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In brief

We developed a multilayer flapping
triboelectric nanogenerator (TENG),
inspired by the interlocking mechanism of
bird flight feathers, designed to efficiently
capture breeze energy. Its lift-and-drag
modulation feature ensures low wear and
a start-up wind speed of only 0.5 m/s. We
anticipate that TENGs will enable remote
environmental monitoring and facilitate
the interconnection of environmental data
across different regions.
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THE BIGGER PICTURE Triboelectric nanogenerators (TENGs) are devices that convert mechanical energy,
for example, from the wind, ocean waves, and human motion, into electricity. However, harvesting energy
from low winds or unstable and irregular sources of energy as the motion is challenging mainly due to the
devices’ low energy conversion efficiency and the high friction, which causes high starting wind speed. To
capture energy from even gentle breezes, we developed a bird feather-inspired TENG that functions as a
wind harvester and alternator simultaneously, converting wind energy into power at very low wind speeds.
This technology can be used in outdoor areas for environmental monitoring and for the support of potential
networks that record various parameters in places like valleys and hills.

SUMMARY

Inspired by the interlocking mechanism of bird flight feathers in nature, we have developed feather-inspired
triboelectric nanogenerators (FI-TENGs) in the form of vertical wind blades with lift and drag modulation for
wind energy harvesting. The unidirectional locking structure of this blade can compensate for the limitations
of the wind turbine in collecting low-speed wind energy. A single FI-TENG can start at 0.5 m s~ ' breeze and
can reach a peak power of 2.36 mW at 2.5 m s '. With proper design and optimization, the FI-TENG can

generate energy to power alarm indicators and environmental sensors.

INTRODUCTION

Triboelectric nanogenerator (TENG) converts mechanical en-
ergy in the environment, including wind energy,’ ocean
wave energy,®’ and human movement,® into electrical energy
by coupling contact electrification and electrostatic induc-
tion.>'° Low-frequency, random, and irregular energy from
the surrounding environment (e.g., human motion, wind, ocean
waves) can be used to power the device or as a fully self-driven
energy supply for the sensor.”” TENG has the advantages of
simple manufacturing,'? light weight,® low cost,"* wide choice
of materials,'®™'” high durability,'®° and environment adapt-
ability.?"?? Although TENGs have made advances in the field
of low-frequency wind energy collection, due to structural con-
straints, most of the reports focus on high wind speeds, with
start-up wind speeds above 2 m s, which leaves a gap for
breeze energy harvesting.”* >’

Here, we present a feather-inspired multilayer flapping TENG
(FI-TENG) with a high lift-to-drag ratio (L/D). In aerodynamics,
the L/D is a key performance metric that compares the amount
of lift force generated by an aerodynamic surface to the force
acting opposite to the motion, known as the drag force. Each
blade of the FI-TENG experiences high lift when facing the head-
wind and reduced drag when positioned on the opposite (down-
wind side), leading to high energy conversion efficiency and an
L/D of 45 (compared to less than 11 for normal airfoils).?®?°
The power-generation unit with low-triboelectric slip ring is inte-
grated with the feather structure for optimal performance. The
FI-TENG operates in the contact-separation mode, promoting
low wear and starting wind speed under various wind speed con-
ditions. The five-layer composite blades of the FI-TENG maintain
consistent blade movement, providing stable energy output. We
analyzed the pressure and flow velocity distributions of the
blades, mimicking the one-way air passage mechanism of
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feathers. Wind tests demonstrated a start-up wind speed as low
as 0.5 m s~ and a maximum output at 2.5 m s, with peak po-
wer reaching 2.36 mW. FI-TENG can be used in valleys and hills
and may provide power for the Internet of Things sensor network
for constant environmental monitoring.

