is the frictional charge density, and ¢ is time. The
calculation of the voltage between the two electrode layers is
shown in Eq. (4).

V = E1di + Eady + Eqairx(2) “4)

In Eq. (4), V is the voltage between the electrodes; x (¢) de-
notes the length of the air gap between the two dielectric lay-
ers, which changes by time; and d; and d» are distance pa-
rameters between medium 1 and medium 2. In summary, the
TENG structure can convert mechanical energy between the
media into electrical energy through the contact between the
friction layer and the electrode. Therefore, the TENG struc-
ture can be applied to meet the aerodynamic power supply
needs of small aircraft. Equations (1)—(4) describe the basic
working principle of TENG in ideal contact separation mode,
describing the process of charge transfer and potential dif-
ference generation. These equations assume that the contact
between the friction layers is uniform and complete, and the
separation distance is also uniformly controllable. However,
the flexible wings of flapping-wing aircraft undergo complex
non-uniform deformation during periodic flapping, posing
challenges for the practical application of the formula. There-
fore, in the application context of flapping-wing aircraft, it
is necessary to introduce dynamic parameters into the equa-
tion to reflect the effects of non-uniform contact and dynamic
air gap changes on charge transfer. Accurately predicting the
behavior of these parameters during real flapping processes
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Operating principle and framework diagram of TENG structure. (a) The motion principle of TENG structure, (b) TENG simplified

structural framework.

requires the use of multi-physics field simulations that can
simulate flexible structural deformation, contact mechanics,
and frictional electric coupling or calibration through pre-
cise in situ experimental measurements. This study focuses
on FAVs, which are characterized by their light weight, small
size, low noise, and biomimetic capabilities (Pan et al., 2024;
Ozaki et al., 2021). The energy consumption of FAVs comes
from both the energy consumed by the aircraft and the aero-
dynamic energy generated by wing flapping. When FAV flies
in the flow field, the ratio of its inertial force to viscous force,
i.e., Reynolds number, is a key parameter for determining the
effect of viscous force. The calculation is shown in Eq. (5)
(Terze et al., 2021; Gayango et al., 2023).
R — pxXvxl )
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In Eq. (5), R, is the Reynolds number, p is the fluid density in
the air, v is the fluid velocity, w is the coefficient of dynamic
viscosity, and [ is a certain characteristic size of an object.
During FAV flight, it is also necessary to comply with the
similarity criterion of unsteady flow, which is the Strouhal
number. The mathematical expression is shown in Eq. (6).
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In Eq. (6), S; is the Strouhal number. The calculation of the
FAV rise coefficient is shown in Eq. (7).
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In Eq. (7), Cr is the FAV rise coefficient, and L is the rise
height. The resistance experienced by the aircraft during as-
cent and flight also generates energy consumption, and the
formula for bearing resistance is shown in Eq. (8).
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Schematic diagram of transmission energy consumption
of FAV. (a) Flexible flapping-wing aircraft style, (b) force analysis
of flexible flapping-wing aircraft.

In Eq. (8), Cp is the FAV resistance coefficient, and D is
the resistance. In addition to resistance, the aircraft also gen-
erates induced resistance during ascent. Induced drag is the
additional drag induced by the generation of lift, as shown in

Eq. (9).
1 2
DizzxpxSxV x Cpj )

In Eq. (9), Cp; is the induction coefficient, and D; is the in-
duced additional resistance. Based on the above calculation
formula, FAVs often experience more resistance and generate
more energy consumption when flying with upward propul-
sion. Therefore, this study proposes that FAVs adopt flexible
wing forms, such as flexible membranes, which can help re-
duce the overall weight and resistance of the aircraft and im-
prove flight efficiency and endurance. The transmission en-
ergy consumption of flexible FAVs is shown in Fig. 2.

In Fig. 2, the flapping angle of the wings of the flexible
FAV is composed of the up and down stroke angles. 0 - r is
the swing angle of the wings. The angular velocity is shown



in Eq. (10).
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In Eq. (10), d is the distance between the center of rotation
of the aircraft’s crankshaft and the center of the gear disk, 8
is the transmission angle, w, is the angular velocity of the
crankshaft, and r is the length of the crankshaft. The angu-
lar velocity is linked to the wing flapping frequency of the
aircraft, and the relationship between the two is shown in

Eq. (11).
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In Eq. (11), f is the flapping frequency of the flexible wing.

