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ARTICLE INFO ABSTRACT

Keywords: Fluttering of regular flags and flapping of inverted flags in the wind serve as the foundational principles of flag-
Wind energy harvesting type nanogenerators (FNGs). However, FNGs relying on a single aerodynamic behavior exhibit significant power
Flag-type

output only within a limited spectrum of wind speeds, posing a challenge to their robustness in scenarios with
intensely fluctuating wind. In this paper, we propose a novel hybrid scheme aimed at harnessing the synergistic
potential of two aerodynamic behaviors to enhance the performance of FNGs and broaden their operational wind
speed ranges. A flag-type triboelectric-piezoelectric hybrid nanogenerator (FTPNG) is developed with the inte-
gration of flapping piezoelectric flags (PEFs) and a fluttering triboelectric flag (TEF). To overcome the limited
operational wind speed range, flapping PEFs are configured in an array format, optimized through fluid-solid
coupled simulations. The rear TEF leverages the fluttering motion of a polytetrafluoroethylene (PTFE) mem-
brane, which intermittently contacts and separates from conductive textiles positioned on the inner surface of the
baffles. A noteworthy feature is the innovative “back-to-back” design, which utilizes the flapping wakes
generated by PEFs to intensify the fluttering of the PTFE membrane, resulting in a remarkable boost in power
generation of up to 132 times and achieving a maximum peak power output of 5400 yW. The FTPNG offers
consistent high performance, with an average output of exceeding 200 pW over an ultra-broad wind speed range
of 4.7-14.6 m/s, while the complete operational range is 3.7-15 m/s. It also attains a considerable average power
output of 850 pW at 7.8 m/s, marking a significant advancement compared to other FNGs. Finally, in demon-
stration tests, the FTPNG can light 252 LEDs and showcases the capabilities of PEF array and TEF to indepen-
dently power a wireless sensor node (WSN), highlighting its significant potential for applications in the Internet
of Things and various self-powered systems.

Hybrid nanogenerator
Wake effect
Wireless sensor node

1. Introduction

The advent of artificial intelligence and big data era has significantly
underscored the importance of deploying and acquiring data from
wireless sensor nodes (WSNs). The latest generation of wireless sensor
nodes is characterized by a strong drive toward miniaturization, porta-
bility, and low power consumption [1]. Simultaneously, the emergence
of energy harvesting technologies leveraging ambient renewable energy
sources offers an eco-friendly alternative to traditional batteries, helping
to lessen chemical pollution and reduce the need for follow-up
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maintenance [2]. Wind energy, being both ubiquitous and widely
distributed, can be harnessed to make the power supply more flexible
and convenient [3]. Therefore, nanogenerators designed for harvesting
wind energy have garnered considerable attention in pursuing highly
integrated and self-sufficient WSNs.