RESULTS AND DISCUSSION

Structural design and working principle of the FI-TENG
FI-TENG combines biomimicry and TENG principles with its
design and working principle explained through three sections.
To begin, we elucidate the bionic principles involved in the clos-
ing and unfolding of feathers during bird locomotion. Subse-
quently, we employ the design concept of feather closure struc-
ture to construct a similar structure with identical functionality
(Figure 1). Next, we determine the charge and current distribu-
tion between the blades from the TENG perspective. Finally,
we use COMSOL Multiphysics simulation to analyze the pres-
sure and velocity distributions of the FI-TENG and obtain an
equivalent L/D (Figure 2).

FI-TENG mimicking bird flight feather mechanics

Flight feathers facilitate the airborne capabilities of birds by
providing high lift during wing flapping through coordinated
flapping and passive orientation adjustment,® the key mecha-
nism that inspired our FI-TENG design for efficient wind energy
harvesting. The flight feather comprises three main parts: the
feather shaft, the feather branch, and the feather root, as illus-
trated in Figure 1A. The movement pattern of feathers in birds is
illustrated in Figures 1B-1l. The downward movements of a
bird’s wings (downstroke) generate an upward high lift force
under the wings that enables the bird to maintain stability or
ascend, while the upward flap (upstroke) offers a low drag
resistance and resets the wing for the next downward flap,
thanks to the one-way air passage feature. More specifically,
during the upstroke, each feather rotates around the shaft
and opens the feather array, allowing the air to pass through
the feather branches and reducing drag (see inset of
Figures 1B-1Bii). During the downstroke, the upward force
from the air leads to the interlocking of the feather branches
to provide lift.*

Inspired by the one-way air passage mechanism of the
feathers, we designed an FI-TENG structure as shown in Fig-
ure 1C according to the movement patterns of birds’ feathers.
In general, the FI-TENG has three groups of vertical flaps that
rotate around a vertical shaft. Each group is mounted on an
arm spaced 120° apart, with each group containing three flaps
that are free to rotate around their vertical pins. In detail, the
TENG comprises four main parts: a three-dimensional (3D)-
printed polylactic acid (PLA) outer frame for securing the feather
structure, a load-bearing central axis to maintain device orienta-
tion, a triboelectric power-generating unit, and a conductive slip
ring for energy collection and conversion. The main components
are the nine composite triboelectric layer blades (three blades
per group), serving as both the wind harvester and the energy
generator. Figure 1D illustrates the composite layer of the blade
consisting of polytetrafluoroethylene (PTFE), Cu, carbon fiber,
and polyurethane sponge. To increase the contact area between
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the blades, polyurethane sponge is laminated on both sides of
the carbon fiber backing as the cushioning material. Further-
more, the outer surface of the polyurethane sponge is laminated
with Cu-PTFE and Cu, respectively. To ensure equal quality and
size, we used a carbon fiber plate measuring 10 x 20 cm as the
underlay, which is shown in Figure 1E. The slip ring collects en-
ergy at the blade end and transfers it to a fixed power manage-
ment circuit at the other end. Compared with traditional wind
harvesting TENGs, where the wind harvester and power gener-
ator parts are separated, the FI-TENG works as both the wind
harvester and the power generator, reducing system weight,
size, and friction. The structural advantage results in lower
start-up wind speeds in the mild fluid regime as low as 0.5 m
s~!, as shown in Figure 1F.2%2%%235 Additional information
regarding the fabrication process is available in the experimental
procedures.