After mastering the self-powering characteristics of TENG
structures and the energy consumption factors of flexible
FAVs, this study can further control the energy utilization
efficiency of aircraft. The efficient TENG structure design
can effectively capture the mechanical energy during flap-
ping flight and use it as an auxiliary energy source to enhance
the efficiency of flapping flight (Huang, et al., 2022). Mem-
brane structures have become a potential solution for space-
craft systems due to their advantages of light weight, effi-
cient space utilization, and ease of deployment. Focusing on
the multifunctionality of flexible materials can achieve dual
improvements in energy harvesting and flight performance
(Zhao et al., 2023); Shinde and Upadhyay, 2021). Given the
strict standards for pursuing miniaturization and lightweight-
ing in flexible-wing surface FAVs, this study proposes using
silk protein as the main material for flexible wings. It is a
type of fibrous protein extracted from silkworm cocoons, a
natural polymer material with unique physical and chemical
properties (Chattaraj and Ganguli, 2023). Silk protein mate-
rials have positive electricity and strong moisture absorption
and are easy to process into various forms, such as fiber, film,
gel, etc. The above characteristics suggest that silk protein
is suitable for the production requirements of flexible wings
(Aliabadi et al., 2023). The flexible wing frame with the in-
tegrated TENG structure made of silk protein in this study is
shown in Fig. 3.

In Fig. 3, this study integrates TENG structures made of
silk protein into flexible wings, and the electrode layer is
made of polydimethylsiloxane film as the wing base. The
electrode layer is uniformly and tightly coated on the surface
of PTFE, and finally, Ag nanowires (AgNWs) are welded
together to solidify into a compact electrode network. The
silver nanowire electrode increases the weight of the wing
and requires higher lift from the aircraft, which leads to in-
creased induced drag and requires more power during flap-
ping, resulting in increased power consumption of the drive
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Schematic diagram of TENG-integrated flexible wing
structure. (a) TENG-structure-integrated flexible wing, (b) elec-
trode layer, (c) frictional layer.
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TENG-structure-integrated flexible-wing energy self-
production and energy conversion function.

system. When the flight speed and air density are constant,
the induced drag increases, the lift-to-drag ratio decreases,
and the flight performance of the aircraft deteriorates. The
wing film material is smoothed through a friction layer and
then placed with its back facing up in an acrylic box that
matches the size. Next, silk protein solution is dropped onto
the upper surface of the wing membrane, and it is ensured
that the solution is evenly applied to the membrane. When in-
tegrating TENG structures, flexible wings face inherent me-
chanical energy loss issues such as structural vibration, wing
surface jitter, friction between wing surfaces, and non-active
deformation (Fu et al., 2023). The TENG structure integrates
flexible-wing energy self-production and energy conversion
functions, as shown in Fig. 4.

In Fig. 4, the flexible wing with the integrated TENG
structure will experience brief contact and separation due to
flapping during flight. When the upper and lower wings come
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ESCM of FAV combining TENG structure and FWT.

into contact, the friction between the materials is converted
into an electric charge, which is used to supplement the flight
energy. When the flexible wings with the integrated TENG
structure perform periodic flapping, they can continuously
deliver AC energy to external circuit loads, thereby achiev-
ing a self-consistent supply of flight energy. The calculation
of the spatial electromagnetic field within the range of wing
flapping during flight is shown in Eq. (12).
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In Eq. (12), A(r,t) is the vector potential of the electromag-
netic field at position » and time ¢, u is the magnetic perme-
ability, 7 is pi, r’ is the position of the wing source point, r
is the position of the wing observation point, ¢ is the prop-
agation speed of electromagnetic waves in a vacuum, dr’ is
the numerical value of the source point position, and J is
the current density. The energy conversion process of TENG
is described by the function of the interlayer spacing of the
medium, as shown in Eq. (13).

vt, 0 <t < tmax

hl(t):{ 13)
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In Eq. (13), k1 (¢) is the linear motion of the wing, and Amgax
is the maximum clearance distance. The gap function under

sinusoidal periodic motion is shown in Eq. (14).
ho () =0.5hmax (1 —cos (2w ft)) (14)

