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Harvesting Leveraging Galloping-Flutter Synergy

Liwei Dong, Guobiao Hu, Qian Tang, Chaoyang Zhao, Fan Yang,* and Yaowen Yang*

Flow-induced vibrations (FIVs) serve as the fundamental principle of
non-rotary wind energy harvesting. However, nanogenerators relying on a
single FIV effect remain constrained by insufficient breeze energy conversion
efficiency. In this paper, we propose a novel galloping-flutter coupled
nanogenerator (GFNG) that leverages the synergistic interaction between
these two aerodynamic phenomena, to achieve high performance across
broad wind speed bandwidth. A galloping-flutter coupled mechanism (GFM)
is implemented using a multifunctional flexible beam that integrates a
galloping piezoelectric energy harvester (GPEH) and a fluttering triboelectric
nanogenerator (FTENG). Through meticulous optimization, it significantly
enhances the average electrical output of the FTENG by up to six times at low
wind speeds below 6 m s~ by intensifying the triboelectric contact behavior
through galloping-induced beam oscillations. The GFNG demonstrates a
maximum average power of 6.3 mW across wind speeds from 1.4to 10 ms~’,
along with a remarkable power density of 7.1 W m~2 of the enhanced FTENG
at 10 m s, enabling the lighting of 508 LEDs and stable power supply for
wireless sensor nodes (WSNs). This study offers new insights into designing
high-performance aerodynamics-driven nanogenerators by harnessing
multiple FIV synergistic effects, broadening the potential for intelligent wind

garnered sustained attention from re-
searchers since the 19th century. Conse-
quently, wind energy harvesters (WEHs)
utilizing electromagnetic, piezoelectric,
and triboelectric mechanisms have been
developed in different sizes and power
capacities to serve diverse applications.['™*]
In recent years, there has been a con-
certed effort to enhance the performance
of small-scale wind energy harvesting.
Wind energy can be captured and utilized
to power wireless sensor nodes (WSNs),
enabling battery-free operation and energy
self-sufficiency. This advancement holds
substantial potential to accelerate the pro-
liferation of the Internet of Things (IoTs)
in both urban and outdoor environments.

WEHs can be categorized into rotary and
flow-induced vibration (FIV) types based on
their implementation mechanisms.[>¢! Tra-
ditional rotary wind turbines harness wind
energy using wind cups or windmills,”] al-
tering the rotary mechanical energy into

energy applications.

1. Introduction

Wind is widely-distributed and readily available in the natural
environment. With the rapid advancement of energy harvest-
ing technology, wind energy, as a high-entropy resource, has

electricity through electromagnetic induc-
tion principle. Since the triboelectric nano-
generator (TENG) was first proposed in
2012,81 the development of rotary WEHs
has sparked a new wave.’l TENGs exhibit superiority in low-
frequency mechanical energy harvesting,!'% and their diverse
working modes enable rotary WEHs to be more miniaturized
and lightweight. To improve the wind energy harvesting perfor-
mance of TENGs, strategies such as material improvement,[!1-13]
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structural optimization,['*1%l and interface circuit design!1718]
have been widely explored. Moreover, the integration of TENGs
with electromagnetic generators (EMGs) has emerged as a key
research trend aimed at improving space utilization and power
density.1%22] In this setup, the TENG provides a higher out-
put voltage, while the EMG delivers a larger current, creating a
complementary power generation system.[?>?] Zheng et al.l°]
proposed a compact triboelectric-electromagnetic nanogenerator
for self-powered applications in a ventilation system. The blades
and air inlet covers were optimized to enhance the utilization
of wind energy, achieving a peak current of 0.05 A at a wind
speed of 6.5 m s~!. Zhu et al.[?’l developed a TENG-EMG hy-
brid nanogenerator to power a wireless weather station. Lift-drag
hybrid blades were utilized to weaken the wind resistance, re-
sulting in an 11% performance improvement and a peak effi-
ciency of 9.1% at 4 m s!. However, challenges persist in achiev-
ing low startup wind speeds (typically 3—4 m s7!) and improving
performance at low wind speeds. These limitations are primar-
ily due to the static friction and inertial forces associated with
rotors.

FIV-based WEHs refer to harvesters utilizing aerodynamic
phenomena including vortex-induced vibration (VIV), flutter,
galloping, and wake galloping.[?%°) Early designs of FIV-based
WEHSs predominantly employed piezoelectric mechanisms, 30411
but the introduction of TENGs has led to new forms of FIV-based
WEH devices.l*~*6) Owing to the flexibility of numerous tribo-
electric materials, fluttering TENGs (FTENGs) are becoming a
new hotspot in wind energy harvesting.*’] They can be minia-
turized into flag-like structures, either interwoven!*®) or glued'*’!
using two types of triboelectric materials with opposite polarities.
Performance can be enhanced by positioning bluff bodies at the
front>® or using the flapping behavior between two flags.>! To
maximize wind energy harvesting efficiency, the fluttering flag
can be designed to achieve optimal contact by flapping against
one or both side baffles.’>>* To further improve the contact be-
havior, Zhang et al.5°! developed a flexible flagpole that oscillates
between two baffles to intensify the flag flutter. However, the flex-
ible flagpole operates effectively only at high wind speeds, and
thus does not significantly boost the low-speed wind energy con-
version efficiency of FTENGs. While using flexible materials for
FIV-based WEHs allows for breeze energy harvesting, the con-
version efficiency remains suboptimal.