Working principle of the FI-TENG
The coupling of triboelectric effect and electrostatic induction is
the operating principle for TENG. In the case of FI-TENG, its
operating mechanism specifically utilizes the contact-separa-
tion mode, where two electrodes attached with opposite polar-
ity materials come into contact and separate according to me-
chanical stimulation.® Figure 2A explains the distribution of
charge and current that occurs during the contact and separa-
tion. The Cu film attached to the right side of blade 1 acts as an
electrode and a triboelectric layer, referred to as electrode A.
Similarly, the left side of the blade has a Cu film, referred to
as electrode B. The surface of electrode B is covered with a
PTFE film, which acts as an additional layer of triboelectric ma-
terial. Initially, electrode A contacts the PTFE membrane,
creating an induced charge on the contact surface that main-
tains the charge balance (Figure 2A, state i). As the back of
the blade rotates to the windward side and separation begins,
the PTFE membrane surface generates a certain amount of
negative charge due to its greater ability to attract negative
charges. When free electrons are transferred from electrode
B to electrode A through an external load (e.g., a connected de-
vice), a positive charge is generated on electrode A to maintain
the potential difference, thus generating a pulsed current from
electrode A to electrode B in the external circuit (Figure 2A,
state ii). The distance between the blades reaches the
maximum under the dual effect of the wind field and feather
structure (Figure 2A, state iii). As the blades rotate back to the
windward position, the two triboelectric materials come into
proximity with each other, resulting in the opposite flow of elec-
trons through the external loads (Figure 2A, state iv). Electrode
A re-establishes contact with the PTFE membrane, and the FI-
TENG returns to the initial contact state (Figure 2A, state i).
The FI-TENG generates a continuous alternating current (AC)
output through an internal circuit connection, as shown in Fig-
ure 2B. Three sets of blades are used so that the device can
continuously harvest the wind (120° apart for each blade) while
offering a good compromise between capturing wind energy
and maintaining structural integrity. To interpret the current di-
rection and potential distribution shown in Figure 2A, a finite
element simulation of the electrostatic field was performed using
COMSOL Multiphysics software. Figure 2C depicts the potential
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Figure 1. Biomimicry origin and structural design of the feather-inspired TENG

(A) Schematic diagram of bird feather structure.

(B) Schematic representation of the distribution of feathers in a bird in flight: (i) bird feather macro-motion demonstration and (i) demonstration of high-lift, low-
drag bird feather principle.

(C and D) Schematic structure of FI-TENG (C). (D) Detail of FI-TENG blade layer.

(E) FI-TENG leaf frame part of the physical picture.

(F) Comparison of cut-in wind speed between FI-TENG and other related equipment.
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distribution and charge transfer direction between the Cu film
and PTFE triboelectric materials.

To explain the overall motion mechanism of FI-TENG, we
placed FI-TENG in a uniform wind field, as shown in Figure 2D.
When the device is positioned in the continuous flow of the
breeze, the blade in group A is on the windward side. Because
of the blade shaft, the blades in blade group A are confined to
one another and overlap as a single unit to provide rotational po-
wer to the FI-TENG. In this process, the blades touch one
another, similar to the downward flapping process of a bird.
When the back of blade group A is rotated to the windward
side of the flow field, the same separation phenomenon as for
blade group C will occur. Blade group C separates from one
another and wind can pass through the blade gaps, similar to
the upstroke phase of birds. These two processes alternate so
that the FI-TENG rotates in a clockwise direction and completes
the contact-separation cycle of the TENG.

Performance evaluation of the FI-TENG

To quantitatively and qualitatively evaluate the performance of
FI-TENG from an aerodynamic point of view, we used
COMSOL Multiphysics software to simulate the pressure and
flow velocity distributions when the blade is in the laminar flow
field, where the inlet flow velocity is 2.5 m/s. As can be seen
from Figures 2D and 2E, the trajectory of the FI-TENG is not a
standard vertical contact pattern, and there is a distance be-
tween the blades so that overlapping staggering can occur dur-
ing operation. The setting of this distance has a direct effect on
the collection efficiency of the FI-TENG. The analysis results
show that the pressure at the back of the blade is much greater
than that at the front, and it can use the force difference under the
windward side to make a circular motion. Therefore, we quanti-
tatively analyze the wing condition and the FI-TENG using an
equivalent aerodynamic model, where we define the lift state
as the FI-TENG windward backside case and the drag force as
the FI-TENG windward frontal case.