Small-scale and micro-scale wind energy harvesters typically employ
mechanisms including piezoelectric [4,5], electromagnetic [6,7],
triboelectric [8,9], and their hybrid configurations [10-13]. Among
these, flag-type nanogenerators (FNGs), inspired by the flag fluttering in
the wind, have attracted the interest of researchers due to their innate
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flexibility, pliability, and potential for miniaturization. Flag-type
piezoelectric nanogenerators (PENGs) are usually fabricated with
piezoelectric materials such as polyvinylidene fluoride (PVDF) films [14,
15] and ZnO nanowires [16]. Since Wang et al. [17] first proposed the
concept of triboelectric nanogenerator (TENG) in 2012, we have wit-
nessed the persistent development of TENGs over the past years
[18-21]. TENGs have exhibited impressive potential in self-powered
sensing [22,23], battery-free Internet of Things (IoTs) [24], blue en-
ergy [25], and wearable electronics [26]. The advancement of TENG
technology has opened the door for designing more versatile FNGs. Most
of them are designed based on contact-separation mode or free-standing
mode. By interweaving or adhering two triboelectric materials with
opposite electron affinities [27-29], the twisting and bending motions
during flag fluttering engender the contact-separation mode. Addition-
ally, configuring baffles on one or both sides of the flag [30,31] or uti-
lizing the fluttering contact between the two flags have also yielded
different flag-type TENGs [32]. Hybrid energy harvesting with enhanced
electrical output has emerged as a solution to overcome the inherent
limitations of using a single power generation mechanism [33]. The
triboelectric-electromagnetic hybridization is favored for wind energy
harvesting [34-36] since TENGs with high-voltage output and electro-
magnetic generators (EMGs) with high-current output can complement
each other [37]. Moreover, combining the distinct advantages of TENGs
at low frequencies and EMGs at high frequencies [38] helps facilitate the
effective expansion of the operational bandwidth [38]. The impressive
power density, flexibility, and miniaturization potential of PENGs
enable them to be strong candidates for integration with TENGs in
highly integrated designs [39,40]. The wind energy harvesting perfor-
mance of TENGs can also be enhanced with the hybridization of multiple
working modes. Zou et al. [41] proposed a self-regulation strategy for
the TENG utilizing nonlinear magnetic forces to switch the working
mode, thus achieving better robustness and performance across a broad
operational wind speed range. For the hybridization of FNGs, Ye et al.
[42] integrated a flag-type TENG with a rotary TENG and an EMG,
which resulted in a wider operational wind speed range and improved
overall performance. Jorge et al. [43] incorporated solar cells at the ends
of piezoelectric flags (PEFs) to enable simultaneous wind and solar en-
ergy harvesting. Though this integration slightly affected the output of
PEFs, the overall output power was significantly improved. Wind di-
rection is another key factor affecting the performance of FNGs. Unlike
rotary wind energy harvesting systems, FNGs typically face challenges in
sustaining high performance when confronted with substantial varia-
tions in wind direction. Consequently, external mechanisms or me-
chanical modulations [44,45] become imperative for assisting them in
aligning with the wind direction. The most frequently employed and
reliable scheme is to combine them with wind vanes, ensuring their
robustness and overall performance in natural environments [46,47].
Regardless of energy conversion mechanisms, FNGs can be divided
into two categories from the dynamics perspective. Regular flags flutter
when the wind flows across their clamped edge, and the harvesters that
utilize the mechanical energy of flag flutter are known as “flutter-driven
nanogenerators” [27-32,48,49]. Their dominant vibration modes are
intricately linked to the bending stiffness and mass ratio, which needs
careful design to trigger the energetic fluttering regime for efficient wind
energy harvesting [50-52]. More importantly, by configuring upstream
bluff bodies and utilizing the downstream wakes, the cut-in wind speed
of flutter-driven nanogenerators can be lowered, and their performance
can be enhanced [53-55]. Other research demonstrated that the meta-
surface design on the bluff body can further boost wind energy har-
vesting efficiency [56-58]. Latif et al. [59,60] systematically
investigated the effects of different bluff bodies on flag aerodynamics.
They found that the 120-degree bluff body can maximize the perfor-
mance due to its induced strong wake region. They also utilized the
wakes generated by two cylinders to boost the performance of
flutter-driven nanogenerators, and analyzed the influences of
cross-stream and lateral gaps on flapping dynamics [61]. In addition,
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Zhang et al. [62] employed a flexible flagpole to improve the fluttering
mechanical energy of the flutter-driven TENGs, and boosted the output
power by up to 113 times.

Conversely, when wind flows across the leading edge of flags and
results in reciprocating flapping motion, they are called “inverted flags”.
Wind energy harvesters based on inverted flags can be classified as “flap-
driven nanogenerators” [43,46,63]. Inverted flags are theoretically
capable of generating more than ten times strain energy than conven-
tional flags [64]. Numerous two-dimensional simulations revealed that
the dynamic response of inverted flags is bound up with parameters
including the bending stiffness, inertia and Reynolds number, and their
motion states can be divided into straight, flapping, and deflected modes
[65,66]. To break through the limitations of simulations, Orrego et al.
[46] experimentally proved that a larger width-length ratio is beneficial
for widening operational bandwidth and demonstrated the ability of a
flap-driven nanogenerator to continuously power sensors.

The operational wind speed range and performance of FNGs are
profoundly influenced by their material properties, composite structures
and geometric parameters. The prerequisite for achieving high perfor-
mance is to customize these factors reasonably according to environ-
mental wind speeds. Nonetheless, the dominant power outputs of most
FNGs remain confined to a narrow operational bandwidth, leading to
poor robustness in various scenarios with fluctuating wind speeds. Se-
vere challenges have been posed in developing FNGs towards efficiency
and broadband:

@ Flutter-driven nanogenerators, while offering a broad operational
bandwidth, often come with relatively high cut-in wind speeds [62],
and their fluttering response and power output increase sharply with
wind speed, leading to inadequate power generation at low and
middle wind speeds.

@ Flap-driven nanogenerators, although capable of delivering a
consistently notable power output, contend with a narrow opera-
tional bandwidth [65,66]. This limitation hinders their compatibility
with a wide variety of wind speeds.