The hybridization of piezoelectricity and triboelectricity has
emerged as another promising approach for efficiency improve-
ment. Advanced and compact designs have been developed. For
instance, Qin et al.’®! built an intelligent squirrel cage with
a highly integrated piezoelectric-triboelectric design for aero-
engines to enable simultaneous energy harvesting and self-
sensing applications. The device achieved a maximum power out-
put of 100 pW at a rotational frequency of 15 Hz. Zheng et al.l’”]
tightly combined piezoelectric and triboelectric components to
obtain an all-in-one mechanical energy harvester featuring the
structure of a three-phase asynchronous generator. The com-
pact design delivered a 500 V voltage and 1.1 mA current un-
der a vibration excitation at 4 Hz. Based on the above review, fu-
ture performance improvements for FIV-based WEHs are antic-
ipated from the following two perspectives: (1) integrating piezo-
electric and triboelectric mechanisms, two main mechanisms of
FIV-based WEHS, to improve space utilization efficiency; (2) and
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synergistically leveraging multiple forms of FIVs to achieve en-
hanced wind energy conversion efficiency.

Thus, this paper proposes a novel galloping-flutter coupled
nanogenerator (GFNG) leveraging the synergistic effect of gal-
loping and flutter for enhanced wind energy harvesting. The
galloping-flutter coupled mechanism (GFM) integrates a gal-
loping piezoelectric energy harvester (GPEH) into an FTENG
through a multifunctional flexible beam, with minimal increase
in device volume. The GPEH delivers outstanding continuous
power output, while the FTENG offers superior instantaneous
power output, achieving complementary operational properties.
Additionally, the GFM improves the contact behavior, signifi-
cantly boosting the FTENG’s performance at wind speeds below
6 m s~! through galloping-induced beam oscillations. The flexi-
ble beam, as the critical component of the GFM, is meticulously
designed based on a distributed aero-electro-mechanical model
of the GPEH that accounts for local stiffness variation, followed
by experimental optimization for structural parameters includ-
ing bluff body height, baffle distance, flag length and triboelectric
material layer. The GENG achieves an average power output of 70
uW-6.3 mW across wind speeds from 1.4 to 10 m s, along with
a power density of 7.1 W/m? of the FTENG at 10 m s™'. Through
application demonstrations, including lighting LEDs and pow-
ering WSNs, the GFNG demonstrates its potential for diverse
self-powered applications, highlighting its innovative design that
fully capitalizes on the advantages of galloping and flutter phe-
nomena.

2. Results and Discussion

2.1. Configuration and Principle of GFNG

Our study aims to design a high-performance nanogenerator ca-
pable of ensuring the continuous operation of multiple sensors
and supporting various self-powered applications. As illustrated
in Figure 1a, the proposed nanogenerator can be deployed in
windy environments such as railways and coastal areas to fa-
cilitate battery-free environmental monitoring and self-powered
alarm systems. Additionally, it can be adapted for specific scenar-
ios, such as ventilation systems, where it can function as an in-
dependent module to detect smoke and monitor air quality when
integrated with gas sensors.

As TENG technology advances, FTENGs have emerged as
one of the most effective non-rotary wind energy harvesting ap-
proaches. However, the fluttering contact between the conductive
membrane and the triboelectric materials inside baffles is usu-
ally insufficient, leaving a large portion of potential contact sur-
faces underutilized. A flexible flagpole was recently proposed to
utilize its wind-induced oscillation to enlarge the contact surface
and improve the energy harvesting capacity of FTENGs.[>] Nev-
ertheless, triggering flagpole oscillation requires a wind speed
of at least 5.5 m s7!, limiting performance improvements in
most natural wind conditions. To address this limitation, as de-
picted in Figure 1b, we propose a novel GFNG that incorporates
a GPEH and an FTENG. These two components are connected
via a flexible beam, with the FTENG’s flexible flag attached to
the beam. To trigger beam galloping at low-speed winds and im-
prove the contact behavior in the FTENG, a bluff body is config-
ured at the top of the flexible beam. This configuration naturally
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Figure 1. Application scenarios and configuration of GFNG: a) illustration of GFNG applied in trackside, seaside, and ventilation systems; b) configu-

ration of GFNG.

integrates a GPEH by attaching a Macro Fiber Composite (MFC)
near the fixed end of the flexible beam, converting galloping-
induced strain into electricity. The introduction of the GPEH can
significantly boost the overall performance of the GFNG with
minimal increase in device volume. The FTENG adopts a five-
layer configuration, wherein the fluttering part is made of Cu/Ni-
coated textile and the stationary parts on both sides employ PTFE
membranes and copper electrodes. The microstructures of con-
ductive textile and PTFE membrane under scanning electron mi-
croscope (SEM) are supplemented in Figure S1 (Supporting In-
formation).