Since the bird has a structural complexity, we simplify the
analysis of the wing part by assuming that the bird is in a hovering
state, and based on the kinetic equations® previously proposed
by Usherwood and Ellington, we express the lift (L) as

L= % pCLAL(vi — V) (Equation 1)

and set the drag force (D) to

D = %pCDAD(V1+V)2, (Equation 2)

where p is the air density, C, and Cp are the lift coefficient and
drag coefficient, respectively (which are determined according
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to the angle of attack of the bird during its movement), A, and
Ap are equivalent lift effective windward area and equivalent
drag effective windward area, respectively, v4 is the air velocity,
and v is the blade linear velocity. For the bird model, the L/D
changes as the angle of attack changes during motion, but
because of the bird’s own gravity, its L/D is usually maintained
between 8 and 10 to complete the flight.?®?9*"~>° Here, we
consider the case of the windward side of the FI-TENG at the sta-
tionary moment, when the FI-TENG does not rotate, v = 0. Its
equivalent model satisfies the following conditions, and L/D
can be obtained by dividing Equation 1 by Equation 2:

L C A

5= C—D*A—D, (Equation 3)

where L and D are simulated results and A, and Ap are experi-
mental data. As for the simulation, L/D can be directly obtained,
and the value is around 45. In the same flow field, the effective
area of the equivalent lifting surface is always greater than the
effective area of the drag surface. From the comparison of
Figures 2E and S1, it can be seen that C, > Cp and % stays
in the range of 4-9, which is close to the three-bucket Savonius
wind turbine (same blade number as ours) designed by Gupta
and Biswas*’ at much lower starting wind speeds.

In addition, we derive an L/D model for FI-TENG from the
perspective of power maximization:

]
P=(L-Dy = E,;[CLAL(V1 V2 - CDAD(V1+V)2]V,
(Equation 4)

where P is the power, C; > Cp and A, > Ap are shown in Fig-
ure S1, and the difference between FI-TENG lift and drag is maxi-
mized when one side of the blade is parallel to the inlet. The spe-
cific flow velocity distribution is shown in Figure S2. The lift and
drag sides of the FI-TENG maintain a large flow velocity differ-
ence, resulting in L > D. In the flow field, the FI-TENG always
maintains the state of vi >> v. FI-TENG can be used to maximize
the power of the FI-TENG by using the parallel inlet wind state.
Therefore, a comprehensive analysis confirms that during any
given cyclic motion, there is always a moment when the blades
of the FI-TENG are parallel to the direction of the incoming
wind, which is achieved by the feather structure. The theoretical
maximum output power of the FI-TENG can be obtained by
substituting simulated C; (around 5) and measured A; (320 cm?).

Parameter optimization of the FI-TENG structure

To evaluate the possibility of stable operation of FI-TENG in a
real-world environment, we developed a standard test proced-
ure to optimize the output performance of FI-TENG by adjusting

Figure 2. Schematic diagram of FI-TENG’s operating principle and COMSOL Multiphysics simulation validation

A) Schematic of current and charge distribution in a short-circuit state.
B) Schematic diagram of the working circuit connection of the blade set.

D) Schematic diagram of the overall coordination of FI-TENG’s work.

(
(
(C) Schematic of the electrical potential distribution in the open circuit state simulated by COMSOL Multiphysics.
(
(

E) COMSOL Multiphysics simulation of the pressure distribution on the front and back of the FI-TENG as well as lift and drag analyses.
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Distance

Cycles

(A) Schematic diagram of the FI-TENG performance-optimized dynamic displacement test system. The inset shows a schematic of the four parameters that can

be modified.

(B-D) Performance output with different triboelectric materials. (B) Vo, (C) output charge, and (D) lg.

(E) Blade output performance with different underlay.

(F) Blade output performance with different support layers.
(G) Output performance for different blade distances.

(H) Durability test chart of the FI-TENG blade.

the triboelectric material, support layer structure, underlay mate-
rial, and blade distance, as shown in Figure 3A. A detailed dis-
cussion of these parameters can be found in the following
paragraphs.