In Eq. (14), h; (t) represents the sinusoidal periodic motion
of the wing. The flexible-wing automatic transduction output
with the integrated TENG structure is shown in Eq. (15).
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In Eq. (15), ¢(r,t) is the electrical energy output at po-
sition r and time ¢, and ¢ is the permittivity of the di-

electric. Equations (12) and (15) provide the basic physi-
cal framework for describing the electromagnetic field gen-
erated by the flapping of flexible wings and the output of
TENG electrical energy. However, to quantitatively analyze
and predict the energy harvesting performance of the inte-
grated system, this study conducts experiments on the COM-
SOL multi-physics field simulation software platform based
on the finite-element method. The automatic energy transfer
output characteristics of TENG-structure-integrated flexible-
wing flapping aircraft under different operating conditions
have been mastered. On this basis, a FAV-ESCM combining
a TENG structure and FWT is built. The operational struc-
ture of ESCM is shown in Fig. 5.

In Fig. 5, to ensure that the flexible wing with the inte-
grated TENG structure maintains stable energy self-supply
output and real-time detection output status under any space
flight motion, the model also includes modules such as wind
speed detection, angle measurement, high-definition acquisi-
tion, and infrared tracking. It determines the friction level
of the TENG structure by analyzing the wind speed, an-
gle of attack, and lift to analyze the stability of the energy
transfer. High-definition acquisition is a small-scale position-
ing and tracking function that constantly transmits the posi-
tion of the aircraft and the 3D state of the wings to grasp
the flapping frequency of the flexible wings. Infrared track-
ing is used to determine the trajectory of an aircraft, ensur-
ing that it is in a state of gentle acceleration, reducing sig-
nificant upward movements, and ensuring the friction fre-
quency of flexible wings. Meanwhile, to achieve genuine en-
ergy autonomy, the model also integrates a crucial energy
management loop. The core functions of this loop include
energy harvesting and rectification, voltage regulation and
impedance matching, energy storage, and load power sup-
ply management. The AC pulse power generated by TENG
is first converted into DC power through a bridge rectifier
circuit. Then, the voltage is reduced to a range suitable for
charging subsequent energy storage components, and nec-



essary impedance matching is performed to maximize en-
ergy transmission efficiency. The regulated power is stored in
a high-power-density, fast-charging and fast-discharging su-
percapacitor. Finally, the stored energy provides DC power
with stable voltage to the critical loads of the aircraft through
a voltage regulator circuit. This energy management circuit
works together with the monitoring module in Fig. 5 to form
a closed-loop system of perception, harvesting, storage, and
utilization. In theory, the constructed model can achieve the
self-consistent aerodynamic energy effect of flexible-wing
FAVs.

To verify the energy supply performance of the proposed
TENG structure for FAV, experiments are conducted. This
study conducts experimental verification of the FAV-ESCM,
which combines a TENG structure and FWT through soft-
ware simulation. Firstly, a detailed 3D geometric model of a
flapping-wing aircraft with TENG-integrated flexible wings
is constructed using 3ds Max and Blender software, accu-
rately simulating its physical structure and kinematic char-
acteristics. Then, the geometric model is imported into the
COMSOL Multiphysics simulation platform, the physical
field is selected, and boundary conditions and excitations
are set. During the simulation process, the key parameters
are systematically changed, and the open-circuit voltage and
short-circuit current waveforms of the TENG output terminal
are monitored and recorded in real time. In actual flight, ran-
dom fluctuations in excitation wind speed may affect the sta-
bility of energy output. To address this challenge, this study
ensures a stable energy supply through an energy manage-
ment circuit, ensuring the aircraft’s self-sufficiency and high
stability in complex environments. The main sources of ex-
perimental data include TENG output voltage and current as
well as FAV flight time, flight altitude, wing beat frequency,
and other indicators. Table 1 shows the equipment and pa-
rameters involved in the experiment.

The experiment investigates the effects of flapping fre-
quency, flow velocity, and angle of attack on the energy out-
put of the FAV, as shown in Fig. 6. Figure 6a illustrates the
influence of different flapping frequencies on energy output
under a flow velocity of 0ms~! and an angle of attack of
15°. Over time, the peak voltage at each flapping frequency
gradually increases, indicating an overall enhancement in en-
ergy output. Notably, at a flapping frequency of 20 Hz, the
peak voltage reaches approximately 500 V at 14 min, which
is significantly higher than the 235V recorded at 8§ Hz. This
finding suggests that higher flapping frequencies can effec-
tively improve energy output, making them more suitable for
applications requiring high energy demands. This is because
the higher the flapping frequency of the wings, the more con-