The galloping phenomenon involves large-amplitude oscilla-
tions that occur on an elastically mounted bluff body when the
wind speed exceeds the cut-in wind speed. The dynamics of the
galloping structure can be governed as:

M,&(L,t) + D(L, 1) + Kw(L, t) = F,(t) (1)
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where M,, D,, and K, refer to the mass of the bluff body, the sys-
tem damping coefficient, and the system stiffness; F, denotes the
galloping force. w(L, t) represents the bluff body displacement.
Figure 2a presents the working principle and charge variation
of the GPEH during a single period of galloping motion of the
flexible beam, and the electromechanical coupling relationship

can be expressed as:

CV. (1) + L (t e/Lzasw(x’t)d =0 2
R @

where C, refers to the internal capacitance of the MFC; V, and
I, are the voltage and current across the circuit; 6 represents the
electromechanical coupling coefficient; L, and L, are the posi-
tions of both ends of the MFC on the beam; w(x, t) refers to the

beam deflection relative to position x and time t.
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Figure 2. Working principle of GFNG: a) working principle of GPEH and b) FTENG; c) principle of the GFM improving the contact behavior of FTENG;
d) electrical potential simulation of FTENG under an ideal contact situation.
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When the wind flows across the FTENG, the conductive tex-
tile flutters and contacts with the PTFE membranes inside the
baffles, resulting in cyclic charge variations, as illustrated in
Figure 2b. A complete depiction of the charge variation from the
initial state is supplemented in Figure S2 (Supporting Informa-
tion). The voltage of the FTENG with a five-layer configuration
can be governed as

Cexy) Q (d
e Se (— +x(t)> 3)

€1

where 6 refers to the surface charge density; ¢, indicates the per-
mittivity of vacuum; Q indicates the transferred charge; S denotes
the contact area; d, and ¢, represent the dielectric layer thickness
and its relative dielectric constant; x(t) denotes the distance be-
tween two triboelectric layers.

The GFM is typically implemented using a flexible beam with a
relatively low stiffness, allowing sufficient oscillation to increase
the contact surface, thereby enhancing the energy harvesting ca-
pacity of the FTENG. As shown in Figure 2¢, when the GPEH
undergoes periodic galloping, the beam oscillates, leading to pe-
riodic displacement at the fixed end of the flag. The absolute
displacement of the flag is the sum of the beam’s lateral dis-
placement and the flag’s fluttering displacement. Consequently,
a larger contact area S with the triboelectric layers inside the two
sides of the baffles can be achieved, generating a higher voltage
according to Equation (3). This indicates that in the GFNG, the
GPEH and FTENG are not merely assembled but are synergis-
tically enhanced through galloping-flutter coupling, facilitating
additional performance improvements. Figure 2d simulates the
electrical potential of the FTENG under an ideal contact situation
with commercial software COMSOL. The maximum potential
difference can exceed 2000 V, highlighting the exceptional power
generation capacity of the FTENG.

2.2. Superiority of Galloping-Flutter Coupled Mechanism

To demonstrate the advantages of the GFM, the performance
of the FTENG with/without GFM (see Figure 3a) is compared.
The wind tunnel test setup for the GFNG is illustrated in Figure
S3 (Supporting Information). As depicted in Figure 3b,c, the
GPEH takes a few seconds to initiate galloping, during which
the galloping displacement and GPEH voltage gradually increase
to a steady state. Simultaneously, the voltage of the FTENG in-
creases with the onset of galloping, and the final peak voltage
is tripled compared to a conventional FTENG without GFM. To
evaluate the improvement in continuous power generation, the
RMS voltage of the FTENG with/without GFM at different wind
speeds is compared in Figure 3d. The RMS voltage improve-
ment ratio increases from 1.4 to 2.5 as the wind speed rises
from 2.7 to 3.7 m s7!, due to the increased galloping displace-
ment. However, this improvement ratio declines continuously
at higher wind speeds. This can be attributed to three factors:
(1) the flutter-induced contact of the FTENG is more effective at
high wind speeds; (2) the flutter frequency increases rapidly with
wind speed and can reach up to 50 Hz (see Figure S4, Support-
ing Information), whereas galloping is a low-frequency vibration
whose frequency remains relatively constant, thus diluting the
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RMS performance improvement; (3) the increase in peak-to-peak
voltage induced by the GPEH also generally declines with wind
speed (see Figure S5, Supporting Information). Correspondingly,
in Figure 3e, the improvement ratio of average power with GFM
can be up to 6 times at wind speeds below 6 m s™', promising
Dbetter performance under natural wind conditions. On the other
hand, as illustrated in Figure S6 (Supporting Information), the
FTENG'’s flutter indicates little effect on large-amplitude gallop-
ing and the output voltage of the GPEH. Due to the extra perfor-
mance improvement provided by the GFM, the integrated GFNG
design achieves an enhanced synergistic effect.

In Figure 3a, we also propose an alternative GFNG design
where the GPEH is configured with a flag-type FTENG (which
can be realized by weaving triboelectric materials) attached
behind the beam without two sides of baffles. As shown in
Figure 3f,g, this configuration results in suppressed galloping
and a significant reduction in the GPEH voltage. This suppres-
sion is primarily attributed to the high-frequency excitation at
specific acceleration and frequency, which inhibits low-frequency
galloping. Similar phenomena have been widely documented
and explained in relevant literature.®®] Another possible reason is
that flutter might affect the flow field around the bluff body, inter-
fering with the normal triggering of galloping. Thus, the config-
uration without baffles is not applicable for wind energy harvest-
ing. The time-domain voltages of the GPEH and FTENG for the
final configuration are supplemented in Figure S7 (Supporting
Information).

2.3. Flexible Beam Design with Aero-Electro-Mechanical Model

The flexible beam in the GPNG plays a crucial role in both the
electrical output of the GPEH and the enhancement effect for
the FTENG, making its parameter selection essential. To address
this, we introduce a distributed aero-electro-mechanical coupling
model for the GPEH, which accounts for the local stiffness vari-
ation of the composite beam.