The process of simplifying the operation of the linear motor in-
volves adjusting the motor operating displacement (labeled in
Figure 3A), controlling the test frequency, and setting the initial
contact angle between the tool holder and the linear motor. To
ensure comprehensive analysis, studying the output perfor-
mance of only one type of movement is not sufficient. Therefore,
we conducted tests to examine the displacement conditions that
have the greatest impact on the output results of PTFE/Cu and
Cu. As can be seen in Figure S3, the output of the triboelectric

6 Device 3, 100571, February 21, 2025

layer is linearly correlated with the displacement of the linear mo-
tor within the 2- to 5-cm range. When the test displacement of
the linear motor is greater than 5 cm, no contact occurs between
the blades. To maintain the uniformity of the material test condi-
tions, we finally chose 5 cm as the test standard.

As the triboelectric blade is a composite material and gener-
ates electrical signals directly, we focus on three polymer-
organic materials, PTFE, fluorinated ethylene propylene (FEP),
and polyamide (PA), combined as FEP/Cu-Cu, PTFE/Cu-Cu/
PA, FEP/Cu-Cu/PA, and PTFE/Cu-Cu. The open-circuit voltage
(Voo), transferred charge (Qsc) and short circuit current (lsc)
were tested on a linear motor with a frequency of 2 Hz and a
stroke of 5 cm. From Figures 3B-3D, it can be concluded that
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the use of PTFE/Cu and Cu as the triboelectric layer has a better
performance, with Qgcs, VoS, and lscs up to 1,000V, 550 nC, and
25 pA.*!

The underlay serves as the structural foundation for the entire
blade and plays a critical role in providing support. To meet the
demands of lightweight design and high strength, we have eval-
uated two types of high-strength underlay materials: carbon fiber
and glass fiber. These materials offer the necessary attributes to
meet our requirements. Carbon fiber is known for its high
strength and high modulus characteristics. Additionally, it pos-
sesses inherent conductive properties. Although the conductiv-
ity of carbon fiber decreases after undergoing epoxy resin
impregnation treatment, it still retains its ability to attract and
accumulate charges within the triboelectric layer on the surface
of the blade, Thus, carbon fibers may have the ability to enhance
the charge accumulation in the triboelectric layer.** Similarly,
glass fiber is a high-strength material that offers superior insula-
tion and mechanical strength compared to carbon fiber, but the
final test results showed that the use of carbon fiber as a sub-
strate output performance is much better than glass fiber, which
may confirm our speculation that the internal conductive proper-
ties of carbon fiber materials can improve the output perfor-
mance of FI-TENG as shown in Figures 3E and S4.

The support layer is vital for the performance of the FI-TENG,
as it acts as an interface between the triboelectric layer and the
bottom layer. It helps mitigate issues such as blade collisions
and insufficient contact, optimizing the overall efficiency of the
system. We have selected three insulating soft polymer materials
of equal size for evaluation: polypropylene film (1.5 g), ethylene-
vinyl acetate foam (4 g), and polyurethane sponge (1 g). As can
be seen from Figures 3F and S5, under the same test conditions,
all the performances of the blades with the added support layer
are significantly higher than those without. This observation pro-
vides evidence that the support layer improves the performance
of FI-TENG blades. Polyurethane foam is lighter in weight and
exhibits double the Vg, lse, and Qg compared to the other ma-
terials. These superior performance characteristics make it an
ideal choice for the support layer in the FI-TENG system.

Furthermore, based on the TENG-induced charge generation
equation, modifying the spacing between the blades alters the
overlap area between them. As a result, this adjustment influ-
ences the size of the polarization field area.® As depicted in Fig-
ure 3G, it is evident that maintaining a blade spacing of 2 cm re-
sults in the largest overlapping area. However, it is worth noting
that this configuration also leads to the highest electrostatic
force produced by the triboelectric layer. This in turn affects
the opening and closing cycles of the blades. Blades with a
spacing of 3 cm demonstrate the advantage of high efficiency
combined with low electrostatic force, as shown in Figure S6.
Furthermore, we also present the durability test results of the
FI-TENG blades in Figure 3H. After 10 h of continuous testing
with 72,000 contact cycles, the performance of the FI-TENG
blades remained at a high performance level. Similarly, we tested
the effect of humidity on the power-generation unit accordingly,
as shown in Figure S7, where the current output of the power-
generation unit remains essentially unchanged as the relative hu-
midity changes. Figure S8 provides visual representation of this
exploration. This ensures that the results of the FI-TENG’s linear
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motor tests can be accurately analyzed, providing the best guid-
ance strategy for subsequent testing in real wind environments.