@ The high-integration and high-performance hybridization schemes
for FNGs face great challenges. Flag responses are easily affected by
structure or wind field variations, resulting in performance degra-
dation. Hence, it is crucial to focus on the design of FNGs to prevent
any potentially harmful mutual interference between these
nanogenerators.

To address the above issues raised, we develop a solution that
harmoniously harnesses the benefits of flap-driven and flutter-driven
nanogenerators, and propose a hybridization scheme capable of
considerable power output over an ultra-broad range of wind speeds.
The flag-type triboelectric-piezoelectric hybrid nanogenerator (FTPNG)
is composed of a piezoelectric flag array (PEFA) in the flapping mode
and a triboelectric flag (TEF) in the fluttering mode with a back-to-back
layout. To broaden the limited bandwidth of a single PEF, three PEFs
form the PEFA encompassing an operational range from 3.7 to 14.6 m/s.
The geometric parameters are carefully determined based on fluid-solid
coupled simulation. In addition, PEFA acts as a “performance booster”
and enhances the output of TEF up to 132 times due to more intense TEF
fluttering induced by its flapping wakes. The effects of the aspect ratio
and the longitudinal and lateral distances D; and D5 on the performance
of TEF are investigated. Experimental results showcase the FTPNG
achieves a maximum average power of 850 uW at 7.8 m/s, and can
guarantee an average power greater than 200 pW over wind speeds
ranging from 4.7 to 14.6 m/s. Overall, the proposed FTPNG offers an
effective and low-cost power supply solution for WSNs towards a broad
spectrum of wind conditions.
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2. Results and discussion
2.1. Configuration and working principle of the FTPNG

Thanks to the diverse working modes of TENGs and the flexibility of
PENGs, the FTPNG first integrates flutter-driven and flap-driven nano-
generators to achieve a consistent high performance over an ultra-broad
wind speed range. It is proposed as a sustainable power source to
implement self-powered applications in places with abundant wind
sources. Fig. la illustrates a potential application scenario of FTPNG for
powering nearby electronics at the trackside. To guarantee adaptability
for wind direction variations and high performance in natural envi-
ronments, the FTPNG and a wind vane can be combined and fixed on the
same spindle for synchronized direction adjustment, as shown in Fig. S1.
Actually, many application scenarios, such as car roofs and roadsides in
rail and road transportation, as well as highland areas and seaside areas,
need a broader operational bandwidth to adapt to significant changes in
wind speed. This is also the motivation of this study to develop the
FTPNG for broadband wind energy harvesting. The overall structure of
FTPNG is illustrated in Fig. 1b. The PEFA and the TEF are ingeniously
integrated in a “back-to-back” configuration to enable a more compact
structure. They are interlinked by the flagpole with a cable housing box.
The front part of two baffles on both sides of TEF is hollowed out to
ensure the normal flow of wind. When the wind flows across the PEFA,
the reasonably designed PEFA will generate a self-sustained flapping.
The reciprocating flapping induces periodic wakes flowing to the nearby
area of TEF, thereby stimulating its fluttering, as shown in Fig. 1c. The
TEF fluttering induced by flapping wakes is proven to be more intense
than that in the case when the wind directly flows across it. Conse-
quently, the FTPNG is not only a hybridization of triboelectric and
piezoelectric mechanisms, but also a conception leveraging the aero-
dynamic behavior of flap-driven nanogenerators to boost the perfor-
mance of flutter-driven nanogenerators. The improvement that comes
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with it will be quantified in Section 2.4. To demonstrate the superiority
of this approach, the TEF in the FTPNG is compared to other TNGs in
Fig. 1d. The TEF with the PEFA enhancement achieves an average power
of 820 pW at 7.8 m/s as well as an operational range of 3.7-15 m/s,
which are both superior in triboelectric and piezoelectric FNGs. Even at
a relatively low wind speed of 4.7 m/s, the power output of 208 pW also
surpasses most FNGs. Notably, the performance is consistent over 200
LW across the operational range of 4.7-14.6 m/s, thus we designate this
range as a high-performance region. This indicates a considerable output
of TEF in an ultra-broad bandwidth even without considering the power
generation of PEFA.