The model is established based on the Euler-Bernoulli beam
theory, incorporating the aerodynamic galloping force as well
as piezoelectric and electromechanical coupling effects (see
Figure 4a). Thus, the motion of the GPEH is governed as

EI(}4u)(xt + C do(x,t) + C Id w(x,t) + mr)zm(x,t)

ox* t dxtot ot
ds(x-L,)  ds(x-L, 4)
+OV, (1 % - %] = F,(5 (x— L)
= —E,dy, W,h, ()

where EI indicates the composite beam’s bending stiffness; C,
and C; represent the strain and viscous air damping coefficients;
m refers to the mass per unit length of the composite beam; §(x)
indicates to the Dirac delta function; E, and d;; represent the
Young’s modulus and the piezoelectric constant of the MFC; W,
and h, denote the MFC width and the distance from the MFC
center to the neutral axis, respectively.

Given that the MFC is configured at the beam’s fixed end and
its thickness cannot be ignored, accurate modeling must account
for the impact of its stiffness on the beam. For the case where
the piezoelectric sheet does not fully cover the beam, the beam
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Figure 3. Performance enhancement with GFM: a) illustration of GFNG and its configurations without GPEH and baffles; b) open-circuit voltage of
GPEH and c) FTENG with/without GFM at 2.7 m s~'; d) RMS voltage and e) average power improvement with GFM; f) open-circuit voltage of GPEH
(flag equipped) with/without baffles; g) comparison of open-circuit voltage of GPEH (flag equipped) with/without baffles versus wind speed.

should be divided into three sections for separate consideration,
as illustrated in Figure 4b. The width of a bluff body is usually
one to two orders of magnitude greater than the thickness of a
beam, resulting in a much larger bending stiffness. Therefore,
in theoretical modeling, the bluff body is treated as a rigid body
and only its mass is considered. Correspondingly, the bending
stiffness EI and mass m in the three sections can be written as:

where E, denotes the Young’s modulus of the aluminum sub-
strate; W, and T, denote the width and thickness of the substrate
beam; T, represents the MFC'’s thickness; p, and p, refer to the
densities of the substrate beam and MFC; T,, T;, and T, refer to
the positions of the bottom of the substrate beam, the bottom the
MFC, and the top of the MFC to the to the neutral axis, respec-
tively; the aforementioned h,,, equals to (T,+T,)/2.

The lateral galloping force can be expressed as:

E,W,T3/12 0<x<I, 3
EI={EW,(T} - T) 3+ EW, (T~ T}) /3L, <x<L, (6) 1 ) Lo_oly
EW,T/12 L<x<lL Fy®) = 3pHy Ly U ;Ai“ a=—g tedl ®)
where p indicates the air density; Hy;and L, denote the bluff body
I W, O<x<I height and length; U refers to the wind speed; A; and A; are em-
m=4p LW, +p,T,W, [, <x <L, ) pirical values and can be determined based on static wind tunnel
P T W, L=sx<L tests. They are usually related to bluff body cross-sections.
Adv. Funct. Mater. 2025, 35, 2414324 2414324 (6 of 14) © 2024 Wiley-VCH GmbH
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MFC stiffness; c) first two mode shapes of GPEH obtained by finite element simulation and d) theoretical calculation; e) comparison of first natural
frequency, ) peak voltage and tip displacement calculated by theoretical model with/without considering MFC stiffness; g) validation of the theoretical

model with experimental results (the beam thickness is 0.6 mm and the bluff body height is 100 mm); h) tip displacement and i) peak voltage of

GPEH versus beam thickness and wind speed; j) natural frequency and k) cut-in wind speed of GPEH versus beam thickness and bluff body height; I)
comprehensive comparison of three beam thickness schemes (peak displacement and voltage is the performance of GPEH at 6 m s™').

Adv. Funct. Mater. 2025, 35, 2414324

2414324 (7 of 14)

© 2024 Wiley-VCH GmbH

SUONIPUOD PUe SWLR 1 84} 39S *[9202/T0/80] U0 A%1q178u1iu0 AB|1IM *ABojouyoe L % 801105 JO AIsioAiun Buo) BUOH ay L Ad vZepTr20Z Wipe/z00T 0T /100 Aa| 1mAse.qjul |uo"peoueApe//Sdiy WoJ papeojumoq ' ‘S0z '820E9T9T

oA

BSUBD1T SUOWILOD BAER.ID) 3|dealjdde ay) Aq pausenoh ake Saie YO '8sn JO'SajnJ 1oy Akeiq 1 auljuo 8|1 Uo


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

The beam deflection is usually expressed as in the modal coor-
dinate

o)=Y " (), )

where ¢,(x) and 7,(t) represent the mass-normalized mode
shapes of the rth modal and modal coordinate. The solving pro-
cess of mode shapes can be referred to Note S1 (Supporting In-
formation).

Thus, Equation (4) can be rewritten in the modal coordinate

i, () + 28,0, (t) + opn, () + 2 V(H) = (1) (10)

where ¢, is the modal damping ratio. w, and f, denote the un-
damped modal frequency and the galloping force in the modal

coordinate, and they are given as:

x=0 /L " (x)dx = 0 [@'(Ly) — &' (L))] (11)

1

3 Z (pr(L)ﬁr(t) ©

£®) =@ (L) X %PHbbef U’ ZAi MT + Z @' (Dm0 (12)
P

= r=1

The Equation (2) can be rewritten in the modal coordinate

L#H+CV, 0+ X" xi, (=0 (13)