tact and separation time the TENG structure has per unit time
and the more frequent the charge transfer, resulting in more
energy output. At the same frequency, the higher the volt-
age, the stronger the electric field and the more complete the
charge transfer, resulting in an increase in energy output. Fig-
ure 6b further examines the impact of different flow veloci-
ties (0.5-3.5ms~!) on energy output at flapping frequencies
of 12 and 16 Hz under angles of attack of 15 and 30°. The
results indicate that energy output decreases with increas-
ing flow velocity across different conditions. When the flow
rate is too high, it may cause unstable flapping of the wings
and reduce energy recovery efficiency. Notably, at 16 Hz, the
reduction in energy output with increasing flow velocity is
less pronounced compared to 12 Hz, suggesting that at higher
flapping frequencies, the energy output of the FAV is less
sensitive to variations in flow velocity. Additionally, when
the flow velocity is 3.5ms™!, the peak voltage at a flapping
frequency of 16 Hz and an angle of attack of 15° reaches ap-
proximately 300 V, which is significantly higher than that ob-
served at an angle of attack of 30°. Figure 6¢ presents the ef-
fect of different angles of attack (0—70°) on energy output at
flow velocities of 1.5 and 3.5ms~! and flapping frequencies
of 20 and 16 Hz. In general, energy output exhibits a decreas-
ing trend as the angle of attack increases. This is because
when the angle of attack is too high, it may cause wing stall,
airflow separation, and reduced energy recovery efficiency.
However, at a lower flow velocity (1.5m s_l), the rate of de-
crease is relatively smaller. Moreover, when the angle of at-
tack reaches 70°, the peak voltage at a flapping frequency of
20 Hz and a flow velocity of 1.5ms™! is the highest, approx-
imately 385V, which is notably higher than that recorded at
a flow velocity of 3.5 ms~! under the same frequency. Based
on the comprehensive analysis of the experimental results in
Fig. 6a, b, and c, the combination of a flapping frequency of
20Hz and a 15° angle of attack has a significant energy out-
put advantage in static or low-speed environments. However,
this advantage is not universally applicable to all working
conditions. When the environmental flow rate increases, or
the angle of attack changes, the optimal parameter combina-
tion will change. For example, at higher flow rates, a flapping
frequency of 16 Hz exhibits better robustness compared to
20 Hz. Therefore, there is no absolute universal optimal fre-
quency and angle-of-attack value. The maximization of en-
ergy output requires dynamic optimization based on specific
flight environments and mission requirements. In scenarios
with low flow rates and pursuit of maximum energy recov-
ery, higher flapping frequencies and medium to small angles
of attack (such as 15°) can be prioritized. Overall, the TENG
structure effectively optimizes energy utilization in FAVs un-
der appropriate flapping frequencies, flow velocities, and at-
tack angles.

Subsequently, by comparing the precision, recall, mean
square error (MSE), and F1 score of algorithms with dif-
ferent structures, the energy recovery performance of dif-
ferent flapping-wing aircraft can be indirectly evaluated. Al-



Experimental environment and parameters.

Serial number Device name

Configuration name

Experimental equipment  Processor Intel Core i7-9700K
Graphics card NVIDIA GeForce RTX 2070
Cooling system Efficient
Memory 64 G
Modeling software 3ds Max, Blender
CPU Intel (R) CoreTM 15-9600k
System platform Win 10
Image processing Adobe Photoshop 2020
Programming environment PyCharm
Aircraft flapping device ~ The length of the flapping-device body 17cm
Flexible wingspan length 33cm
Overall weight of the aircraft 100g
Maximum flapping frequency of flexible wing 18 Hz
Flexible wingspan amplitude 55°
Maximum thrust of flexible wing 15¢
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Energy output changes generated by wing-flapping frequency of FAV in different states. (a) Energy output at different peak
voltages and operating times, (b) energy output affected by flow velocity, (¢) energy output affected by angle of attack.