FI-TENG performance under fan conditions

To verify the viability of the FI-TENG under low wind speeds, we
conducted testing using a wind turbine as a source of wind.
Figures 4A and 4B illustrate the output performance, specifically
the Is¢ and the Qq, of a single set of FI-TENG blades at various
wind speeds. The wind turbine used in our testing allows for
the adjustment of wind speeds within the range of 0-5 m s~ .
However, we focused on assessing the performance of the FI-
TENG at low wind speeds ranging from 0-2.5 m s~'. By exam-
ining Figure 4, it is evident that both current and voltage exhibit
an upward trend as the wind speed increases within the speci-
fied range. Notably, when the wind speed reaches 0.5-1 m
s~ ', the blades meet the minimum startup requirements, with
the I reaching 5 pA and the Qg reaching 25 nC. As the wind
speed surpasses 1.5-2.5 m s™', the Is. reaches 15 pA, and the
Qg reaches 150 nC. Under the same wind speed conditions,
the saturated state of each output is 1.5-2 times more than other
similar types of wind energy collection equipment.*®

To ensure the accuracy of our analysis, we performed routine
performance tests on three groups of FI-TENG blades under
identical conditions designed to eliminate differences between
the groups that might affect the assessment. Under the same
wind speed condition of 1.5 m s~', we tested the performance
of FI-TENG when each blade group A, B, C works alone, as
shown in Figure 4C; the error range of the V. of the three blade
groups is kept at +10%. Subsequently, we conducted experi-
ments to explore the impact of the simultaneous operation of
different groups of blades on the overall performance of Fl-
TENG. The operation of groups A, AB, and ABC were tested
separately to assess their respective contributions to the overall
performance of the FI-TENG at 2.5 m s~ ', as shown in Figure 4D.
When both blades are in operation, the FI-TENG system exhibits
a peak current of 15 pA, which is three times higher than compa-
rable studies with the same number of generating units. More-
over, when all 10 units are running simultaneously, the overall
output current of the FI-TENG with its three blades reaches an
even higher value of 27.4 pA.*"

To rectify the outputs from different groups, we connected
three sets of blades in parallel to the rectifier to test the rectified
output power. As can be seen from Figures 4E and 4F, the syn-
ergistic effect of the blade set significantly improves the overall
performance of the FI-TENG as the wind speed increases, and
the lsc and V. of the FI-TENG reach their maximum values of
27.4 pA and 470V, respectively, at 2.5 m s, Tests in fan condi-
tions over a long period of time are detailed in Figure S9. In addi-
tion, we evaluate the overall output performance of the FI-TENG
system during the application phase and demonstrate its ability
to charge capacitors, as shown in Figures 4G and 4H. Figure 4G
illustrates the voltage profiles of the FI-TENG while charging ca-
pacitors with various capacitances at a wind speed of 2.5m s~
in 60 s. The charging efficiency of FI-TENG is higher under the
same conditions as compared to other similar types of work.*®
Figure 4H shows the charging voltage curves for a 100-pF
capacitor at different wind speeds, where we set the wind speed
gradient to 0.5-2.5 m s~ and the charging rate increases with
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Figure 4. Characterization of the output performance of FI-TENG under fan conditions for single set of blades operation and overall oper-

ation

(A and B) Single set of blades at different wind speeds. (A) lsc, (B) transferred charge.

(C) Vo test for different groups of blades.
(D) lsc test performance when accessing different sets of blades accordingly.