Given the importance of accurately modeling stiffness varia-
tion along the beam length, we first validate the necessity of in-
corporating this factor. The parameters used for theoretical calcu-
lation are listed in Note S2 (Supporting Information). The mode
shapes of the GPEH, accounting for MFC stiffness, are obtained
through finite element simulations using the commercial soft-
ware ANSYS (see Figure 4c), and supplementary simulations
without MFC stiffness are provided in Figure S8a (Supporting In-
formation), demonstrating significant differences in the results.
The first two mode shapes of the GPEH calculated using the
theoretical model are illustrated in Figure 4d, and exhibit strong
agreement with finite element simulation results, especially for
the first mode (see Figure S8b, Supporting Information). Subse-
quently, the natural frequency with/without MFC stiffness, as a
function of beam thickness, is investigated based on the theoret-
ical model. As depicted in Figure 4e, the influence of the MFC
stiffness is more pronounced for thinner substrate beams, with
a maximum difference of 17% observed at a beam thickness of
0.2 mm. Differences are also evident in the displacement and
voltage output, as illustrated in Figure 4f, with maximum dif-
ferences of 90% in displacement and 120% in voltage at beam
thicknesses of 0.35 and 1 mm, respectively. These findings un-
derscore the necessity of incorporating MFC stiffness in the mod-
eling process. Finally, the distributed aerodynamic model is vali-
dated through experimental tests, as presented in Figure 4g. The
strong agreement between the experimental results and theoret-
ical analysis demonstrates the prediction accuracy of the theoret-
ical model.

The dynamic behavior and electrical output of a GPEH heav-
ily rely on the parameters of the beam and bluff body. Accord-
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ing to Equation (6), the variation in beam thickness has a sig-
nificant impact on the bending stiffness, consequently affecting
the performance of the GPEH. Thus, the beam length and width
are initially set as 235 and 20 mm, respectively, based on the ex-
pected size of the harvester. The beam thickness is then care-
fully optimized using the theoretical model. If the performance
of the designed harvester does not meet expectations, the beam
length and width can be easily re-adjusted. Similarly, according
to Equation (8), the galloping force is closely related to the geo-
metric dimensions of the bluff body. However, in the theoretical
design process, the width and length of the bluff body cannot
be used as variables, otherwise, the coefficients A; and A; will
change correspondingly given that they are related to bluff body
cross-sections.[] Thus, the length and width of the bluff body
are first pre-determined as 50 and 30 mm (A, and A, obtained
from static wind tunnel tests correspondingly) based on the ex-
pected size of the harvester and our experience, with the bluff
body height designed using the theoretical model. Figure 4h illus-
trates the tip displacement of the GPEH versus beam thickness.
For a GPEH designed for a maximum operational wind speed of
10 m s7!, a beam thickness of 0.5-0.6 mm is optimal for gen-
erating sufficient displacements to enhance the contact behavior
of the FTENG, while yielding a considerable voltage output (see
Figure 4i). A thinner beam results in greater flexibility but fails to
generate the restoring force required for galloping at higher wind
speeds, thus narrowing the operational bandwidth. In contrast,
a thicker beam increases rigidity, leading to smaller oscillation
displacement. Figure S9 (Supporting Information) shows that a
larger bluff body increases both tip displacement and electrical
output. However, the increase in voltage output is not significant
at high wind speeds. As shown in Figure 4j, the dominant fre-
quency of the GPEH is investigated with respect to beam thick-
ness and bluff body height. Since galloping is a low-frequency
vibration relative to high-frequency flutter (see Figure S4, Sup-
porting Information), a higher dominant frequency is expected to
enable the peak voltage components in the FTENG enhanced by
galloping denser, improving the average power output. A larger
bluff body and thicker beam lower the cut-in wind speed of the
GPEH (see Figure 4k), benefiting the operation of both GPEH
and FTENG at low wind speeds. Therefore, selecting optimal pa-
rameters requires careful consideration of multiple performance
indicators.

Based on the above analysis, the GPEH’s performance is ob-
served to be more sensitive to variations in beam thickness
than in bluff body height. Consequently, the bluff body height
is determined as 100 mm, and three schemes (beam thick-
ness:0.4 mm/0.6 mm/0.8 mm) are comprehensively compared
in terms of operational wind speed range, output voltage, tip
displacement and dominant frequency, cut-in wind speed (see
Figure 4l). The time-domain displacement and voltage curves
of the three schemes calculated using the theoretical model are
supplemented in Figure S10 (Supporting Information). The first
three indicators relate to the GPEH’s performance, while the lat-
ter two pertain to its enhancement effect on the FTENG. A thin-
ner beam of 0.4 mm results in better output voltage, greater tip
displacement, and lower cut-in wind speed but a narrower opera-
tional wind speed range and lower dominant frequency, whereas
a thicker beam of 0.8 mm offers the opposite results. All indica-
tors with a thickness of 0.6 mm fall between those of the two

© 2024 Wiley-VCH GmbH
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Figure 5. Parameter optimization of GFNG: a) optimized parameter and material; b) open-circuit voltage of GPEH and c) FTENG versus bluff body

height at 5.7 m s~'; d) RMS voltage of GPEH and e) FTENG versus bluff b
versus lateral distance at 5.7 m s™'; h) RMS voltage of GPEH and i) FTENG

ody height and wind speed; f) open-circuit voltage of GPEH and g) FTENG
versus lateral distance and wind speed; j) open-circuit voltage of GPEH and

k) FTENG versus flag length at 5.7 m s'; ) RMS voltage of GPEH and m) FTENG versus flag length and wind speed.

schemes, with the exception of achieving the best operational
bandwidth. Thus, the 0.6 mm beam thickness is selected after
comprehensive consideration, and other parameters will be fur-
ther optimized through experiments to improve the overall per-
formance of the GFNG.