gorithms with higher precision and recall may be more ef-
fective in controlling the motion of flapping-wing aircraft,
thereby more efficiently recovering energy. Algorithms with
lower MSE may more accurately predict and control the en-
ergy recovery process, thereby improving energy recovery
efficiency. The F1 score combines precision and recall, pro-
viding a balanced evaluation metric that reflects the overall

performance of the algorithm in the energy recovery process.
Figure 7a shows the performance of different structures in
terms of algorithm precision. The precision of the TENG
structure significantly improves with the increase in itera-
tions, reaching 93.5 %, which is significantly higher than tra-
ditional flexible wings and FAVs. In Fig. 7b, the recall rate
of the TENG structure remains at a high level throughout the
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entire iteration process, reaching 95.7 %, significantly higher
than traditional flexible wings and FAVs. In Fig. 7c, the MSE
value of the TENG structure consistently remains at a low
level, with an average MSE of 0.72, significantly lower than
that of traditional flexible wings and FAV. In Fig. 7d, the F1
score of the TENG structure remains at a high level through-
out the iteration process, with an average F1 score of 95.4 %,
significantly higher than traditional flexible wings and FAVs.
These conclusions indicate that the flexible wing integrated
the integrated TENG structure has significant advantages in
upward aerodynamic energy recovery and can more effec-
tively improve energy utilization efficiency.

To further evaluate the performance of the FAV-ESCM, simu-
lation experiments are conducted using MATLAB/Simulink.
The aerodynamics on the wing, deformation of the flexible
wing structure, and contact separation behavior of the TENG
layer are simulated. Periodic boundary conditions are ap-
plied to simulate attitude control. The experiment also in-
troduces FAV with ordinary FWT, whose wing materials in-
clude parylene-c, Mylar, polyimide film, acetate fiber film,
flexible polyvinyl chloride, etc. Firstly, the energy conver-
sion efficiency of two flapping-wing aircraft in fully closed,

semi-open, open, and semi-closed states is compared, and the
results are shown in Table 2.

Table 2 shows that due to the optimized contact and sepa-
ration of the TENG layer, FAV-ESCM exhibits higher energy
conversion efficiency than traditional FWT in all four mo-
tion states, and the difference is statistically significant (p <
0.05). The energy conversion efficiency of the FAV-ESCM in
the semi-closed state is 88.62 £2.61 %, significantly higher
than the traditional FWT’s 64.12£3.04 % (p < 0.05). The
results show that the FAV-ESCM can effectively control the
wing-flapping frequency based on the actual flight environ-
ment, thereby achieving stable energy output. The experi-
mental advancement compares the wing deformation during
FAV motion combining TENG structure and FWT, as shown
in Fig. 8.

Figure 8a and b represent the wing deformation of a reg-
ular FWT FAV at different operating times. Figure 8c and d
show the wing deformation of the proposed FAV combined
with the TENG structure and FWT. From Fig. 8a and b, dur-
ing the energy ring energy self-consistency of FWT FAYV, the
deformation amplitude of the wing surface along the span
direction gradually increases, and the flexible deformation
amplitude at 7 = 0.1 is 10 mm. From Fig. 8c and d, the pro-
posed FAV-ESCM exhibits a more natural deformation de-
gree of the flexible wing when performing energy ring energy
self-consistency, showing a flexible and variable state. The
flexible deformation amplitude at 7 = 0.1 is 37 mm, which



Comparison of energy conversion efficiency under different motion states.

FAV Motion state

Fully closed state  Half-open state Open state  Half-closed state
FAV-ESCM 8094+145% 8541+288% 82.68+£2.76% 88.62+2.61%
FWT 55.024+349% 60.57+£3.16% 57.37+322% 64.12+3.04 %
p p <0.05 p <0.05 p <0.05 p <0.05

Flexible deformation detection results of FAVs with different flexible-wing technologies. (a) 7 = 0.1 (FAV combined with FWT),
(b) T = 0.6 (FAV combined with FWT), (¢) T = 0.1 (FAV combined with TENG structure and FWT), (d) 7 = 0.6 (FAV combined with

TENG structure and FWT).

is 270 % higher than FWT FAV. This indicates that the de-
signed FAV flexible wing can maintain regular frictional de-
formation at any time. This will seriously affect the amount
of energy recovery and output, as well as the operational ef-
ficiency of the aircraft. To verify the energy self-consistent
actual energy recovery effect of the FAV-ESCM, the experi-
ment places both the optimized and pre-optimized FAVs on
the road surface of the school teaching area, and sets the ex-
perimental time to 100h. Two types of FAVs need to pass
through the same route and perform obstacle avoidance flight
on campus, which involves slow stopping, lifting, accelera-
tion, rotation, and other states. The energy recovery effects
of the two types of aircraft are shown in Fig. 9.