A detailed configuration of PEFA is illustrated in Fig. 2a. Given the
limited bandwidth of a single PEF, three PEFs are incorporated in the
PEFA to harvest wind energy at low, middle, and high speeds, respec-
tively. PEFs for low and middle wind speeds are implemented with ad-
justments in their geometric parameters, and each PEF is composed of
two PVDF films physically connected in parallel. General PEFs exhibit
insufficient bending stiffness to trigger the self-sustained flapping at
high wind speeds. Therefore, a stainless steel film is employed in the PEF
for high-speed wind as the substrate to enhance the bending stiffness and
provide the restoring force. A total of four PVDF films are attached on
both sides of the stainless steel film. The evolution of the flag flapping is
illustrated in Fig. 2b. The PEF is a flap-driven nanogenerator with a free
leading edge and a clamped trailing edge. When the wind goes through
it, a small oscillation is triggered in the free leading edge and gradually
evolves into approximately periodic flapping due to the instability of
fluid and solid. Remarkably, the deflection angle of self-sustained flap-
ping can be substantial (over 90°) [64], thus generating large strain
energy. When the free leading edge of PEFs bends upwards, the upper
surface of PVDF films suffers from mechanical stress while the lower
surface undergoes mechanical strain. Consequently, negative and posi-
tive charges are generated on the upper and lower surfaces, respectively,
due to the piezoelectric effect, resulting in a transient current in the
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transition, and the work status is divided based on the current main flapping PEF).

external circuit (see Fig. 2b-i to b-iii). When the bending direction is
downward, the charge polarity on the two surfaces and the current di-
rection are reversed (see Fig. 2b-iii to b-i). Typical voltage curves of
PEFA are depicted in Fig. S2.

Fig. 2c illustrates the scheme of TEF and its materials. The trigger
condition of TEF fluttering is contrary to PEFs, where the leading edge is
clamped, and the trailing edge is free. Due to the cable housing box
behind the flagpole, the clamped leading edge should maintain a certain
distance from baffles in the longitudinal direction to ensure that the
wind flows into the inner side of baffles, which is structurally different
from common flutter-driven nanogenerators [30,31]. The main body of

the flag is a polytetrafluoroethylene (PTFE) membrane. The Ni-coated
conducive textiles are attached on the inner side of two baffles,
creating opportunities for contact and separation during the fluttering of
the PTFE membrane. The images of two materials under the scanning
electron microscope (SEM) are depicted in Fig. 2c. The free-standing
working mode of TEF is demonstrated in Fig. 2d. In the initial state,
the PTFE membrane remains separated from the conductive textiles on
both sides. Charges with opposite polarity are generated on two mate-
rials under the electrostatic induction effect (see Fig. 2d-i). Subse-
quently, as the wind excites the fluttering of the PTFE membrane, it
comes into contact with the upper conductive textile. The positive
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charges transfer to the upper conductive textile, generating a transient
current in the circuit (see Fig. 2d-ii). Conversely, all the positive will
transfer to the lower conductive textile when the PTFE membrane flaps
onto it. Meanwhile, a transient current with an opposite flow direction
occurs in the circuit (see Fig. 2d-iii). The typical voltage and transfer
charge of TEF are illustrated in Fig. S3.

Fig. 2e illustrates five working states of FTPNG. When the wind speed
U < 3.7 m/s, all the PEFs are in the straight mode, and the TEM hardly
flutter (see Fig. 2e-i). The flapping mode of PEF 1 is triggered over
3.7 <U< 7 m/s. A portion of its generated wakes diffuses vertically and
induces a slight TEF fluttering (see Fig. 2e-ii). When PEF 2 (7 <U<10 m/
s) or PEF 3 (10 <U<14.6 m/s) comes into the flapping mode, their
flapping wakes flow towards the rear TEF and induce an intense flut-
tering (see Fig. 2e-iii and iv). When U> 14.6 m/s, the three PEFs are all
deflected and obstruct the airflow; thereby, the degree of the TEF flut-
tering will be weakened (see Fig. 2e-v).