(E and F) Overall output performance of FI-TENG at different wind speeds. (E) lsc and (F) Voc.
(G) Charging performance curves of capacitors with different capacities at 2.5 ms™".

(H) Charging characteristics of 100-puF capacitors at different wind speeds.

() Output power and instantaneous peak current-resistance relationship of FI-TENG at 2.5 m s ™.

the wind speed. To evaluate the matched impedance and the
peak power of the FI-TENG device, its output performances
are tested with a series of different load resistances at a wind
speed of 2.5 m s~ . As illustrated in Figure 4, the output current
has a horizontal trend when the resistance is small. The output
current gradually decreases with increased external load resis-
tance, and the output power rise and then falls. A peak power
of 2.36 mW is obtained under a load resistance of 13 MQ.

Application of the FI-TENG device

The modular structural design as shown in Figure 5A can achieve
the effect of high-efficiency collection of breeze energy. FI-TENG

8 Device 3, 100571, February 21, 2025

as a contact-separation mode has lower wear than a traditional
rotary TENG in freestanding mode for low-frequency wind en-
ergy harvesting, achieving high power output while minimizing
the breakdown voltage risk and reducing the application failure
rate.** Moreover, the uneven force during the operation of the
rotating TENG can cause extra losses in the triboelectric layer,*®
as opposed to FI-TENG, which reduces this loss by incorpo-
rating a support layer. This enables the FI-TENG to harness
wind energy in natural environments with low-frequency and
low-wind speeds, using its feathered structural features.

To enable the charging functionality of the FI-TENG, an energy
management (EM) circuit is employed to enhance the output
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Figure 5. Application demonstration of the FI-TENG device

(A) Physical drawing of the assembly of the FI-TENG; the experimental procedures discuss the detailed manufacturing process of each part.
(B) Schematic diagram of EM circuit.

(C) Charging characteristic curves of different capacitors after connecting the circuit.

(D) FI-TENG lights up 120 LEDs.

(E) Photographs and demonstrations of FI-TENG powering a thermo-hygrometer.

(F) The FI-TENG powers a commercial thermo-hygrometer for 5 min to keep it working for 10 s.
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performance of the FI-TENG. A detailed description of the EM
circuit can be found in Note S1. Figure 5B illustrates the specific
details of the management circuitry. The EM circuit utilizes a gas
discharge tube as a switch to facilitate the accumulation and
release of the harvested energy. This configuration enhances
the capability of the FI-TENG to instantaneously and rapidly
charge various types of capacitors. As depicted in Figures 5C
and S10, the incorporation of the management circuit leads to
a 2.5 times improvement in charging speed compared to the
condition without the circuit. We note, in particular, that a 100-
uF capacitor can be charged to 1.5 V within a duration of 250 s.

After completing the basic circuit optimization, we conducted
an application demonstration under a wind speed of 2.5 ms™".
As depicted in Figure 5D and demonstrated in Video S1, we
showcased the capability of the FI-TENG to power 120 light-
emitting diodes (LEDs) with stable operation, which shows that
the FI-TENG is capable of providing stable self-powered condi-
tions for low-power alarm indicators. Figures 5E and 5F illustrate
the test system utilized for the FI-TENG. The entire system is
charged by the fan drive for approximately 300 s, resulting in
the voltage of the 220-pF capacitor reaching 2.4 V. Importantly,
this charged capacitor serves as the power supply for commer-
cial temperature and humidity sensors, enabling normal opera-
tion of the thermo-hygrometer. The demonstration of the
thermo-hygrometer’s normal functioning is presented in Video
S2. Due to the wind collection performance and low initial
wind speed requirement of the FI-TENG, the device can be
installed on both sides of walkways to serve as a walkway indi-
cator and a sensor to gather ambient temperature and humidity
information.