2.4. Parameter Optimization of GFNG

In Section 2.3, the parameters of the GPEH are determined
through theoretical calculations to achieve optimal performance.
In this section, parameter optimization is conducted under the
integration of GPEH and FTENG through experimental tests
to maximize the overall energy harvesting performance of the
GFNG (see Figure 5a).

Adv. Funct. Mater. 2025, 35, 2414324 2414324

Although the bluff body height is theoretically determined in
Section 2.3, its impact on the galloping displacement is more sig-
nificant than the electrical output (see Figure S9, Supporting In-
formation). This may affect the contact behavior of the FTENG
and the overall performance of the GFNG. Thus, the bluff body
height is varied from 60 to 100 mm in experimental tests and its
effects are further investigated. According to Equation (8), the gal-
loping force increases positively with bluff body height, leading
to higher electrical output for piezoelectric energy harvesting at
the same wind speed of 5.7 m s7! (see Figure 5b). As a result, the
contact behavior and voltage output of the FTENG are improved
under more pronounced galloping conditions (see Figure 5c).
Figure 5d and Figure S1la (Supporting Information) demon-
strate that the optimal performance is achieved with a bluff body

(9 of 14) © 2024 Wiley-VCH GmbH
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height of 100 mm across wind speeds from 1.7 to 10 m s~!. Mean-
while, the cut-in wind speed of the GPEH declines from 5.5 to
1.7 m s7'. This reduction is crucial for optimizing GFNG, as it
enhances the RMS and peak-to-peak voltages of the FTENG at
lower wind speeds (see Figure Se; Figure S11b, Supporting In-
formation).

Furthermore, the lateral distance between the two baffles is in-
creased from 30 to 60 mm. This adjustment not only affects the
fluttering behavior of the conductive flag, but also the physical
boundary of the GPEH. The voltage signals of the GPEH and
FTENG at 5.7 m s~! are selected for an intuitive comparison, as
shown in Figure 5f,g. The GPEH is not activated with distances
of 30 and 40 mm, likely due to the small distance impacting
the flow field and preventing the onset of galloping. The GPEH
achieves the best voltage performance with a lateral distance of
50 mm, while the FTENG yields maximum voltage at 60 mm.
The performance of the GPEH and FTENG at different wind
speeds is further investigated in Figure 5h,i. The electrical output
of the GPEH with a 50 mm lateral distance (see Figure 5h; Figure
S12a, Supporting Information) is optimal across 1.7-10 m s7'.
For the FTENG, when the distances are 50 and 60 mm, the RMS
and peak-to-peak voltages (see Figure 5i; Figure S12b, Support-
ing Information) are relatively high because of the galloping ac-
tivation. Notably, at low wind speeds below 5.7 m s7!, a distance
of 50 mm showcases better energy harvesting capacity. With the
current GPEH configuration, the beam displacement at different
wind speeds is calculated based on the aerodynamic model, as de-
picted in Figure S13 (Supporting Information), and the displace-
ments of the top, bottom, and center of the flag induced by gal-
loping are summarized in Figure S14 (Supporting Information).
At wind speeds of 3-6 m s7!, the displacement from the flag cen-
ter (20-30 mm) closely matches the distance from the baffles to
the GPEH center (25 mm). This suggests that the flag’s displace-
ment induced by galloping significantly enhances the contact be-
havior between the textile and the PTFE, markedly improving the
performance of triboelectric energy harvesting (see Figure S3e,
Supporting Information).

Subsequently, the flag length is varied from 100 to 140 mm.
As shown in Figure 5j, the impact of different flag lengths on
the GPEH is minimal, with minor differences potentially caused
by slight variations in fluttering frequency and intensity. How-
ever, a longer flag significantly increases the output voltage of the
FTENG due to an increased contact area (see Figure 5k). Taking
the wind speed as a variable, the impacts of the flag length on
the GPEH’s RMS and peak-to-peak performance are shown to
be negligible in Figure 51 and Figure S15a (Supporting Informa-
tion). On the other hand, a longer flag facilitates a higher RMS
and peak-to-peak voltage output of the FTENG (see Figure 5m;
Figure S15b, Supporting Information) across the operational
wind speed range. Meanwhile, the flutter critical wind speed de-
clines from 3.6 to 1.4 m s7!, indicating an enhanced capacity for
breeze energy harvesting.

Finally, to improve the performance of the FTENG from a ma-
terial perspective, various triboelectric layer materials on the baf-
fles are considered, as shown in Figure S16 (Supporting Infor-
mation). The results presented are facilitated by both the mate-
rial’s electron affinity and compliance. Generally, a higher elec-
tron affinity enhances the electrical output of the FTENG, while
greater compliance improves the fluttering contact behavior, fur-
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ther boosting the FTENG’s electrical performance. The PTFE
membrane exhibits the best performance due to its advantages
in both aspects.