2.2. Broadband design and performance of the PEFA

For thin flags/plates in uniform flow, the non-dimensional bending
stiffness K is validated as a key parameter that determines the critical
wind speed in numerous two-dimensional simulation studies [65,66].
When K> 0.3, 0.1 <Kp< 0.3 and Kp< 0.1, flags in wind flow work in
straight, self-sustained flapping and deflected modes, respectively. The
self-sustained flapping mode is the main status for energy harvesting,
where the peak-to-peak deformation amplitude (the ratio of the oscil-
lation amplitude to the flag length) can be up to 1.7-1.8 [64]. The mass
ratio M* is another non-dimensional parameter related to the flapping
frequency and the bending curvature [46].
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To ensure comprehensive coverage of broad wind speed range and
seamless transitions between the working regions of PEFs, the COMSOL
Multiphysics software is employed to facilitate the fluid-solid coupled
simulations to optimize geometric parameters. The computational
layout is supplied in Fig. S4. The determined geometric dimensions are
illustrated in Fig. 3a. Fig. 3b shows the screenshots of the instantaneous
velocity field of the three PEFs at 6, 10, and 14 m/s, respectively. The
evolution of the flapping-induced velocity field in a half period is
illustrated in Fig S5. During the flapping status, the maximum velocity is
observed in the leading edge, while the rear end of PEFs is filled with
periodic wakes. Fig. 3c presents a general rule: within the working wind
speed range, the peak-to-peak flapping angle exhibits a positive corre-
lation with the wind speed, while the flapping frequency negatively
correlates with it. Based on the simulation design, three PEFs are
tailored to cover the specific wind speed intervals, namely 3.5-7.5,
6-13, and 8.5-15.5 m/s, respectively. Subsequently, a series of tests are
conducted to validate the flag simulation. The experimental setup is
illustrated in Fig. S6, and the test results are compared with the simu-
lation results in Fig. S7. From the flapping angle and frequency per-
spectives, the simulation data closely aligns with the test results. Due to
potential variations in fluid uniformity and initial flag angle that cannot
be perfectly controlled during tests, the self-sustained flapping may be
dampened in advance with the wind speed approaching the critical
value. As a result, the actual working bandwidth is relatively narrower
than that in simulation results.

More comprehensive tests are supplemented to thoroughly evaluate
the performance of PEFs and the PEFA. Fig. 4a and b illustrate the
flapping angles and flapping frequencies of the three PEFs in separate
tests. PEFs initially operate in a straight mode and exhibit slight
deflection as the wind speed approaches the low critical value. The self-
sustained flapping is triggered until the wind speed exceeds the
threshold value. For PEF 1 and PEF 2, the flapping angles showcase
sustained growth with the wind speed with maximum values of about
100°. Then they suddenly switch to the deflected mode when the wind
speed exceeds upper critical values. The flapping frequencies decrease
with the wind speed and fall to their lowest points at 5 m/s (PEF 1) and
8 m/s (PEF 2), then slightly rebound and continue to decline until upper
critical wind speeds. Different from PEF 1 and 2, PEF 3 is a three-layer
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composite structure consisting of two layers of PVDF films and one layer
of stainless steel substrate. Its flapping frequency initially rises and then
continuously declines with the wind speed in the flapping mode. As
depicted in Fig. 4c and d, the generated peak-to-peak voltage during
flapping is continuously rising with the wind speed. However, the RMS
value slowly increases or slightly decreases as the wind speed ap-
proaches the upper critical value, because of the decrease in flapping
frequency. The three PEFs achieve maximum peak-to-peak/RMS volt-
ages of 125/34, 328/90, and 426/130 V, and actually cover the wind
speed range of 3.7-7, 6.5-12, and 9-14.6 m/s, respectively.

To investigate the aerodynamic effect among flags, the performance
of the three PEFs is evaluated when PEFs and the TEF are assembled in
an all-in-one structure. As illustrated in Fig. 4e and f, the operational
wind speed ranges of PEF 1 and PEF 3 are slightly narrowed, with no
significant impact on their voltage performance. The low critical wind
speed of PEF 2 is lowered. This is because the flapping of PEF1 induces
airflow in the vertical direction, thus triggering PEF 2 to flutter. Mean-
while, the cost is that the upper critical wind speed also decreases. Due
to the interference of vertical flapping airflow, two PEFs cannot flap
with large amplitudes at the same time. Only when one PEF is in a

deflected state, will the other one resume its normal operation. Thus,
most performance variations of three PEFs in integrated tests occur
when two flags work simultaneously. Overall, the PEFA actually covers a
broad operational range of 3.7-14.6 m/s, and the switching between
PEFs is smooth. A visual representation of the switching behavior is
available in Movie S1.

2.3. Parametric analysis and performance of the TEF

A parametric analysis is conducted to enhance the performance of
TEF, and three parameters are considered: the aspect ratio L/W, the
longitudinal distance of the clamped leading edge of the flag to baffles
D, and the lateral distance of baffles to PTFE membrane D,. The per-
formance of TEF versus aspect ratio (L/W=0.5, 1 and 1.5; W=100 mm)
is performed in separate tests while keeping D; =L/3 and Dy =L/10. As
shown in Fig. 5a and b, it is evident that the TEF with the aspect ratio of
1.5 demonstrates the best performance and outputs the maximum
voltage because of the effective contact area increase. The additional
benefit of a larger aspect ratio is the reduction of the low threshold wind
speed, indicating the superiority in low-speed wind energy harvesting,
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induced complex flow field).

which agrees with the research findings in [67]. Considering the need
for a coordinated design and the overall dimensions of FTPNG, the
optimal aspect ratio for the TEF is finally determined to be 1.5.