In Fig. 9, the FAV-ESCM maintains stable energy output
throughout the entire testing process, with an average power
output of 40.5+2.2mW and a stability index of 3.5. The
average power output of FWT FAV is 29.6 4= 3.4 mW, with
a stability index of 1.8, significantly lower than FAV-ESCM
(p < 0.05). The energy output of the control group is sig-
nificantly lower and less stable, which proves the long-term

reliability and effectiveness of the TENG-integrated energy
harvesting system. This indicates that by ensuring energy
self-supply and high stability, the ESCM can significantly
improve the operational efficiency of FAVs, enabling them
to perform tasks in longer and more complex environments.
In addition, the efficient energy recovery and utilization ca-
pability of this model helps reduce dependence on external
energy and promotes sustainable development and environ-
mental protection.

Small aircraft typically require a stable energy supply to sus-
tain their flight and perform missions. Traditional energy
supply methods suffer from issues such as weight, battery
life, and environmental pollution. Therefore, finding new, ef-
ficient, and environmentally friendly energy supply methods
is of great significance for the development of small air-
craft. This study proposes an FAV-ESCM that combines a
TENG structure with FWT to improve the energy utilization
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Figure 9. Comparison of energy output stability between two types of aircraft.

of FAVs. In the experiment, the energy output of different
peak voltages over time remained relatively stable at two
wing-flapping frequencies of 20 and 16 Hz. At a frequency
of 16 Hz, the peak voltage of 500V produced the highest
energy output, while 300 V produced the lowest. At angles
of attack of 15 and 30°, the effect of different flow veloc-
ities (0.5-3.5ms~!) on energy output showed a decreasing
trend. At flow rates of 1.5 and 3.5ms™!, the energy output
showed a decreasing trend as the angle of attack increased.
At 3.5ms™!, the decrease in energy output with increasing
angle of attack was relatively small, indicating that the en-
ergy output of the FAV was less sensitive to changes in angle
of attack at higher flow velocities.

The results show the following. (1) The proposed FAV-
ESCM combining the TENG structure and FWT can signif-
icantly improve the energy utilization efficiency of flapping-
wing aircraft and extend their endurance. (2) This ESCM
helps to reduce the dependence of flapping-wing aircraft on
external energy sources, making the aircraft more flexible in
various scenarios. (3) The research results provide an effi-
cient and environmentally friendly solution for the energy
supply of flapping-wing aircraft, reducing dependence on tra-
ditional fossil fuels. (4) The model can maintain good energy
recovery performance under different frequencies, flow rates,
and angles of attack, which verifies its effectiveness.

The research results are similar to some existing studies
in the FWT field. Zheng et al. (2023) proposed a locally
adaptive TENG-integrated wing structure. They found that
the structure can stably perceive parameters such as flap-
ping frequency and flapping angle, which helps to further
enhance the intelligent airborne wing state perception ca-

Mech. Sci., 16, 493-504, 2025

pability of biomimetic flying robots. Tao et al. (2021) uti-
lized TENG to collect energy from the deformed wings of
uncrewed aerial vehicles, effectively converting the flapping
energy of ailerons into electrical energy, which has broad ap-
plication prospects in dynamic flapping systems. Although
silk protein and silver nanowires are relatively expensive, op-
timized design can reduce the amount of silk protein and sil-
ver nanowires used while ensuring structural integrity and
functional implementation. Therefore, it is entirely possible
to display physical photos of TENG-integrated wings in fu-
ture work. However, the experiment was only conducted in
simulation and did not fully consider the complex and ever-
changing natural environmental factors in practice, which
may lead to deviations between the experimental results and
the actual application situation. For the sake of computa-
tional convenience, certain physical phenomena of flapping-
wing aircraft were simplified and assumed during the model-
ing process. Therefore, future research requires further test-
ing in real environments and comparison with laboratory data
to further optimize model parameters and structural design.
In addition, more advanced numerical simulation methods
and experimental techniques can be utilized to conduct in-
depth research on the aerodynamic characteristics and mate-
rial mechanical behavior of flapping-wing aircraft.

https://doi.org/10.5194/ms-16-493-2025



FAVs Flapping-wing aerial vehicles
ESCM Energy self-consistent model
TENGs Triboelectric nanogenerators

DC Direct current

FAV-ESCM  FAV energy self-consistent model
FWT Flexible-wing technology

PTFE Polytetrafluoroethylene

MSE Mean square error
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