Conclusion and outlook

We have designed a feather-inspired TENG for wind energy har-
vesting by mimicking the structures and dynamics of bird
feathers during wing flapping. The integration of wind power har-
vesting into the biomimetic feather blade structure reduces
weight and friction and improves the L/D of the FI-TENG, which
reduces the start-up wind speed and increases the energy con-
version efficiency. The FI-TENG can power a commercially avail-
able thermo-hygrometer and 120 LEDs, which can be used as in-
dicators for nature trails and can also monitor the temperature
and humidity of the trail environment in real time to provide
rational guidance for urban planning and design. FI-TENG has
the potential to become a distributed energy harvesting solution,
complementing large wind turbines for low wind speed wind en-
ergy harvesting.

Looking forward, several areas of development are crucial for
advancing FI-TENG technology. The development and integra-
tion of low-consumption circuits and sensors will be essential
to maximize the efficiency and practicality of the device in
various applications. Additionally, scalable designs tailored for
different wind conditions and power requirements are needed
to expand the utility of FI-TENG, whether in urban environments,
remote landscapes, or industrial settings. Finally, exploring in-
dustrial manufacturing techniques or alternative designs will be
vital to enable mass production and widespread adoption,
ensuring that FI-TENG can meet the demands of diverse energy
harvesting needs in the future.
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EXPERIMENTAL PROCEDURES

Manufacture of the FI-TENG
The FI-TENG power-generation unit consists of nine blades, three groups,
three per group. The three blades are attached to the blade frame by connec-
tors, and the groups are separated by 120°. The carbon fiber plate (0.2 mm),
which is the base, has a layer of polyurethane sponge (1 mm) on both the upper
and lower surfaces, a composite layer of PTFE film (30 um) and Cu film (25 pm)
on the upper surface, and a layer of Cu film (25 um) on the lower surface. The
dimensions of the specifics are as follows: carbon fiber (20 cm x 10 cm X
0.2 mm), polyurethane sponge (18.5 cm x 8.5 cm x 1 mm), PTFE (19 cm X
9cm x 30 um), and Cu (18.5 x 18.5 x 25 pm). Raw material suppliers include
PTFE (Nippon Zeon Corporation, ASF-110FR), Cu (Suzhou Qian Ding Li Elec-
tronic Technology, 0.03MM), FEP (Daikin Industries, NEOFLON FEP NP), car-
bon fiber (Toray), and glass fiber (Shenzhen Yifeng Insulation Material, FR-4).
The overall height of FI-TENG is 26 cm and the width is 40 cm. The frame of
the FI-TENG is 3D-printed (Tiertime UP300) using PLA material and consists of
the connectors (irregular cover plate with a radius of 6.5 cm), the blade frame
(length 20 cm, width 9 cm), and the base (diameter 10 cm). The 3D-printed
parts are held together by a stainless-steel optical shaft (15 mm diameter,
200 mm long) and ceramic bearings. The energy harvesting area uses an elec-
trically conductive sliding ring (H1542-0605TC, Senring) to channel the energy
harvested from the blade area into the power management circuit, the sliding
ring (inner diameter 1.5 cm, outer diameter 4.2 cm). Finally, it is fixed to the
platform by the base.

Electrical measurements

All the equipment was fixed on an optical stage (YH-LPB, Yihang) for testing
using linear motors (R-LP4/DA-ARM1651, Naneng) for linear motion; an elec-
trostatic meter (6514, Keighley) to measure the lscs, Qscs, and Vqcs; and a fan
(SE-A200, Sensdar) controlled by an AC speed regulator (ZADY6000X, CHNK),
with a digital anemometer (9565-NB, TSI) for testing the wind speed.

COMSOL simulation

COMSOL Multiphysics was used to simulate the electric potential distribution
of TENG. The steady-state potential distribution characteristics of TENG are
investigated in a two-dimensional (2D) plane using an electrostatic field. The
software also is used to simulate the surface flow velocity and the drag and
lift forces on the TENG when it is in a laminar flow field. The fluid transient char-
acteristics of TENG when it is on the windward and leeward sides are investi-
gated on a 2D plane using the unidirectional flow laminar module. Further
details can be found in Note S2.
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