Given the cable housing box behind the flagpole, distances D; and Dy
require special attention to ensure the effectiveness flow of wind. In light
of the intricate flow field under the PEF flapping, the optimization of Dy
and Ds is conducted with the integration of the TEF with the PEFA. As
illustrated in Fig. 5c and d, the overall performance when D; =L/6 is
lower than that when D; =L/3 despite the largest ideal contact area
because a small longitudinal gap restricts sufficient airflow. As D; in-
creases to L/2 and 2 L/3, these gaps allow for more airflow but lead to a
reduction in the available contact area. Concurrently, the TEF is more
likely to get stuck or slide outside the baffles. An optimal balance be-
tween the contact area and airflow passage is achieved when D; =L/3,
thus yielding the highest power generation. As shown in Fig. 5e and f,
the lowest threshold speed and maximum output voltage is realized
when Dy =L/10. The power generation capacity when Dy =2 L/15 is
superior at middle wind speeds (9-12 m/s), but unsatisfactory at higher
wind speeds. A larger lateral gap facilitates increased airflow but com-
promises the contact between the PTFE membrane and electrodes when
oscillation amplitude is insufficient. Conversely, when Dy =L/15, the
smaller lateral gap creates more opportunity for contact and separation,
but hinders airflow from traversing the cable housing box obstruction to
reach the PTFE membrane. It also suppresses the fluttering

displacement, increasing the likelihood of simultaneous contact be-
tween the PTFE membrane and both electrodes. Hence, the optimal
values for D; and Dy are finally determined as L/3 and L/10,
respectively.

2.4. Quantification of the performance improvement by flapping wakes

The use of bluff bodies and their wakes represents a common means
to enhance the structural vibration in their wake regions. Similarly,
another crucial function of PEFA is to act as a distinctive bluff body. Its
self-sustained flapping induces wakes behind them and results in a
vortex street-like phenomenon. PEF 1 is mainly responsible for low-
speed wind. When the wind speed is over the upper critical value of
7 m/s, it will be in a deflected state, thus hindering the airflow from
passing by. Hence, the TEF should not be installed behind PET 1. To fully
utilize the flapping wakes for boosting the TEF performance, the TEF is
vertically clamped behind PEF 2 and PEF 3.

Fig. 6a offers a comparative illustration between the flow fields
around the TEF without/with the PEFA. A detailed evolution in flow
fields at 9 and 14 m/s is illustrated in Figs. S8 and S9. It is observed that
the airflow to TEF is governed by the PEFA and fluctuates periodically
when configured with the PEFA. Fig. 6b and c depict the voltage of TEF
at 9 m/s in the time domain and frequency domain. Introducing the
wakes generated by PEF 2 results in a noticeable boost in the RMS
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voltage from 44.73 to 262.43 V. A distinct frequency component at
11 Hz emerges in the frequency domain, corresponding to the flapping
frequency of PEF 2. As depicted in Fig. 6d and e, the RMS voltage of TEF
at 14 m/s increases from 134.16 to 258.28 V. Similarly, a voltage
component with a frequency near the PEF 3 flapping frequency exists in
the spectrum and becomes the highest peak, signifying that the flutter-
ing behavior of TEF is now dominated by PEF 3. The benefits of flapping
wakes are comprehensively compared in Fig. 6f and g. The boost of RMS
voltage can be up to 13 times. Even at the highest power output point of
TEF without the wake enhancement at 14.4 m/s, the voltage is doubled.
Correspondingly, the average power with an optimal resistance of
50 MQ can achieve an improvement of nearly 132 times and remain 3.7
times at 14.4 m/s. Note that the RMS voltage and average power slightly
decrease at 15 m/s. This is because three PEFs are all deflected, thus
hindering the airflow to the TEF to a certain extent.