2.5. Energy Harvesting Capacity Optimization

The average power of the GPEH and FTENG is investigated by
tuning external resistance, as illustrated in Figure 6a,b. The op-
timal average power of the GPEH increases from 0.4 to 4.6 mW
with an increased wind speed ranging from 3 to 10 m s™!. Mean-
while, the optimal resistance value declines from 800 to 500 k<.
Similarly, the optimal average performance of the FTENG in-
creases from 0.16 to 1.6 mW with an increased wind speed rang-
ing from 3 to 10 m s7!, along with the optimal resistance value
shifting from 7.4 to 2.9 MQ. Compared with a pure FTENG, the
optimal resistance for average power (see Figure S17a, Support-
ing Information) remains relatively unchanged. Figure 6¢ evalu-
ates the optimal average power of the GFNG. Thanks to the ad-
vantages of the flexible textile, the FTENG in the GFNG can be
activated at 1.4 m s™!, generating an average power of 70 uW. As
wind speed increases, leading to more intense flutter and gallop-
ing responses, the GFNG achieves a considerable average power
of 6.3 mW at 10 m s~'. In Figure S18 (Supporting Information),
the average power of the GFNG is compared with previous hybrid
nanogenerators, highlighting its superiority in sustained power
generation. Figure 6d,e focus on the peak power of the GPEH
and FTENG as a function of external resistance. The GPEH at-
tains a peak power ranging from 0.86 to 11.5 mW as wind speed
increases from 3 to 10 m s~!, while the FTENG achieves a peak
power range of 6-57 mW (power density range of 0.8-7.1 W m~2)
with the optimal resistance decreasing from 3.8 to 2 MQ. This
makes the FTENG particularly suitable for applications requiring
high instantaneous power. Although the average power improve-
ment brought by the GFM is diluted at high wind speeds, the
improvement in peak power is persistently significant compared
to that of a pure FTENG (see Figure S17b, Supporting Informa-
tion). In addition, the enhanced FTENG exhibits a relatively high
peak power with a 500 kQ resistance at 6 and 10 m s~!, facili-
tating easier generation of high instantaneous power. Figure 6f
compares the remarkable peak power density of the enhanced
FTENG with other wind-driven TENGs,[*24360-64] fyrther demon-
strating the superiority of our design.

Capacitor charging tests are conducted to evaluate the power
supply capability for electronic devices, as shown in Figure 6g-i.
Although the FTENG is better at providing instantaneous high
power, it can also charge capacitors separately to power electronic
devices. A 47 pF capacitor can be charged to 3.6 V in 30 s by the
FTENG at 3 m s7!, as depicted in Figure 6g. The charging speed
of FTENG is slower compared to that of GPEH, due to its higher
internal resistance, which can be improved through effective in-
terface circuit design. Additionally, the collaborative operation of
the GPEH and FTENG can further improve the charging speed.
As illustrated in Figure 6h, the capacitor charging speeds up at
higher wind speeds. It only takes 1.7 s to charge the 47 pF ca-
pacitor to 5 V at 10 m s~!. Moreover, in Figure 6i, the capacitor
capacity is continuously increased, and a 470 uF capacitor can be
charged to 3.1 V within 12 s, showcasing the GFNG’s ability to
power conventional electronics.

© 2024 Wiley-VCH GmbH
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Figure 6. Energy harvesting performance optimization and capacitor charging tests: a) average power of GPEH versus external resistance; b) average
power of FTENG with GFM versus external resistance; c) optimal average power of GFNG at different wind speeds; d) peak power of GPEH versus
external resistance; e) peak power of FTENG with GFM versus external resistance; f) comparison of the peak power density of FTENG with GFM with
other wind-driven TENGs; g) charging a 47 pF capacitor at 3 m s~! with FTENG, GPEH and hybrid configurations; h) charging a 47 uF capacitor with
GFNG at different wind speeds; i) charging performance of GFNG with different capacitors at 10 m s~!

2.6. Application Demonstrations

In this section, the GFNG is employed to power some conven-
tional electronics to demonstrate its superiority in structural de-
sign and energy harvesting performance. Due to its remarkable
peak power, the FTENG in the GFNG successfully lights 508
LEDs at 6 m s77, as illustrated in Figure 7a. A visual demon-
stration video is also supplemented in Movie S1 (Supporting In-
formation). Figure 7b illustrates the experimental setup for the
demonstration of the GFNG powering a WSN. The WSN imple-
ments the real time monitoring of environmental temperature,
with the acquired signals transmitted wirelessly and displayed
on mobile terminals. As shown in Figure 7c, the WSN integrates
a rectifier unit (RU), energy management unit (EMU), and sig-
nal transmission unit (STU). The AC voltage outputs generated
by the FTENG and GPEH are converted into DC voltage for the

Adv. Funct. Mater. 2025, 35, 2414324
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EMU by two full-bridge rectifiers. The EMU incorporating a buck
converter (BC), storage capacitor, and hysteresis comparator, is
implemented based on an LTC3588-1 chip, with a complemen-
tary design to lower the energy consumption of the circuit and
WSN. The hysteresis comparator outputs the normal operation
instruction P, or sleep instruction Py, based on the energy
level in the capacitor. During normal operation with instruction
Pyo0as P sets and the BC operates when the capacitor voltage is
greater than 5 V, while P_ sets and the BC turns off when the ca-
pacitor voltage drops below 3.4 V. When sleep instruction Py, is

active, the STU saves the critical data and enters ultra-low power
sleep mode. A detailed view of the WSN prototype is illustrated in
Figure 7d. Figure 7e illustrates the circuit voltage when powered
by the GFNG at different wind speeds. The circuit is first charged
to 5V, after which the voltage decreases, indicating that the WSN
is activated and energy is transferred to the STU. As wind speed