2.5. Power optimization of the FTPEG

To maximize the harvested energy, the optimal resistances for the
three PEFs and the TEF are investigated. As shown in Fig. 7a and b, PEF
1, 2 and 3 yield the maximum average power outputs of 90, 172 and 188
pW with external resistances of 1.5, 4, and 2 MQ, respectively. When the
TEF operates at 9 m/s, an optimal power of 635 uW is delivered with a
resistance of 50 MQ. While, with the wind speed increasing to 14 m/s,
the TEF generates a power output of 589 pW with a slightly increased
optimal resistance, approximately 60 MQ. As illustrated in Fig. 7c, peak
power outputs of 272, 535, 566 pW can be achieved by the three PEFs,
while, a maximum value of 5404 pyW can be achieved by the TEF,
showcasing its potential for electronics requiring instantaneous high
power. Fig. 7d depicts the overall power output incorporating the whole

FTPNG. It achieves an operational range from 3.7 to 15m/s, and a
maximum average power of 850 pW at 7.8 m/s. With the boost of PEFA,
the TEF accounts for at least 75% of the total output power. The power
curve of FTPNG is compared with other FNGs in Fig. S10. The perfor-
mance of other FNGs steadily rises with the wind speed, while the
average power of FTPNG sharply grows with the wind speed until
7.8 m/s, then maintains a high output over 7.8 m/s < U< 14.6 m/s
(Region B). The FTPNG achieves a 228 pW average output even at
4.7 m/s, which is also a considerably good performance compared with
similar nanogenerators. Thereby, the FTPNG ensures reliable high-
performance output over a broad range of 4.7-14.6 m/s (Region A).
Furthermore, capacitor charging tests are performed to assess the
power generation capacity of the TEF, the PEFA, and the FTPNG, as
illustrated in Fig. 7e. When charging a 47 pF capacitor at 9 m/s, the
PEFA presents a faster speed, attributed to an order of magnitude
smaller internal resistance than that of TEF. With the hybridization of
both, the charging speed is further enhanced and the capacitor can be
charged to 21 V within 150 s. Fig. 7f compares the charging speed versus
different configurations at 6, 9 and 14 m/s. Remarkably, the FTPNG
shortens the charging time by 74-76% compared to a single TEF. More
charging test results for commonly used capacitors are supplemented in
Fig. S11. The hybrid FTPNG encompasses not only the synergy of two
energy conversion mechanisms: triboelectrification and piezoelectricity,
but also two aerodynamic behaviors of flags: fluttering and flapping. The
complementarity between triboelectric and piezoelectric mechanisms
enables the harvested electrical energy more easily utilized and stored
by conventional electronics. Moreover, electronics with instantaneous
high power requirements can also be met by the triboelectric compo-
nent. The integration of the flapping PEFA and fluttering TEF allows the
TEF to achieve higher power performance and an ultra-broad
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operational wind speed range. Consequently, the FTPNG can demon-
strate better practicality and robustness to adapt to the diverse re-
quirements in various application scenarios.

2.6. Demonstration of powering wireless sensor node

To demonstrate the power generation capacity of FTPNG and its
potential as a renewable and sustainable power source, it is employed to
power low-power electronics at variable wind speeds. As shown in
Fig. 8a, the FTPNG can light 252 LEDs at 9 m/s. 75% of them are
powered by TEF, while the rest are powered by PEFA, fully leveraging
the high voltage output of TEF. A relevant visual representation of the
LED lighting test is provided in Movie S2. Fig. 8b illustrates the appli-
cation scenario where the WSN with a temperature sensor is powered by
the FTPNG. The temperature signal is transmitted to a smartphone via
Bluetooth and displayed on the screen of the smartphone. Fig. 8c and
d show the photograph and the schematic diagram of the integrated
energy harvesting circuit with a WSN incorporating the voltage

rectification unit (VRU), the energy management unit (EMU), and the
signal transmission unit (STU). In the VRU, all the PVDF films in one PEF
are connected in parallel, and then rectified with a bridge rectifier. The
rectified voltages of three PEFs and TEF are connected in parallel to
charge a filter capacitor. The EMU after the capacitor, employing the
chip of LTC-3588-1, is configured to stabilize the voltage and reduce the
energy consumption in the circuit. The EMU powers the STU incorpo-
rating a CPU, a temperature sensor, and a transceiver for signal acqui-
sition and transmission. The smartphone, as a signal terminal, displays
the current temperature situation in real time. As depicted in Fig. 8e, the
circuit voltage when powering the WSN will be charged to 5 V first, and
then the energy transfer to the STU is triggered with the control of the
switch for the temperature signal acquisition and transmission. The
PEFA and the TEF demonstrate their independent ability to power the
WSN, as well as indicate the potential of FTPNG to simultaneously
enable the power supply for multiple sensors. Meanwhile, the whole
FTPNG is employed to power the WSN for acquiring signals more
frequently. With the wind speed rising from 6 to 14 m/s, the charging
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when powering a temperature sensor at wind speeds of 6, 9 and 14 m/s.

time is shortened from 33 to 18 s, as well as the power supply interval
from 10 to 5 s. The test results demonstrate a reliable output power of
FTPNG over a broad wind speed range, enabling a continuous power
supply capacity in scenarios with fluctuating wind speeds. The demon-
stration video of the self-powered WSN can be found in Movie S3.

3. Conclusion

In summary, we have designed and validated the FTPNG, ensuring a
consistent high-performance output exceeding 200 yW over a broad
wind speed range of 4.7-14.6 m/s. This robust performance positions
the FTPNG as a reliable and continuous power supply solution for WSNs
operating in environments characterized by intensely fluctuating wind
conditions. To enhance the efficiency of FTPNG, the piezoelectric part is
implemented in the form of an array to extend its operational bandwidth
and ensure continuous generation of periodic wakes for the TEF.

10

Furthermore, in the optimization process for the TEF, we systematically
determine the optimal aspect ratio, longitudinal distance D; and lateral
distance Dy to be 1.5, L/3, and L/10, respectively. As a result, the
flapping wakes significantly boost the average power of TEF by up to
132 times compared to its performance without wake enhancement. The
individual components, PEF 1, PEF 2, PEF 3, and TEF yield maximum
average power outputs of 90, 172, 188 and 820 pW at wind speeds of
6.6, 8.9, 13.3 and 7.8 m/s respectively. Collectively, the FTPNG ach-
ieves an overall average power of 850 pW at 7.8 m/s. Furthermore, the
synergy between triboelectric and piezoelectric mechanisms enables the
FTPNG to accelerate the capacitor charging speed by 74-76% compared
to a single TEF. In practical demonstration tests, the FTPNG can light
252 LEDs. Both the PEFA and the TEF demonstrate their independent
power supply capabilities for the WSN. Even at a relatively low wind
speed of 6 m/s, when operating simultaneously, FTPNG guarantees 10-
second power supply intervals for the WSN to acquire and transmit
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temperature signals, showcasing the potential of FTPNG for applications
in the IoTs and various self-powered systems. The proposed FTPNG
seamlessly combines flutter-driven and flap-driven nanogenerators and
offers valuable guidelines for achieving high-integration and high-
performance FNGs.

4. Experimental section
4.1. Fabrication of the FTPNG

The FTPNG mainly comprises the PEFA and the TEF. There are three
PEFs in the FTPNG. The PVDF films for PEF 1 are fabricated with an
overall geometric dimension of 70 x 0.2 x 22 mm, where the geometric
dimension of the PVDF layer is 68 x 0.03 x 19 mm. Two PVDF films in
the PEF 1 are connected in parallel with a geometric dimension of
70 x 0.2 x 44 mm. The PVDF films for PEF 2 and 3 are fabricated with
an overall geometric dimension of 46 x 0.2 x 16 mm, where the geo-
metric dimension of the PVDF layer is 44 x 0.03 x 12 mm. Two PVDF
films in the PEF 2 are connected in parallel with a geometric dimension
of 50 x 0.2 x 32 mm. Four PVDF films are attached on both sides of a
304 stainless steel film with a geometric dimension of
90 x 0.1 x 40 mm. The flagpole is made of stainless steel and processed
into a rectangle with a geometric dimension of 15 x 4 x 400 mm, and
the cable housing box behind the flagpole is made of stainless steel with
a geometric dimension of 20 x 10 x 175 mm. The size of the PTFE
membrane in the TEF is 150 x 0.1 x 100 mm. The baffles in the TEF are
made of Acrylic plates with a thickness of 4 mm, and the contact Area is
100 x 110 mm. Two nickel-coated conductive textiles with a geometric
dimension of 100 x 0.05 x 110 mm are attached on the inner side of
two baffles.

4.2. Characterization and signal measurement of the FTPNG

The experimental tests for the FTPNG are performed in a wind tunnel
with a cross section of 300 (width) x 300 mm (height). The maximum
wind speed is 15 m/s. The voltage signal and transfer charge of the
FTPNG are measured by an oscilloscope (Tektronix MSO44) and an
electrometer (Keithley 6517B). A resistance substitute (IET RS-200 W)
and a capacitance substitute (IET RCS-500) are used in the impedance
matching tests and capacitor charging tests.
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