© 2024 Wiley-VCH GmbH
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Figure 7. Application demonstrations for GFNG: a) lighting 508 LEDs with FTENG; b) photograph of GFNG powering an integrated WSN; c) principle
and d) photograph of the integrated WSN; e) instantaneous voltage of WSN powered by GFNG; f) charging time and power interval of WSN powered
by GFNG at different wind speeds; g) circuit configuration for some common electronics application; h) lighting bulbs; i) powering a humidity sensing

system.
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increases, the WSN is activated more frequently within the same
time frame. Figure 7f summarizes the charging time and power
interval of the WSN. At a low wind speed of 3 m s7!, the WSN
operates well with a 7.4 s charging and realizes a 2.7 s signal
transmission interval. Correspondingly, a demonstration video
is provided in Movie S2 (Supporting Information). At 10 m s,
the charging time and signal transmission interval are shortened
to 1.4 s and 1.2 s, respectively, indicating that the WSN can be
activated almost instantly. A circuit configuration, as shown in
Figure 7g, is employed to demonstrate the application for other
electronics. The GFNG lights three bulbs after a 9 s pre-charging
period, with the supply voltage remaining almost constant (see
Figure 7h). Additionally, it successfully powers a humidity and
temperature sensing system, highlighting the enormous poten-
tial in daily applications (see Figure 7i).

3. Conclusion

In summary, we have developed a highly efficient, aerodynamics-
driven hybrid GENG that utilizes two types of FIVs, galloping
and flutter, to enhance breeze energy harvesting. The GFNG in-
tegrates a GPEH and an FTENG leveraging a carefully designed
GFM. The GFM triggers galloping-induced beam oscillations at
low wind speeds, intensifying flag flutter and boosting tribo-
electric energy harvesting up to six times. Through parameter
optimization, beam thickness is meticulously determined to be
0.6 mm based on theoretical analysis results. Additionally, a bluff
body height of 100 mm is selected to guarantee a low cut-in wind
speed of the GPEH and sufficient galloping displacements for
fluttering contact behavior improvement under breeze scenar-
ios. An optimal distance of 50 mm is determined, as small dis-
tances of 30 and 40 mm disrupt the flow field, hindering the
operation of the GPEH. The GFNG exhibits an optimal aver-
age power range of 70 yW-6.3 mW across a broad operational
wind speed bandwidth of 1.4-10 m s~!. Meanwhile, a remarkable
power density of 7.1 W m~2 is realized by the enhanced FTENG
at 10 m s™!. Notably, peak power outputs of the FTENG are ob-
served with a 500 kQ resistance at both 6 and 10 m s, facil-
itating the easier implementation of high instantaneous power
applications. Finally, the GFNG successfully powers 508 LEDs,
a temperature monitoring WSN, lamp bulbs, and a hygrome-
ter. At a low wind speed of 3 m s7!, the WSN is activated after
7.4 s of charging, achieving continuous temperature data trans-
mission every 2.7 s. This comprehensive design, combining gal-
loping and flutter effects with precise parameter optimization,
marks a significant advancement in the field of aerodynamics-
driven nanogenerators, and holds substantial promise for
remote environmental monitoring and urban infrastructure
applications.

4, Methods

Simulations of GFNG:  The electrical potential of the FTENG was sim-
ulated using COMSOL Multiphysics 5.6 via the Electrostatic Module. The
modal analysis for the GPEH was implemented using ANSYS 19.0. The
3D model of the GPEH was developed in SOLIDWORKS 2020, and then
imported into ANSYS 19.0 for finite element simulations. The aero-electro-
mechanical model of the GPEH was programmed in MATLAB R2019a, and
the final state equations were solved using the ode45 solver.
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Fabrication of GFNG: The GFNG comprises a GPEH and an FTENG.
The GPEH incorporates a bluff body, a flexible beam, and a MFC. The rect-
angle bluff body, made of foam, has a characteristic length, width, and
height of 50 x 30 X 100 mm3. The length, width, and thickness of the alu-
minum beam is 235 x 20 X 0.6 mm?. The MFC (M2814-P2), with dimen-
sions of 28 x 14 x 0.3 mm3, was attached to the fixed end of the beam
using epoxy resin adhesive. The FTENG consisted of a flag, electrodes,
triboelectric layers, and baffles. The flag was made of Nickel-coated con-
ductive textile with a length, thickness, and height of 140 x 0.1 x 80 mm?3.
The copper electrodes attached to the inside of acrylic baffles possess a
length, thickness, and height of 100 x 0.1 x 100 mm3. The triboelectric
layers, made of PEFE membranes, were attached to the copper electrodes
with the same geometric dimensions.

Electrical Measurement of GFNG:  The electrical characteristics of the
GFNG were characterized through wind tunnel tests in the CEE Protec-
tive Engineering Lab of Nanyang Technological University. A wind tunnel
(FM670 from EdLabQUIP) with a cross section of 300 x 300 mm? was
employed, enabling a maximum wind speed of 15 m s~1. A four-channel
oscilloscope (Tektronix MSO44) and data acquisition unit (Kistler LabAmp
5165A) were used to acquire the electrical signals of the GFNG. For re-
sistance optimization and capacitor charging tests, a resistance substi-
tute (IET RS-200 W) and a capacitance substitute (IET RCS-500) were em-
ployed.

Circuit Hardware Implementation: The printed circuit board of inte-
grated WSN for mobile temperature monitoring was implemented using
Altium Designer 20, and the software and algorithm-related works were
developed using Keil uVision5. The EMC was designed with a DC-DC con-
verter controller chip LT3588-1 for voltage regulation with an energy con-
version efficiency of 80-90%. A low-power consumption voltage compara-
tor MIC841 with adjustable hysteresis was used to control the circuit’s op-
erating mode. Signal transmission between the WSN and mobile phones
was realized by Bluetooth technology. The STU was designed with a Blue-
tooth system on chip nRF52832. Mobile phones received signals by run-
ning customized software on WeChat.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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